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Abstract 

Parkinson’s disease is a long-term, degenerative, neurological disorder of central 

nervous system affecting our body motor and non-motor systems to a variable degree. 

Due to lack of any specific test for diagnosis of Parkinson’s, it is diagnosed through 

reviewing patients’ medical history, and conducting some physical and neurological 

examinations. Dopamine is a significant neurotransmitter facilitating the transmission 

of messages within the central nervous system of human beings. It was discovered that 

abnormal concentrations of dopamine in the striatum of brain could be linked to some 

neurological disorders such as Parkinson’s disease. Thus, the ability to detect 

dopamine with high sensitivity and selectivity could be of critical significance for 

molecular diagnosis of such neurological disorders. Most of the available 

electrochemical methods for in vivo and in vitro detection of dopamine exploit its ease 

of oxidation. However, there are a number of issues associated with electrochemical 

methods due to the nature of the oxidative electrode reaction of dopamine. One of the 

most common problems is that the concentration of dopamine in the extracellular 

fluids of the caudate nucleus is extremely low (0.01-1µM) for a healthy individual and 

in the nanomolar range for patients with Parkinson’s disease; while the concentration 

of the main severe interferents, e.g. ascorbic acid, is several orders of magnitude 

greater. Moreover, ascorbic acid undergoes oxidation within the same potential 
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window as dopamine. As a result, an overlapping response signal from the oxidation 

of a mixture of dopamine and ascorbic acid is obtained. Numerous surface 

modifications have been taken up to modify the electrode surface to solve the 

aforementioned issues. One approach that alleviates the above-mentioned problems is 

an electrochemical detection approach that does not rely on oxidation or reduction of 

dopamine itself. These typically-called non-oxidative approaches have not been 

frequently studied and it was found that the detection limits of most of these 

techniques were in the micromolar range, and therefore, are not sufficiently sensitive 

for molecular diagnosis of Parkinson’s disease.  

In this thesis we developed a novel, and high-performance non-oxidative 

electrochemical technique in which the problems associated with direct oxidation of 

dopamine could be naturally eliminated. To accomplish this, a nanocomposite of 

poly(anilineboronic acid) was fabricated through in situ electrochemical 

polymerization of 3-aminophenylboronic acid monomers  on the surface of a glassy 

carbon electrode modified with nanohybrid structures of DNA-functionalized carbon 

nanotubes and nitrogen-doped graphene (DNA_CNT_NEG) and without them using 

cyclic voltammetry technique. The assembled nanocomposite electrodes were used for 

electrochemical detection of dopamine in physiologically-relevant solutions using 

differential pulse voltammetry. The nanocomposite electrodes containing nanohybrid 
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structures of DNA-functionalized carbon nanostructures (DNA_CNT_NEG) could 

detect nanomolar concentrations of dopamine with a very low limit of detection (6nM), 

remarkable stability and repeatability, along with a very wide linear range (0.007-

1µM). The high affinity binding of dopamine to the boronic acid groups of the 

poly(anilineboronic acid) nanocomposites eliminated the interference of other 

biomolecules such as ascorbic acid and enhanced the selectivity of this non-oxidative 

sensor towards dopamine biomolecules. The dopamine sensor developed in this work 

demonstrates excellent potential toward molecular diagnosis of neurological disorders 

such as Parkinson’s disease.  
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Chapter 1 

Introduction 

1 Introduction 

1.1 General Introduction 

There have been great efforts over the last thirty years to sense catecholamines, 

especially dopamine (DA), in lots of in vivo studies (Wightman, May et al. 1988, 

Troyer, Heien et al. 2002, Phillips, Stuber et al. 2003, Venton and Wightman 2003, 

Heien, Khan et al. 2005, Robinson, Hermans et al. 2008). Information about the 

fluctuations of DA concentration in the brain is of critical importance for 

understanding of its widespread impacts as a neurotransmitter. Besides, lots of 

neurological illnesses such as Parkinson's, Alzheimer’s, Huntington’s, Schizophrenia 

are always pertained to abnormal transmission of DA. As Parkinson's Disease (PD) is 

characterized by a severe depletion in DA concentration (Wightman, May et al. 1988), 

the development of techniques with high sensitivity and high selectivity for 

quantitative determination of DA could be potentially implemented for molecular 

diagnosis of PD. Due to lack of a specific analytical test for diagnosis of PD, it is 

usually diagnosed through reviewing patients’ medical history, and conducting some 

physical and neurological examinations. However, if some techniques could be 
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developed to physiologically monitor the variations of DA concentrations, it would 

benefit the design of therapeutics towards diagnosis of PD (Cui, Ye et al. 2006). 

It is well-known that DA can be very easily oxidized electrochemically at the 

surface of conventional electrodes. The oxidation ability of DA has been exploited so 

far to detect DA in both in vitro and in vivo environments (Wightman, May et al. 

1988, Troyer, Heien et al. 2002, Heien, Phillips et al. 2003, Phillips, Stuber et al. 2003, 

Venton and Wightman 2003, Heien, Khan et al. 2005, Yoo and Park 2005, Robinson, 

Hermans et al. 2008). An electrochemical detection method could have lots of benefits 

over other conventional techniques. The electrodes for DA detection can be tailored 

easily and made extremely small; which makes them to be conveniently implanted in 

living organs such as brain with minimal tissue damage. Moreover, since 

electrochemical methods are very fast-responsive, the neurotransmitter concentrations 

can be appropriately monitored for real time measurements. Development of 

electroanalytical sensors to monitor the chemical variations in brains has been first 

pioneered in 1970s (Adams 1976). A tremendous attention has been devoted to 

performing research along this area. However, still there remain lots of problems and 

challenges associated with electroanalytical approaches due to the nature of the 

oxidative tendency of DA. The main challenge is that the concentration of DA in the 

extracellular fluid of the caudate nucleus human beings is very low (0.01–1µM for a 
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healthy individual and in nanomolar range for patients with PD); while the 

concentration of the main severe interferents for accurate detection of DA, e.g. ascorbic 

acid (AA), is several orders of magnitude higher (AA concentration levels are generally 

in the range of 0.1–0.6mM) (Justice 1993, O'Neill 1994, Troyer, Heien et al. 2002, 

Venton, Troyer et al. 2002, Robinson, Hermans et al. 2008). On the other hand, AA 

undergoes oxidation within the same potential window as DA. With an overlapped 

peak of DA and AA on each other, it is not easy to distinguish these two biomolecules 

from each other. In addition, the oxidation products of DA may cause additional 

difficulties for accurate detection of DA through a large overpotential and electrode 

fouling.  

There have been lots of efforts to improve the sensitivity and selectivity of the 

detection approaches. Tremendous efforts have been made to immobilize DA-specific 

enzymes such as polyphenol oxidase onto the electrode surface to increase the 

selectivity (Cooper, Foreman et al. 1995). It is believed that enzymes can selectively 

react with their cognate substrates. However, AA can still hinder the accurate 

detection of dopamine because the oxidation product of DA (dopamine-o-quinone), 

can catalytically oxidize AA nearby to retrieve DA, and make it available for a new 

oxidation (Tse, McCreery et al. 1976).  
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A wide variety of surface modification methods has been used to clear up the 

aforementioned complications. AA and DA possess opposite polarities in physiological 

environments. This divergence has been resulted in electrode surface modifications 

which can detect DA over AA (Chen and Chzo 2006, Kang and Lin 2006, Li and Lin 

2006, Yin, Wei et al. 2006, Zhang, Cai et al. 2006, Balamurugan and Chen 2007, 

Bustos, Jiménez et al. 2007, Xiao, Guo et al. 2007). In these approaches, the chemically 

modified electrode will have the tendency to attract one biomolecule and keep away 

the other one.  

Another set of surface modifications has been recently developed which relies on 

incorporation of some electrochemical mediators on the electrode surface, including 

some nanomaterials such as metal nanoparticles; e.g. Au, and carbon nanomaterials, 

e.g. carbon nanotubes (CNT) and graphene (Raoof, Ojani et al. 2005, Gopalan, Lee et 

al. 2007, Liu, Honma et al. 2007, Shahrokhian and Zare-Mehrjardi 2007). It has been 

reported that these sensing approaches demonstrated great achievements in selectively 

detection of DA; since they have the ability to prevent the interference reactions of 

AA by promoting DA oxidation at higher potentials. Tremendous efforts have been 

made to promote AA oxidation ahead of DA, which can excellently avoid DA revival 

challenges. However, if we dig into these methods it can be easily found that most of 

these electrochemical approaches are not sensitive enough for diagnosis of PD. Because 
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the detection limits of them are larger than 20nM which might not be appropriate for 

PD diagnosis. 

New techniques have also been established to resolve the aforementioned 

challenges, such as hybrid amperometric and conductometric measurements based on 

conducting polymer nanojunctions (Forzani, Li et al. 2007), and fast scan cyclic 

voltammetry (FSCV) (Robinson, Hermans et al. 2008). FSCV is reported to be one of 

the most successful approaches for in vivo detection of biogenic amines fluctuations, 

because of its high sensitivity and selectivity (Troyer, Heien et al. 2002, Venton, 

Troyer et al. 2002, Heien, Johnson et al. 2004, Heien, Khan et al. 2005, Robinson, 

Hermans et al. 2008). In FSCV, the applied potential is cycled at scan rates faster 

than 100Vs-1. Chemical compounds which have slower electron transfer rates, e.g. AA, 

can be differentiated easily from catecholamines at very high scan rates approaches. 

It is believed that this technique can avoid the complications associated with DA 

regeneration and electrode fouling because of the fast turn-around applied potential 

(Lane and Hubbard 1976, Venton, Troyer et al. 2002). However, in high scan rates 

techniques the majority of the current measured at working electrode surface is a 

nonfaradic current arising from charging of the double layer. Although techniques to 

subtract this large background current have been developed, FSCV is only exploited 

to monitor concentration fluctuations over the time course of a minute (Howell, Kuhr 
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et al. 1986, Hermans, Keithley et al. 2008). There is an extensive review about current 

improvements over detection of neurotransmitters and monitoring their rapid 

concentration fluctuations within central nervous system. Readers interested in this 

area are referred to this review (Robinson, Hermans et al. 2008). 

Although oxidative approaches of DA have been widely considered for 

electrochemical detection of DA, the development of other electrochemical methods 

that could clear up the complications associated with oxidative approaches are 

considered more attractive. These methods are typically called non-oxidative 

approaches that does not rely on direct oxidation or reduction of dopamine on the 

electrode surface. The sensing approach developed in this thesis mainly works on the 

basis of a non-oxidative method. 

The first non-oxidative DA electrochemical sensor was developed by Beni et al. 

(Beni, Ghita et al. 2005). In the reported approach DA can be easily detected 

electrochemically at the interface of two immiscible electrolyte solutions. These two 

liquid electrolytes consist of an aqueous layer in which both AA and DA can be 

dissolved, and an organic layer formed by 1,2-dichloroethane. The crown ether 

dibenzo-18-crown-6 is exploited as an ionophore that helps the positively charged DA 

to transfer from the aqueous layer to the organic layer. The transport of ionized DA 

across the interface is coincided with a potential difference and creates a current which 
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can be measured in a voltammogram. Since AA does not have affinity to the ionophore, 

it cannot pass through the organic layer; consequently, it cannot have any contribution 

to the measured signal. In this way the interference from AA is eliminated. 

Strawbridge et al. developed a method for detection of neurotransmitter DA which 

relies on the oxidation of phenylboronic acid compounds, whose oxidation potential 

shifts upon binding with DA. It was found that due to lack of affinity from 

phenylboronic acid compounds to AA, the interference from AA has been completely 

eliminated (Strawbridge, Green et al. 2000). This principle developed by Wu et al. to 

increase the sensitivity of DA detection by modification of the electrode surface with 

a layer of multi-walled CNT that were covalently linked to phenylboronic acid 

derivatives (Wu, Zhu et al. 2007). Fabre et al. (Fabre and Taillebois 2003) continued 

on this idea by means of a polyaniline (PANI) derivative, i.e. poly(anilineboronic acid) 

(PABA), which has high affinity to bind DA biomolecules over AA. Even though the 

non-oxidative detection schemes significantly opened new ways for selective detection 

of DA, their detection limits are not below 20nM; therefore, are not sensitive enough 

to be implemented for molecular diagnosis of PD. 

In this thesis, we draw on the findings that single-stranded deoxyribonucleic acid 

(ss-DNA) can disperse bundled single-walled CNT in aqueous solution, resulting in 

helical wrapping of ss-DNA around CNT (Zheng, Jagota et al. 2003, Zheng, Jagota et 
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al. 2003). The idea is extended in this thesis to exploit DNA biomolecules for surface 

modification of our home-made multi-walled CNT, which demonstrated successful 

results regarding dispersion state of multi-walled CNT in aqueous media. Moreover, a 

highly exfoliated nitrogen-doped graphene (NEG) is electrochemically synthesized that 

promotes the dispersion state of graphene in aqueous media, while maintaining its 

electrical conductivity. In an effort, we made a well-dispersed and hybrid suspension 

from the prepared DNA-functionalized multi-walled CNT and NEG 

(DNA_CNT_NEG). The decent dispersibility and unique surface properties of this 

hybrid structure of carbon nanomaterials promotes the in situ chemical and 

electrochemical polymerization of 3-aminophenylboronic acid monomers to produce 

high quality PABA nanocomposites. The fabricated PABA nanocomposites with 

DNA_CNT_NEG demonstrated outstanding physical, electrical and electroanalytical 

properties through the synergistic effects of each individual compounds. We found that 

the excellent electronic and electrocatalytic ability of DNA_CNT_NEG compound 

and its strong molecular interactions with the anilineboronic acid monomers and 

polymers during and after polymerization considerably improved the stability of the 

fabricated PABA nanocomposites by promoting the conductive state of PANI 

backbone, i.e. emeraldine salt state. The conductivity and electrochemical activity of 

the respective PABA nanocomposites were tremendously enhanced in physiological 
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solutions. We believe that the large surface area of the DNA_CNT_NEG greatly 

increased the density of the boronic acid functional groups available for sensitive 

detection of the neurotransmitter DA. Exploiting the outstanding properties of this 

produced nanocomposite we fabricated a non-oxidative DA sensor, with which DA 

concentrations as low as 6nM were detected using differential pulse voltammetry 

(DPV) technique. In this thesis, we summarize our recent works along this line. First, 

we will discuss the synthesis of multi-walled CNT using a chemical vapor deposition 

(CVD) method and optimization of CNT synthesis conditions. Then, the 

electrochemical synthesis of NEG is briefly explained. The unique role of DNA-

functionalized CNT and NEG (DNA_CNT_NEG) in enhancing the performance of 

the in situ fabricated conducting polymer nanocomposite of PABA is discussed, 

followed by a thorough discussion on the DA detection mechanism and AA elimination 

mechanism in this non-oxidative approach.  

1.2 Objectives 

The main objective of this research is to design electrochemical sensors based on 

polyaniline and carbon nanostructures composites that would specifically detect DA 

over a wide concentration range with high sensitivity, very low detection limits, a wide 

linear range and a very high saturation limit. Thus, the specific objectives of the thesis 

are: 
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(i) To investigate the best synthesis condition for synthesis of multi-walled CNT, 

and their surface modification using DNA biomolecules. 

(ii) To investigate the electrochemical synthesis of highly exfoliated nitrogen-doped 

graphene, and their unique role as novel materials in sensing approaches. 

(iii) To develop a hybrid nanostructure of DNA-functionalized CNT and NEG and 

investigation of their exceptional role during the in situ chemical polymerization of 3-

aminophenylboronic acid monomers to synthesize PABA nanocomposites with 

enhanced physical, morphological and electrical properties. Multiple analysis 

techniques such as UV-visible spectroscopy, fourier transform infrared spectroscopy, 

x-ray diffraction analysis, differential scanning calorimetry, thermo-gravimetric 

analysis, scanning electron microscopy, and Brunauer-Emmett-Teller surface analysis 

will be used to investigate the final properties of the synthesized PABA 

nanocomposites. 

(iv) To investigate the electrochemical polymerization of 3-aminophenylboronic 

acid monomers using cyclic voltammetry technique (CV) to synthesize PABA 

nanocomposites on a glassy carbon (GC) electrode surface with enhanced electrical 

and electrocatalytic properties. 

(v) To develop and optimize electrochemical sensors based on PABA 

nanocomposites electrodes for DA detection, and to investigate the sensitivity, 
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selectivity, stability, repeatability, linear range and saturation limit of the developed 

sensors using differential pulse voltammetry (DPV). 

Besides the introduction part, the thesis is divided into six other major sections. 

The following section will give a thorough background relevant to the problems 

investigated, followed by a concise literature review on the work done on DA sensors 

and biosensors (Chapter 2). The main objectives and a detailed experimental 

procedure, along with presentation and discussion of the results will be given in 

Chapters 3-6, before summarizing the results and proposing some ideas for extension 

of our approach for future works in Chapter 7. 
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Chapter 2 

Theory and Background 

2 Theory and Background 

This thesis work covers various subject areas, ranging from synthesis of carbon 

nanomaterials, e.g. carbon nanotubes (CNT) and nitrogen-doped graphene (NEG), 

chemical and electrochemical polymerization of conducting polymers, e.g. 

polyanilineboronic acid (PABA), basic electrochemical engineering,  and to medical 

applications of the polymer nanocomposites for diagnosis of neurological disorders, e.g. 

Parkinson’s Disease (PD). A general overview of required theoretical knowledge and 

background information, as well as processes applied, and materials used is given in 

this chapter. 

2.1 Parkinson’s Disease  

Parkinson’s Disease (PD) is one of the most prevalent disorders of the central 

nervous system. PD affects 1 in every 500 people in Canada. Over 200,000  Canadians 

are living with PD today and approximately 6,600 new cases are diagnosed each year 

in Canada.  Most are diagnosed over the age of 60; however, at least 10% of the PD 

population develops symptoms before the age of 40 (PHAC 2018). So, it is very 

important if our body could be screened for diagnosis of this neurological affliction. 

PD named after the English physician James Parkinson, who was the first person to 
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describe the PD symptoms in 1817 (Parkinson 1817), and the disorder has been studied 

during the time span but remained incurable to this date.  

The origin of PD can be genetic, acquired or idiopathic, meaning no origin is known 

and the onset of illness is spontaneous. The idiopathic version of PD is by far the most 

frequent. The symptoms generally come on slowly over time. Early in disease the 

cardinal symptoms include resting tremor, bradykinesia (slowed movements), rigidity 

(increased muscular tone), postural instability and gait impairment (Fahn 2003), 

which can be ascribed to disruptions of the central nervous system motor cortex. These 

movement disorders are attributed to a progressive loss of nerve cells in the midbrain, 

involving the basal ganglia, thalamus and cortex, which produce a chemical called 

dopamine (DA). When the loss of nerve cells in the midbrain reaches to 80%, PD 

symptoms begin to appear.  

2.2  Dopamine 

Dopamine (DA) was first synthesized in 1910 by George Barger and James Ewens 

at Wellcome Laboratories in London, England (Chen, Xu et al. 2003), and first 

identified in the human brain by Kathleen Montagu in 1957. It named as dopamine 

because it is a monoamine whose precursor in the Barger-Ewens synthesis is 3,4-

dihydroxyphenylalanine (levodopa or L-DOPA). DA function as a neurotransmitter 

was first recognized in 1958 by Avid Carlsson and Nils-AkeHillarp at the Laboratory 
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for Chemical Pharmacology of the National Heart Institute of Sweden (Dong, Heien 

et al. 2008). Carlsson was awarded the Nobel Prize of Physiology or Medicine in 2000 

for showing that DA is not only a precursor of norepinephrine (noradrenaline) and 

epinephrine (adrenaline), but is also a neurotransmitter itself (Li, Zhou et al. 2009). 

A wide variety of food plants synthesize DA to variable degrees. The highest 

concentrations have been detected in bananas, the fruit pulp of red and yellow bananas 

contains DA at levels of 40 to 50 parts per million (ppm) by weight (Kulma and Szopa 

2007). Potatoes, avocados, broccoli, and brussels leaves also contain DA at levels of 1 

ppm or more; oranges, tomatoes, spinach, beans, and other plants contain DA 

concentration levels less than 1 ppm (Kulma and Szopa 2007). DA in plants is 

synthesized from the amino acid tyrosine (Kulma and Szopa 2007). A DA molecule 

contains a catechol structure (a benzene ring with two hydroxyl side groups) with one 

amine group attached via an ethylene chain (Scheme 2-1). 
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Scheme 2-1: Structure of Dopamine, Phenethylamine and Catechol. 

DA plays a very significant role in mammalian cardiovascular, renal, hormonal, 

and central nervous system (Wightman, May et al. 1988, Heien, Khan et al. 2005, 

Zhang, Neumeyer et al. 2007). Some of its considerable functions are in: movement, 

memory, pleasurable reward, behavior and cognition, attention, inhibition of prolactin 

production, sleep, mood, and learning. Abnormal metabolisms and concentrations of 

DA is the origin of several neurological disorders. Parkinson's, Alzheimer’s, 

Huntington’s, Schizophrenia and drug addiction are some of the examples of problems 

associated with abnormal DA levels. 

2.3 Methods for Detection of Dopamine  

As mentioned, some neurological disorders such as Parkinson's, Alzheimer’s, 

Huntington’s, Schizophrenia are always pertained to abnormal metabolisms of DA. 

Therefore, the sensitive and selective detection of DA turns out to be more and more 

important in the field of clinical disease diagnosis. Some analytical methods have been 
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developed to provide fast, sensitive, selective and reliable quantification in complex 

biological samples. 

2.3.1 Conventional Methods for Dopamine Detection  

Numerous conventional detection methods have been established over the past 

decade for DA detection, including but not restricted to capillary electrophoresis mass 

spectrometry method, chromatography, fluorimetry, rapid liquid 

chromatography/tandem mass spectrometry (LC-MS/TMS), chemiluminescence 

(Teju, Mengesha et al. 2018). Even though the aforementioned methods provide very 

high sensitivity for DA detection, they possess numerous drawbacks. They involve 

very complicated systems, long time-consumption, high-cost, and take a considerable 

amount of workspace. Therefore, the electrochemical methods for DA detection 

considered more convenient in evaluating the low concentrations of DA under 

physiological environments. Electrochemical approaches provide beneficial 

characteristics of simplicity, short time delay, cost-effective, good selectivity, and real-

time detection without comprising the sensitivity of detection method (Teju, Mengesha 

et al. 2018). 

2.3.2 Electrochemical Methods for Dopamine Detection  

Electrochemistry has been considered as a powerful analytical technique for 

screening the electroactive compounds in our living organisms and physiological 
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environments. DA is one the most electroactive species that can be easily oxidized 

electrochemically on the surface of electrodes used in electrochemical sensors. 

Electrochemical sensors are small devices implemented for direct measurements of 

physical quantities of a target analyte in a sample matrix. Electrochemical sensors 

consist of a transduction element usually covered by a recognition coating or layer 

which may be some chemical or biological species. The recognition layer may interact 

with the target analyte. Thereafter, the transduction element translates the chemical 

variations into some electrical signals. Therefore, electrochemical sensors render an 

electrical signal that is attributed to the concentration of the target analyte (Scheme 

2-2). Electrochemical sensors can be generally divided into two classes; namely, 

biosensors and chemical sensors.  

 

Scheme 2-2: Principal stages in the operation of an electrochemical sensor. Adopted from (Teju, 
Mengesha et al. 2018). 

2.3.2.1 Biosensors for Dopamine Detection  

In recent years, tremendous efforts have been made to improve the catalytic 

properties, sensitivity, and selectivity of electrochemical sensors by application of 
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advanced membrane materials such as sol-gel composites, hydrogels, lipid membranes 

for biomolecules (enzyme) immobilization (Xu, Chen et al. 2006). Many of the 

electrochemical biosensors tested for DA detection exploit tyrosinase and laccase 

enzymes as their recognition element. Some of the works reported in literature for 

detection of DA by the use of different tyrosinase and laccase biosensors are demonstrated 

in Table 2-1. 

Table 2-1: Electrochemical detection of dopamine by use of tyrosinase or laccase biosensors. 

Enzyme-modified 
Materials 

Interferents 
Detection 

Limit  
Technique Reference 

Laccase/Multi-walled CNT AA, DOPAC 400nM DPV 
(Xiang, Lin et al. 

2007) 
Laccase/Multi-walled 

CNT/PPy 
UA 140nM DPV 

(Cesarino, Galesco 
et al. 2013) 

Tyrosinase/Multi-walled 
CNT/Nafion 

- 520nM Amperometry 
(Tsai and Chiu 

2007) 
Tyrosinase/Multi-walled 
CNT/Calcium carbonate 

nanoparticles 
AA,UA 15nM Amperometry 

(Bujduveanu, Yao 
et al. 2013) 

Tyrosinase/Single-walled 
CNT/PPy 

AA 5µM Amperometry 
(Min and Yoo 

2009) 
Tyrosinase/Single-walled 

CNT/PEDOT 
- 2.4µM CV 

(Lete, Lupu et al. 
2015) 

CNT: Carbon Nanotubes; PEDOT: Poly(3,4-ethylenedioxythiophene) PPy: Polypyrrole; AA: Ascorbic 
Acid; DOPAC: (3,4-dihydroxyphenylacetic Acid); UA: Uric Acid 
 

2.3.2.2 Chemical Sensors for Dopamine Detection  

One of the most interesting applications of modified electrodes are in sensors. As 

mentioned above, biosensors based on the enzyme tyrosinase have been successfully 

utilized for selective detection of DA in the presence of ascorbic acid (AA) and uric 
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acid (UA) in physiological environments. The main challenges in practical applications 

of such biosensors is their poor, long-term stability and reproducibility. One of the 

strategies implemented to overcome problems associated with determination of DA 

using enzyme-based biosensors is the development of chemical sensors, usually 

chemically modified electrodes. Different chemical compounds have been already 

utilized to improve the electrocatalytic affinity of the applied electrodes  and to 

eliminate the effect of interferents such as AA and UA. 

2.4 Materials Used for Electrode Modification in Dopamine Detection  

Chemically modified electrodes demonstrate a modern method to the electrode 

systems. These electrodes work based on the placement of a reagent on the electrode 

surface to convey the behavior of that reagent to the electrode surface. Such deliberate 

change of the electrode surface can meet the needs of many electroanalytical problems 

and may establish a basis for new analytical applications including energy conversion, 

electrochemical synthesis, electrochemical sensors and microelectronic devices. 

Chemically modified electrodes consist of a quite thin film from a molecular monolayer 

to perhaps a few micrometers-thick multilayers (Murray 1984, Teju, Mengesha et al. 

2018). 

The chemically modified electrodes are often implemented to detect DA with high 

selectivity and sensitivity. The most commonly used electroactive materials employed 
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for chemical modification of electrode surfaces are metal nanoparticles such as Au, Ag, 

Pt, Pd, and Cu, metal oxides such as TiO2, Fe2O3, Fe3O4, SnO2, CuO, and ZnO, 

polymers such as polyaniline (PANI) derivatives, polypyrrole (PPy) derivatives, 

Nafion, and chitosan, metal–organic frameworks (MOF), carbon nanostructures such 

as carbon nanotubes (CNT), and graphene, zeolite, and clay. In the next section the 

materials utilized in this thesis to chemically modify the electrode surfaces are briefly 

explained (Teju, Mengesha et al. 2018). 

2.4.1 Conducting Polymers  

A polymer is first and foremost an insulating compound. Approximately three 

decades ago, it has been discovered that a type of conjugated polymer called 

polyacetylene could become highly electrically conductive after undergoing some 

structural changes and modifications called doping. It is agreed that doping process is 

an effective approach to make conjugated polymers conductive. Doping is a chemical 

modification which allows electrons to move along the polymer structure due to the 

formation of conduction bands. As doping occurs, the electrons in the conjugated 

polymer, which are loosely bound, obtain the required potential to jump around the 

polymer backbone chains. Subsequently, when the electrons flow through the polymer 

backbone an electric current will be created (Bredas, Chance et al. 1982, Wynne and 

Street 1982). 
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The conducting polymers are also called conjugated polymers because of the 

alternating single and double bonds within their chemical structure (Scheme 2-3). The 

presence of conjugation configuration in polymer chains, enables delocalization of the 

electrons throughout the whole polymer system; and thus, many atoms may share 

them. The delocalized electrons may move around  and flow through the whole system 

and act as the charge carriers to make polymers conductive (Teju, Mengesha et al. 

2018). 

  

 
 

Scheme 2-3: Structure of some conductive polymers (X = NH, S, or NH/N). Adopted from (Teju, 
Mengesha et al. 2018). 

The conductivity of conjugated polymers is the result of several processes. In 

traditional polymers such as polyethylene, the valence electrons are bound in sp3-

hybridized covalent bonds. Such sigma-bonding electrons have very low mobility and 

do not contribute to the electrical conductivity of the polymer backbone. However, in 

conjugated polymers, the situation is totally different. Conducting polymers have 
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backbones of connecting sp2 -hybridized carbon atom centers. One valence electron on 

each center resides in a pz orbital, which is orthogonal to the other three sigma-bonds. 

All the pz orbitals associate with each other to a molecule wide delocalized set of 

orbitals. The electrons in these delocalized orbitals have very high mobility to move 

along the compound when the material is doped by oxidation, which eliminates some 

of these delocalized electrons. Hence, the conjugated p-orbitals arrange a one-

dimensional electronic band, and the electrons within this band turn out to be mobile 

when it is partially emptied. 

2.4.1.1 Synthesis of Conducting Polymers  

Synthesis of conducting polymers can be classified into two major categories: 

chemical polymerization and electrochemical polymerization. Throughout the chemical 

polymerization synthesis, conjugated monomers of the respective polymer react with 

excess amount of an oxidant in an appropriate solvent such as acid. The chemical 

polymerization takes place spontaneously and needs constant stirring. A major 

advantage of chemical polymerization is the possibility for mass production of polymer 

at a reasonable cost, which is usually difficult employing electrochemical methods 

(Teju, Mengesha et al. 2018). 

The second method for synthesis of conducting polymers is electrochemical 

polymerization using a conventional three-electrode electrochemical system. The 
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electrochemical polymerization often requires a working electrode, counter electrode 

and reference electrode placed into an electrolyte solution containing diluted monomers 

and the dopant in a solvent. After the application of the required potential to initiate 

the polymerization (initiation), the first step involves the electro-oxidative formation 

of a radical cation from the starting monomer. With the continued potential cycling, 

the polymerization process is proceeded. It is followed by dimerization process, 

followed by further oxidation and coupling reactions. A well-adhered film of the 

conducting polymer can thus be synthesized in situ on the surface of working electrode. 

If the polymer films are not conductive, the electrochemical polymerization process 

self terminates. The behavior of electrochemically polymerized polymer films can be 

controlled by the polymerization conditions such as the electrolyte, solvent, monomer 

concentrations, applied potential or current and duration of potential cycling 

(Tourillon and Garnier 1984). An important feature of the electrochemical 

polymerization technique is the direct formation of conducting polymer films on the 

working electrode surface that are highly conductive, simple and very appropriate for 

applications in electronic devices and sensing approaches. However, not all organic 

monomers may undergo electrochemical polymerization process. Certain monomers 

can be electrochemically polymerized because of the stability of the radical ions formed 
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during the initiation process and the oxidation potentials required for generation of 

these radical cations (Bidan 1992). 

2.4.1.2 Polyaniline as a Conjugated and Conducting Polymer 

Since the discovery of PANI as a conducting polymer, it has been researched a lot 

due to its ease of synthesis, its relatively high conductivity (102 Scm-1 in doped 

state)(De Jesus, Fu et al. 1997), and its interesting properties. The structure of PANI 

consists of a combination of benzenoid, quinoid, imine, and amine units (Scheme 2-4). 

The benzenoid units are normally connected to amine units (referred to as reduced 

unit) and the quinoid units are linked to imine units (referred to as oxidized unit). 

 

Scheme 2-4: General structure of polyaniline. Adopted from (Cheung 2012). 

When PANI is oxidized, its reduced units are converted to the oxidized units. 

Thus, by changing the ratios of the reduced units to the oxidized units, various 

oxidation states of PANI can be designed. From Scheme 2-4, n and m represents the 

number of reduced unit and oxidized units in the PANI backbone, respectively. 

Moreover, n and m can only have values ranging from 0 to 1 and must meet the  needs 
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for equation n + m = 1. If m=0 and n=1, then no quinoid units exit in the PANI 

backbone. Therefore, PANI is in the 100% reduced state and is called the 

leucoemeraldine base oxidation state. If m = 0.5 and n= 0.5, then PANI is in its 

partially oxidized and partially reduced state and is known as the emeraldine base 

oxidation state. If m = 1 and n = 0, PANI is in its fully-oxidized form and is known 

as the pernigraniline base oxidation state. It is also probable that m and n could have 

other values in addition to the ones stated above; however, the three oxidation states 

already mentioned above are the most studied oxidation states of PANI. All PANI 

oxidation states are nonconductive while exit in their base forms. The three PANI 

bases can be converted to their salt forms by protonation; although studies have shown 

that only the protonation of the emeraldine base state, which yields the emeraldine 

salt state, results in a highly conductive PANI backbone (Macdiarmid, Chiang et al. 

1985). The different oxidation states of PANI are demonstrated in Scheme 2-5. 
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Scheme 2-5: Different oxidation states of polyaniline. Adopted from (Cheung 2012). 

Doping of emeraldine base state can be performed using an oxidative method or 

by the use of proton doping (Petrova, Romanova et al. 2011). Because of the higher 

basicity of the imine units (pKa = 5.5) of the emeraldine base, they are more 

susceptible to be protonated upon doping with acid (proton doping) compared with 

the amine units (pKa = 2.5) (Shoji and Freund 2002). When both imines of the quinoid 

units are protonated (Scheme 2-6a), it establishes the bipolaron charge carrier which 

is demonstrated as two positive charges along the PANI backbone (Scheme 2-6b). To 

stabilize the positive charges along its structure, PANI undergoes some internal 

configuration changes, redox reactions, to form two separate polaron charge carriers 

(Scheme 2-6c). The two polaron charge carriers move along the conjugated polymer 

backbone to make further stability for polymer backbone (Scheme 2-6d). 



27 
 

 

Scheme 2-6: Polaron charge carrier formation by acid doping. Adopted from (Cheung 2012). 

Oxidative doping of PANI can be explained in a similar framework. Partial 

oxidation of the polymer backbone results in the removal of an electron. This partial 

oxidation creates a polaron charge carrier on the polymer chain. When the polymer is 

oxidized again, this causes another polaron charge carrier to be formed on the polymer 

backbone. At this stage, the two polaron charges can either form a bipolaron or pass 

through the polymer chain to make polymer backbone more stabilized. 

The exceptional properties of PANI made it very attractive for potential 

applications in many fields. The ability of PANI to occur in different oxidation states, 

which are all different in color, makes it to be implemented in electrochromic devices, 
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toxic gas sensors, and for bacteria detection (Akhtar, Weakliem et al. 1988, Hosseini 

and Entezami 2001, Ren, He et al. 2007). Their redox ability has been utilized in 

rechargeable batteries (MacDiarmid, Yang et al. 1987) and their doping/dedoping 

process have been exploited for gas, chemical, and pH sensors (Jin, Su et al. 2000, Liu, 

Honma et al. 2007, Sadek, Wlodarski et al. 2007). 

2.4.1.2.1 Polyaniline Polymerization Mechanisms 

The polymerization of aniline (ANI) to form PANI can be performed chemically or 

electrochemically. In the chemical oxidative methods, ANI is typically oxidized by an 

oxidizing agent such as ammonium persulfate (APS) in acidic environments to produce 

PANI. In the electrochemical methods, ANI is again oxidized in acidic medium to 

develop PANI . However, the difference here is that the oxidizing agent is either an 

applied constant current, constant potential, or a repetitive potential cycling within a 

determined potential range. 

Although it is mostly acknowledged that ANI polymerization mechanism follows a 

cationic polymerization method, the real mechanism of establishing the cationic 

initiator itself has been broadly deliberated. One of the mechanisms that is widely 

reported in literature for ANI polymerization process in acidic conditions is observed 

in Scheme 2-7. As seen, the ANI monomer is first partially oxidized by a strong 

oxidizing agent to make an anilinium cation-radical initiator. This initiator reacts with 
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further ANI monomers while transferring its charge until the polymer is formed. From 

basic organic chemistry, it is known that aniline is an ortho, para director. However, 

in order for the PANI to be highly conductive, the polymer chains must have long, 

linear and highly conjugated structure. Thus, in order to obtain a highly conductive 

polymer backbone, the ANI monomers should undergo continuous para coupling 

(head-to-tail coupling). 
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Scheme 2-7: Aniline polymerization mechanism using anilinium cation-radical as cationic initiator. 
Adopted from (Cheung 2012). 

As opposed to the mechanism procedure of PANI polymerization shown earlier, 

there have been some debates where the cationic initiator is a phenazine-like structure, 

i.e. anilineboronic acid (ABA) cationic initiators, produced from coupling of oxidized 

ANI monomers (Ćirić-Marjanović, Trchová et al. 2006, Sapurina and Stejskal 2008, 

Stejskal, Sapurina et al. 2008). Similar to the previously shown mechanism, the ANI 

monomer is also partially oxidized here to make an anilinium structure (Scheme 2-8). 

However, opposed to the para coupling as shown in the previous case in Scheme 2-7, 

the formed anilinium molecule undergoes ortho coupling instead. After the dimer (a) 

is created, the third monomer undergoes para coupling to establish a trimer (b). Upon 

further coupling, a N-phenylphenazine (c) molecule is formed. This phenazine-like 

structural unit has been detected during the polymerization of ANI by various groups 
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using electrochemistry (Genies, Lapkowski et al. 1988), Raman spectroscopy (Ćirić‐

Marjanović, Trchová et al. 2008), mass spectrometry (Dmitrieva, Harima et al. 2009), 

FTIR spectroscopy (Dmitrieva, Harima et al. 2009), and NMR studies (Křiž, 

Starovoytova et al. 2009). However, there has been a subject of debate regarding the 

actual role of N-phenylphenazine during polymerization. Some believe that N-

phenylphenazine plays the role of an initiation point for polymerization (Sapurina and 

Stejskal 2008, Stejskal, Sapurina et al. 2008), while others attribute it to degradation 

products from overoxidation (Genies, Lapkowski et al. 1988). 
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Scheme 2-8: Aniline polymerization mechanism using an N-phenylphenazine type structural unit as 
cationic initiator. R in the figure represents B(OH)2 (a boronic acid group). Adopted from (Cheung 

2012). 

Notice at this point, the phenazine-like structural unit (c) is uncharged; thus, 

cannot undergo cationic polymerization. However, the introduction of  additional ANI 

monomers makes the whole molecule to accept a positive charge; hence, forms the 

cationic initiator that is necessary for initiation of cationic polymerization. The 

positive charge is created by protonation of the primary amine unit after reaction of 

N-phenylphenazine with an ANI monomer. The establishment of this cationic initiator 

(d) considered as an extremely slow step and is believed to be the rate limiting stage  

during polymerization because of the fairly stable structure of N-phenylphenazine 

molecule (c). After the establishment of the cationic initiator, each subsequent ANI 
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monomer undergoes para coupling to enhance and maximize the electron delocalization 

of the positive charges along the polymer backbone. So, after the formation of cationic 

initiator, the PANI backbone begins to grow very fast. This dramatic rate in the PANI 

backbone growth happens since the monomers will only  be added to the para positions 

to form the most possible stable structure of PANI (Tzou and Gregory 1992, 

Sivakumar, Vasudevan et al. 2001, Ma, Chiu et al. 2008, Sapurina and Stejskal 2008). 

As shown in the polymerization mechanism in Scheme 2-8, the formation of a highly 

conductive PANI is probable once the N-phenylphenazine type cationic initiator is 

created. 

Although both mechanisms are studied in literature, the second mechanism that 

uses the N-phenylphenazine type cationic initiator will be considered as the typical 

polymerization mechanism of ABA monomers in this thesis.  

2.4.1.2.2 Self-Doped Polyaniline  

Although PANI demonstrates many advantages, its poor solubility in various 

solvents and its limited pH range that is restricted to acidic media avoids its 

applications in many practical biological applications. This problem was resolved by 

detection of self-doped PANI in 1990 (Yue and Epstein 1990). It has been called self-

doped PANI,  because it contains some negatively charged ionizable functional groups 

attached along their structure. The negatively charged functional groups (i.e. boronic 
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acid, sulfonic acid) typically act as intramolecular dopant anions that stabilize the 

positively charged imines induced by protonation of PANI backbone. However, in the 

acid doped PANI mentioned previously, the available anions in solution are used to 

stabilize the positive charges from the protonation of imines. The self-doping quality 

introduces additional attractive properties to the PANI chains. It has been found that 

self-doped PANI is electrochemically active in a wide pH range up to very basic 

conditions (pH = 12), whereas native polyaniline is active only at pH < 4 (Karyakin, 

Maltsev et al. 1996). In addition, the functional groups promote the solubility of PANI  

making them suitable for different applications. Herein we will be using 

poly(anilineboronic acid) (PABA) as a self-doped PANI backbone usable in many 

biomedical applications particularly in chemical biosensors.  

2.4.1.3 Conducting Polymers-modified Electrodes for Catecholamines 

Detection 

Many electrode materials to monitor DA concentration have been developed; a few 

of them related to conducting polymer nanocomposites are summarized in this section. 

A novel poly(ionic liquid)-functionalized polypyrrole-graphene oxide (PIL-PPy-

GO) nanocomposite was synthesized by polymerization of 1-vinyl-3-ethylimidazolium 

bromide on the surface of N-vinyl imidazolium-modified PPy-GO nanosheets. In this 

work, PIL played an important role in changing the surface charge properties to electro 
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positivity, which resulted in a substantial increase in the dispersibility of the PIL-PPy-

GO nanocomposites in aqueous medium. It improved the transmission mode of 

electrons and enhanced the electrocatalytic activity of the nanocomposite toward the 

oxidation of DA (Mao, Liang et al. 2015). In another work to monitor DA detection, 

the nanocomposites of poly(3,4-ethylenedioxythiophene)-graphene oxide (PEDOT-

GO) electrodeposited on a glassy carbon (GC) electrode followed by an electrochemical 

reduction to obtain the reduced nanocomposite (PEDOT-rGO) (Wang, Xu et al. 

2014). Weaver et al. (Weaver, Li et al. 2014) made a sensor using the same chemical 

combination; however, with the unreduced form of GO. Since GO is the oxidized form 

of graphene, its conductivity decreased depending on the level of oxidation (Jung, 

Dikin et al. 2008). Moreover, rGO had greater conductivity than the unreduced form 

which is reflected in the detection limits of both reported sensors for detection of DA. 

The PEDOT-rGO-modified sensor showed a lower detection limit (39 nM) compared 

to the PEDOT-GO-modified sensor (83nM). Apart from the detection limit, the 

PEDOT-GO-modified sensor eliminated the interference of AA via a substantial shift 

in its oxidation potential. 

Significantly enhanced catalytic activity of a nanocomposite made up of conducting 

polymer, poly(3,4-ethylenedioxythiophene) (PEDOT), doped with graphene oxide 

(GO) was obtained through a simple electrochemical reduction process (Wang, Xu et 
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al. 2014). The nanocomposites of PEDOT-GO were electrodeposited on an electrode, 

followed by electrochemical reduction. The obtained reduced nanocomposite of 

PEDOT-GO-modified electrode showed lower electrochemical impedance and excellent 

electrocatalytic activity towards the oxidation of DA. The developed sensor could 

detect DA in a linear range from 0.1 to 175µM, with a detection limit of 39nM. 

A composite reduced graphite oxide and highly dispersed PPy nanospheres was 

fabricated by a straightforward route, via in situ chemical oxidative polymerization of 

pyrrole monomers. The novel PPy nanospheres prevented the aggregation of reduced 

graphite oxide by electrostatic repulsive interactions; thus, enhanced their 

electrochemical properties for nanomolar detection of DA in biological environments 

with a linear range of 1–8000nM and a detection limit as low as 0.3nM (Qian, Yu et 

al. 2013). 

A nanocomposite of PABA with DNA-wrapped single-walled CNT was synthesized 

on a gold electrode by in situ electrochemical polymerization of ABA  monomers in 

the presence of DNA-wrapped single-walled CNT (Ma, Ali et al. 2006). This 

nanocomposite electrode was used to detect nanomolar concentrations of DA. It was 

found that the sensitivity of the detection approach increased 4 orders of magnitude 

compared to the detection at an electrode modified with neat PABA. List  of  some 
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works  reported  in  literature  for  determination  of catecholamines  using electrodes  

modified  with  conducting polymers are summarized in Table 2-2. 

Table 2-2: List of some works reported  in literature for determination of catecholamines using 
electrodes modified with conducting polymers. 

Catecholamine 
Detection 

Limit 
Electrode Modifying Agents Technique Reference 

Dopamine 73.3nM GCE PPy-PIL-GO DPV 
(Mao, Liang et 

al. 2015) 

Dopamine 39nM GCE PEDOT-rGO Amp 
(Wang, Xu et 

al. 2014) 

Dopamine 83nM GCE PEDOT-GO CV 
(Weaver, Li et 

al. 2014) 

Serotonin 11.7nmol L-1 GCE PANI-rGO-MIP-AuNP DPV 
(Xue, Wang et 

al. 2014) 

Dopamine 20nM CPE PEDOT-CNT DPV 
(Xu, Li et al. 

2013) 

Dopamine 5nM GCE OPE–NH2–rGO DPV 
(Deng, Liu et 

al. 2013) 

GCE: Glassy Carbon Electrode; CPE: Carbon Paste Electrode; MIP: Molecularly Imprinted Polymer; OPE: 
Oligo(Phenylene Ethynylene); PEDOT: Poly (3,4-Ethylenedioxythiphene); PIL: Poly (Ionic Liquid); PPy 
Polypyrrole; Amp: Amperometry; CV: Cyclic Voltammetry; DPV; Differential Pulse Voltammetry. 

 

2.4.2 Carbon Nanostructures 

Carbon is one of the amplest elements discovered on the Earth and has been found 

since hundreds years ago. Up to a few decades ago, there were only three forms of 

carbon existed in nature: diamond, graphite, and amorphous carbon (Kumar 2011, 

Gogotsi and Presser 2013). Due to their exceptional atomic orbital hybridization, 

carbon forms different types of bonds resulting in these various structures. Although 

they are all allotropes of carbon and they only differ in their atomic arrangement 
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within the crystal lattice, their properties are very different from each other. Diamond 

is known to be one of the hardest substance in the world, a transparent material, and 

an outstanding insulator; whereas, graphite is used as pencil lead for its softness, it is 

opaque, and used in electrical cells because of its high electrical conductivity (Spencer, 

Bodner et al. 2010). 

Research in the field of carbon nanostructures have attracted tremendous attention 

since the discovery of fullerenes in 1985 (Kroto, Heath et al. 1985), carbon nanotubes 

in 1991 (Iijima 1991), and graphene in 2004 (Novoselov, Geim et al. 2004), and is 

considered as one of the most highly studied fields of science. The attraction to this 

field is because of their nanoscale properties which makes them very distinct from their 

macroscale counterparts (Rao, Müller et al. 2006). As the materials size decrease to 

the nanoscale, properties such as melting point, color, electrical conductivity, and 

chemical reactivity varies as a function of particle size. For example, bulk gold is 

known to be  stable in air, and have a yellowish color. However, in the nanoscale range 

gold is very reactive, and is red in color.  

Another attractive property of nanoscale materials is the change in their electronic 

properties. For example, bulk diamond and graphite have different dimensional scales 

compared to the fullerenes, CNT, and graphene. Fullerenes are considered as zero-

dimensional, CNT as one-dimensional, and graphene as two-dimensional allotropes of 
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carbon. The dimensional structure of materials is an extremely important property, 

because it affects the density of states, which consequently changes its band structure 

and its electronic properties (Varadan, Pillai et al. 2010). Thus, changing the 

dimensions of a solid-state material may impart different electronic properties which 

makes them suitable for various applications. 

2.4.2.1 Carbon Nanotubes 

Carbon nanotubes (CNT) are one of the most studied carbon nanomaterials today. 

Their unique optical, thermal, mechanical, and electronic properties made them to be 

utilized for many practical applications. These applications include but are not 

restricted to, structural reinforcements for composite material, chemical sensing, and 

biological sensing. 

CNT shows exceptional and unusual electrical, mechanical and optical properties 

due to their one-dimensional structure. They have exceptional electronic properties: 

metallic nanotubes can carry an electrical current density of 4 × 109Acm-2, which is 

three orders of magnitude higher than a typical metal, such as copper or aluminum 

(Dai, Javey et al. 2006). Individual semiconducting single-walled CNT is recognized 

to have an extremely high carrier mobility of 10,000 cm2V-1s-1 at room temperature 

and can be used at high frequencies such as 2.6GHz. These quantities exceed those for 

all other known semiconductors such as silicon (Zhou, Park et al. 2005), which makes 
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CNT applicable in various areas such as high-speed transistors, single- and few-

electron memories, and chemical and biochemical sensors (Dürkop, Getty et al. 2004, 

Li, Yu et al. 2004). Moreover, it is extremely flexible because of their small diameter. 

Single-walled CNT is therefore considered as a perfect candidate for high-performance, 

high-power, and flexible electronics applications (Hong and Myung 2007, Kang, 

Kocabas et al. 2007). Single-walled CNT is also known to be the strongest and stiffest 

materials discovered in terms of tensile strength and elastic modulus, respectively. Its 

Young's modulus is beyond 1TP; it is as stiff as diamond and the estimated tensile 

strength is reported to be 200GP (Kis and Zettl 2008). This extremely high strength 

results from the covalent sp² bonds established between the individual carbon atoms 

which is an ideal property for reinforced composites (Njuguna, Pielichowski et al. 2007, 

Ma, Cheung et al. 2008, Cheung, Chiu et al. 2009, Prashantha, Soulestin et al. 2009) 

and nanoelectromechanical systems (NEMS) (Lassagne, Tarakanov et al. 2009). 

Furthermore, the heat transmission capacity of individual CNT at room temperature 

has been discovered to exceed 3000Wm-1K-1, which is greater than that of natural 

diamond, and makes them excellent for thermal applications (Kim, Shi et al. 2001). 

Equally important, both single-walled and multi-walled CNT are now synthesized and 

produced in large quantities making them highly interesting for numerous commercial 

applications. 
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2.4.2.1.1 Carbon nanotube-modified Electrodes for Catecholamines Detection 

Notably, CNT and graphene possess numerous advantages over other 

nanomaterials because of their excellent electrical and thermal conductivity and high 

mechanical strength that go beyond those of many existing materials. 

The first paper that verified the application of CNT for the detection of 

catecholamines was published by Britto et al. (Britto, Santhanam et al. 1996) in 1996.  

It has been reported that CNT-modified paste electrodes increased the sensitivity for 

detection of DA and demonstrated almost ideal and reversible kinetics, which is 

unusual for DA at carbon electrodes surfaces. After this pioneer study, so many 

scientific publications were published over the last few years, representing the 

considerable improvements taken place in the field of CNT-based electrochemical 

sensors and biosensors. 

Macpherson et al. (Bertoncello, Edgeworth et al. 2007) reported the exceptional 

properties and features of CNT as an electrode material for developing high 

performance electrochemical sensors of DA. Parent single-walled CNT was grown in a 

two-dimensional network arrangement on an inert support that acted as a macroscopic 

electrode with an extremely low background current. This feature facilitated the CV 

measurements of DA oxidation with a detection limit of 100nM.  
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The electrode sensors performance was found to be dependent on the synthesis 

condition of the CNT, their surface modification, the method of electrode attachment 

and the addition of electron mediators (Yang, Feng et al. 2013). Therefore, CNT paste 

electrodes, CNT which are directly deposited or grown on the electrodes surfaces, 

polymer coatings containing CNT and electrodes modified by combination of 

electrocatalyst nanomaterials-(bio)molecules were all fabricated for the sensitive and 

selective detection of catecholamines. Some reports on the use of CNT-modified 

electrodes for detection of catecholamines are summarized in Table 2-3. Recently, some 

types of magnetic CNT have been fabricated by decorating CNT with different 

magnetic nanoparticles in order to provide extra advantages for their use in 

electrochemical detection systems such as enhanced sensitivity, high signal-to-noise 

ratio, shorter time of analysis, etc. 

CNT is functionalized to enhance the sensitivity of catecholamines sensors. For 

example, -COOH groups (Luo, Shi et al. 2001, Bi, Li et al. 2012), -OH groups 

(Valentini, Palleschi et al. 2007, Bi, Li et al. 2012), boronic acid (Wu, Zhu et al. 2007), 

benzofuran derivative (Mazloum-Ardakani and Khoshroo 2014), and poly(diallyl 

dimethylammonium chloride) (Zhang, Huang et al. 2013) were covalently attached to 

the sidewalls of CNT, while surfactants, polymers, aromatic compounds or other 

biomolecules were noncovalently attached (Wildgoose, Banks et al. 2006, Xiang, Lin 
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et al. 2007, Zhao and Stoddart 2009) before they were implemented in catecholamines 

detection procedures. The functionalized CNT surfaces (particularly the noncovalent 

ones) not only preserve the original properties of parent CNT but also impart new 

properties; thus, broaden the applications of CNT in electroanalysis (Yang, Feng et 

al. 2013). 

The immobilization of enzymes, such as laccase (Xiang, Lin et al. 2007, Cesarino, 

Galesco et al. 2013), and tyrosinase (Tsai and Chiu 2007, Min and Yoo 2009, 

Bujduveanu, Yao et al. 2013, Lete, Lupu et al. 2015), by entrapment in the CNT 

matrix was recently used as a promising method for the sensitive and selective 

detection of catecholamines. Tyrosinase is an attractive enzyme utilized broadly in 

biosensors because it reduces the interference of compounds in biological systems, this 

is due to the enzyme quality which is only sensitive to phenolic compounds. 

According to Prasad et al. (Prasad, Jauhari et al. 2013, Prasad, Prasad et al. 2013), 

CNT plays an essential role in obtaining desirable electrical properties, high surface-

to-volume ratio and maximum film porosity in molecularly imprinted polymers (MIP) 

technology. The research group assembled a dual-template imprinted polymer-

modified carbon ceramic electrode, consist of dispersed multi-walled CNT for 

simultaneous determination of AA and DA (Prasad, Jauhari et al. 2013). The obtained 

limit of detection was calculated to be as low as 1.4nM for DA. Moreover, they also 
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explored the relative advantages of using covalently made multi-walled CNT carrying 

terminal monomeric units  to develop a MIP-modified graphite electrode for selective 

detection of adrenaline as a catecholamine (Prasad, Prasad et al. 2013). This system 

represented very high sensitivity and selectivity toward adrenaline with a linear range 

of 0.49–32nM, and a detection limit of 0.11nM. 

Table 2-3: List of some works reported in literature for determination of catecholamines using 
electrodes modified with carbon nanotubes. 

Catecholamine 
Detection 

Limit 
Electrode Modifying Agents Technique Reference 

Dopamine 150nM GCE 
Electrochemically 
pretreated multi-

walled CNT 
DPV 

(Alwarappan, Liu 
et al. 2010) 

Dopamine 14nM GCE Boron-doped CNT DPV 
(Deng, Chen et 

al. 2009) 

Dopamine 256µM GCE 
Multi-walled 

CNT/doped cobalt 
phthalocyanine 

DPV 
(Cruz Moraes, 
Cabral et al. 

2008) 

Dopamine 600nM GCE 
Single-walled CNT 

cetylpyridiniumbrom
ide multi-layer films 

DPV 
(Zhang, Pan et 

al. 2007) 

Dopamine 120nM GCE 
PANI/multi-walled 
CNT incorporated 
with β-cyclodextrin 

DPV 
(Yin, Wei et al. 

2006) 

Dopamine 5nM GCE 
Thionine-Nafions 

supported on multi-
walled CNT 

CV 
(Shahrokhian and 
Zare-Mehrjardi 

2007) 
CNT; Carbon Nanotubes; GCE: Glassy Carbon Electrode; CV: Cyclic Voltammetry; DPV; Differential 
Pulse Voltammetry. 

 



45 
 

2.4.2.2 Graphene 

Graphene with its exceptional two-dimensional sp2 hybridized carbon atom 

structure has attracted a tremendous attraction in electrochemistry fields due to its 

unique properties such as its large aspect ratio, high surface area, outstanding 

conductivity, and remarkable electrocatalytic activity (Duan, Zhao et al. 2017). There 

have been great efforts to tune these properties based on the application of interest. 

The tunable surface chemistry of graphene makes it an appropriate material to be 

exploited as catalyst (Betiha, Rabie et al. 2017), and catalyst support (Zhao, Zhu et 

al. 2013, Cheng, Lin et al. 2015). Furthermore, the demand for the use of graphene in 

different areas such as adsorption (Chandra and Kim 2011, Gao, Li et al. 2012), fuel 

cells (Jafri, Rajalakshmi et al. 2010), sensors (Zhang, Zhang et al. 2018), and batteries 

(Wu, Ren et al. 2010) are progressively increasing.  Graphene can be synthesized via 

different methods such as mechanical exfoliation of graphite (Novoselov, Geim et al. 

2004), chemical vapor deposition (CVD) (Ambrosi and Pumera 2014), and reduction 

of graphene oxide (Pei and Cheng 2012). However, each of these methods has 

disadvantages; they are high cost, have low yields which makes them inappropriate 

for mass production. Recently, graphene synthesized by electrochemical exfoliation of 

graphite obtained substantial attraction since it offers a simple, environmentally 

friendly and scalable synthesis route that results in synthesis of good quality graphene 
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(Gondosiswanto, Lu et al. 2015). Electrochemically exfoliated graphene (EEG) has 

been mainly synthesized in three different electrolyte solutions including ionic liquids 

(Lu, Yang et al. 2009), acidic medium (Liu, Poh et al. 2013), and inorganic salts (Chen 

and Xue 2014). It was discovered that the use of inorganic salts results in synthesis of 

graphene with large lateral size and lower amounts of oxygen functional groups 

compared to other types of studied electrolytes (Parvez, Wu et al. 2014). Parvez et al. 

(Parvez, Wu et al. 2014) exploited different types of inorganic salts containing sulfate 

ions such as K2SO4, Na2SO4 or (NH4)2SO4  as the electrolytes which resulted in 

production of highly exfoliated graphene from graphite. Cao et al. (Cao, He et al. 

2017) synthesized graphene oxide (GO) using a two-step electrochemical intercalation 

and oxidation of graphite. Graphite was intercalated using concentrated H2SO4 and 

then exfoliated utilizing (NH4)2SO4. It has been claimed that their synthesis route 

resulted in GO with very high yield and good quality. In another study by Pei et al. 

(Pei, Wei et al. 2018) the same strategy was implemented, and GO was synthesized 

by pre-intercalation of the graphite in concentrated H2SO4, and the exfoliation under 

diluted  H2SO4 solution. It has been found  that around 46% of GO were monolayers 

and approximately 86% of them were three layers or less than that. 

It is well-known that the electronic and electrocatalytic properties of the graphene 

can be easily tuned by introduction of heteroatoms within their atomic structure using 
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doping strategies. Among the studied doping agents, nitrogen obtained the most 

attraction because of its near atomic radius to carbon (Wang, Maiyalagan et al. 2012). 

Nitrogen-doped graphene has been investigated a lot as an electrode material for 

oxygen reduction reactions (ORRs) (Lai, Potts et al. 2012), lithium batteries (Reddy, 

Srivastava et al. 2010), sensors (Lv, Li et al. 2012), and supercapacitors (Jeong, Lee 

et al. 2011). An important observation for N-doped graphene (similar to graphitic 

materials) is its susceptibility for activation of oxygen molecules for organic 

degradation (Li, Chen et al. 2011). There have been several efforts to increase the 

electrocatalytic activity of doped graphene through co-doping of nitrogen with other 

heteroatoms such as sulfur (Liang, Jiao et al. 2012), boron (Zehtab Yazdi, Fei et al. 

2015), and phosphorous (Zhang, Mahmood et al. 2013). The electronegativity of these 

heteroatoms may tune the electroneutrality of graphene to form active sites for 

reactions (Zhang, Mahmood et al. 2013), mainly in sensors applications. 

2.4.2.2.1 Graphene-modified Electrodes for Catecholamines Detection 

Since the discovery of graphene in 2004, this nanomaterial has obtained tremendous 

attention in its highly miscellaneous applications in the field of bioscience and 

biotechnology, including the development of high-performance electrochemical sensors. 

In 2009, Alwarappan et al. (Alwarappan, Liu et al. 2010) reported the analytical 

detection of DA using single-walled CNT and graphene incorporated electrochemical 
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sensors. They found that graphene electrode demonstrated redox peaks with a higher 

magnitude of redox current (1.0 ± 0.2 µAmm−2) than those obtained using single-

walled CNT (0.42 ± 0.2µAmm−2). It was discovered that graphene demonstrated a 

superior biosensing performance than single-walled CNT toward DA determination. It 

was mentioned that this better performance is observed because of the greater sp2 

quality, conductivity and density of surface negative charges of graphene. 

In 2009, Wang et al. (Wang, Li et al. 2009) conducted a parallel experiment using 

graphene and multi-walled CNT for the selective determination of DA biomolecules, 

in the presence of AA. The graphene modified surface exhibited higher selectivity for 

DA sensing with a linear range of 5-200µM, and a superior performance than the multi-

walled CNT modified surface. The authors concluded that graphene is a superior 

candidate for fabrication of sensing platforms in biosensing applications. 

Graphene and its derivatives have been widely used as electrode materials for 

sensing of catecholamines. Some of the related publications are summarized in Table 

2-4. The electrochemical sensors for catecholamines detection were typically fabricated 

by applying dispersed graphene in an organic solvent or simply growth of graphene on 

the electrode surface. Moreover, multilayer graphene nanosheets were also exploited 

as sensing platforms. In addition, several nanocomposites were fabricated by 
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incorporation of graphene or its derivatives within polymeric matrices for 

catecholamines detection.  

Table 2-4: List of some works reported in literature for determination of catecholamines 
using electrodes modified with graphene. 

Catechol
amine 

Detection 
Limit 

Electrode Modifying Agents Technique Reference 

Dopamine 120nM SPE 
Graphene-ionic liquid 

composite 
DPV 

(Ping, Wu et al. 
2012) 

Dopamine 120nM GCE 
Nitrogen-doped 

graphene 
DPV 

(Sheng, Zheng et al. 
2012) 

Dopamine 500µM GCE 
Electrochemically 

rGO 
DPV 

(Yang, Liu et al. 
2014) 

Dopamine 50nM GCE 
Graphene/chitosan 

multilayer 
DPV 

(Weng, Cao et al. 
2013) 

Dopamine 114nM GCE 
rGO/multi-walled 

CNT-phospotungstic 
acid composite 

DPV 
(Ling, Huang et al. 

2013) 

Dopamine 15nM GCE 
GO-carbon dots 

composite 
DPV 

(Hu, Huang et al. 
2014) 

CNT; Carbon Nanotubes; GO: Graphene Oxide; rGO: Reduced Graphene Oxide; GCE: Glassy Carbon 
Electrode; SPE: Screen Printed electrode; CV: Cyclic Voltammetry; DPV; Differential Pulse 
Voltammetry. 

 

2.5 Electrochemical Measurements  

In this section the basic electrochemical background and theory, as well as the 

measurement electroanalytical techniques utilized in this thesis, i.e. cyclic voltammetry 

(CV), and differential pulse voltammetry (DPV), are reviewed which is mainly based 

on the electrochemistry fundamentals and theory described by Allen J. Bard (Bard, 

Faulkner et al. 1980). 
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2.5.1 Fundamentals in Electrochemistry  

Electrochemistry is the science about the transmission of electrons at the interface 

of electrode-electrolyte solution, combining the electron movements in solid-state 

materials with the ion movements in liquids. Two electrodes enclosed in an electrolyte 

solution is the very basic example of a conventional electrochemical cell. In a galvanic 

cell, spontaneous electrode reaction occurs when the electrodes are connected to each 

other by a conductor; while, in electrolytic cells an external potential is required to be 

applied. The presence of two electrodes results in two independent half-reactions. The 

electrode at which the reaction of interest takes place is called the working electrode 

(WE), and the second electrode plays the role of the reference electrode (RE). Many 

external and electrode variables may affect the reaction rate of an electrode. Scheme 

2-9 makes an overview of such contributing variables in a typical electrochemical cell 

(Bard, Faulkner et al. 1980). 

In a two-electrode electrochemical cell, the current passes through the WE and RE 

and causes a voltage drop equal to the summation of the voltage drop at both 

electrodes and solution resistance Rs, following Ohm’s law (Bard, Faulkner et al. 

1980): 

𝑉𝑉 = 𝑅𝑅 × 𝐼𝐼     Equation 2-1 
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Thus, the solution resistance, Rs, must be minor and the voltage drop at the RE 

must be insignificant compared to the resistance of the WE. This can be achieved by 

a much greater surface area of the RE than the WE, resulting in a much smaller 

current density and voltage drop. Also, the current flow should be maintained at small 

values in order to minimize the ohmic drop due to the RE. Generally, parameters for 

a two-electrode setup are I < 10µA and Rs < 100Ω, so that I × Rs < (10-5𝐴𝐴) × (100Ω) 

or I × Rs < 1mV. 

 

Scheme 2-9: Variables affecting the rate of an electrode reaction. Adopted from (Bard, 
Faulkner et al. 1980).  

For systems where voltage cannot be kept below 1mV, a three-electrode cell must 

be implemented instead of a two-electrode cell. The third electrode is called counter 

electrode (CE) and plays the role of a current sink for the cell. The majority of the 
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current flows through the CE and WE; thus, lowering the voltage drop between the 

RE and WE. This setup allows the RE to be utilized as a reliable reference for the 

potential control of the electrochemical cell.  

Electrochemical electrodes are typically classified based on their potential 

dependency to the electrolyte concentration. Electrodes of the first category are metal 

electrodes which are immersed in a solution containing their own ions (i.e. silver metal 

immersed in a silver nitrate solution). The equilibrium potential of this electrode is a 

function of the concentration of the electrode metal cations available in the electrolyte 

solution. Electrodes of the second category are metal electrodes assemblies in which 

the equilibrium potential is a function of the concentration of an anion in the 

electrolyte solution. Typical examples on this category are the silver/silver chloride 

electrode and the calomel electrode. In this case as already mentioned, the potential 

of the metal electrode is controlled by its cations concentration available in the 

solution, which in turn is controlled by the anions concentration in the electrolyte 

solution via the solubility products of the slightly soluble metal salts (Bard, Faulkner 

et al. 1980): 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 +  �̅�𝑒 ↔ 𝐴𝐴𝐴𝐴 + 𝐴𝐴𝐴𝐴�    Equation 2-2 

For a redox reaction (Bard, Faulkner et al. 1980): 

𝑂𝑂 + 𝑛𝑛𝑒𝑒 �  ↔  𝑅𝑅     Equation 2-3 
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where n is the number of exchanged electrons, the relation between concentrations 

of O (oxidized products concentration) and R (reduced products concentration) can 

be related to the Gibbs free energy change ΔG as follows (Bard, Faulkner et al. 1980): 

∆𝐺𝐺 =  ∆𝐺𝐺0 + 𝑅𝑅𝑅𝑅 𝐴𝐴𝑛𝑛 𝑎𝑎𝑅𝑅
𝑎𝑎𝑂𝑂

    Equation 2-4 

where R is the gas constant, T is the temperature, aR and aO are the activity 

coefficients of reduced and oxidized products, respectively. Here, the maximum 

potential between two electrodes or equilibrium potential can be derived as follows 

(Bard, Faulkner et al. 1980): 

∆𝐺𝐺 =  −𝑛𝑛𝑛𝑛𝑛𝑛     Equation 2-5 

and for unit activity for O and R the standard Gibbs free energy change for the 

redox reaction can be given as (Bard, Faulkner et al. 1980):  

∆𝐺𝐺0 =  −𝑛𝑛𝑛𝑛𝑛𝑛0     Equation 2-6 

where E0 (V) is the standard electrode potential and F is the Faraday’s constant. 

With equations (2-4) and (2-6) the correlation between potential and concentration 

for a cell reaction at a redox electrode can be obtained as the Nernst equation (Bard, 

Faulkner et al. 1980): 

𝑛𝑛 =  𝑛𝑛0 + 𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

 𝐴𝐴𝑛𝑛 𝑂𝑂
𝑅𝑅
    Equation 2-7 
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The Nernst equation allows the calculation of the electrostatic potential of the 

electrode for a state of equilibrium without a current flow within the electrode and 

electrolyte solution interface.  

When a reaction is required to be induced, a typically called overpotential ŋ, which 

is the deviation of the cell potential from its equilibrium value Eeq, must be applied 

(Bard, Faulkner et al. 1980): 

ŋ = 𝑛𝑛 − 𝑛𝑛𝑒𝑒𝐸𝐸     Equation 2-8 

When a potential is applied to an electrode and results in a current flow, the 

relation between current and applied potential can be defined by the Butler-Volmer 

equation (Bard, Faulkner et al. 1980): 

𝐼𝐼 =  𝐼𝐼0[𝑒𝑒−𝛼𝛼𝛼𝛼ŋ −  𝑒𝑒(1−𝛼𝛼)𝛼𝛼ŋ]   Equation 2-9 

where f is equal to 𝑛𝑛/𝑅𝑅𝑅𝑅. 

The exchange current is obtained as follows: (Bard, Faulkner et al. 1980) 

𝐼𝐼0 = 𝑛𝑛𝐴𝐴𝑘𝑘0𝐴𝐴𝑂𝑂
∗(1−𝛼𝛼)𝐴𝐴𝑅𝑅∗𝛼𝛼    Equation 2-10 

A is the area of the electrode, k0 is the standard heterogeneous rate constant, C is 

the concentration of oxidized or reduced species at the electrode surface and α is the 

dimensionless transfer coefficient. 
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when a negative potential is applied to the WE, the electrons energy level in the 

electrode material is increased and a phase shift from electrode to electrolyte molecule 

occurs. The electrons flow through the electrode towards the electrolyte solution; thus, 

the cathodic current flows and the electrolyte molecules are reduced (reduction 

current). If a positive potential applied to the WE, it lowers the energy level of the 

electrons in the electrode material. Since always the lowest possible potential is desired, 

electrons move from electrolyte solution to the electrode material, anodic current flows 

and electrolyte molecules are oxidized (anodic current).  

Four major different factors that might affect the reaction rate at the electrode-

electrolyte solution interface are as follows which is also shown in Scheme 2-10 (Bard, 

Faulkner et al. 1980):  

1. Mass transfer (i.e. of oxidized products from bulk to the electrode surface) 

2. Kinetics of electron transfer 

3. Preceding and following chemical reactions 

4. Surface reactions (i.e. adsorption, desorption) 

As always, the slowest stage determines the reaction rate and is typically called 

rate-determining step. If all processes are very fast, the electron transfer reaction will 

be the rate-determining step. In order to ensure a diffusion-controlled mass transport for 

electrochemical experiments, a large concentration of reactive species are added to the 
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electrolyte solution to eliminate the migration, measurements are also completed under 

30s-time scale to avoid convection, or microelectrodes are being used [51]. 

 

Scheme 2-10: Pathway of a general electrode reaction. Adopted from (Bard, Faulkner et al. 1980).  

Typically, two types of charge-related processes occur at electrode surfaces. One 

category contains reactions in which charges are transferred across the electrode-

electrolyte solution interface. Electron transport makes oxidation or reduction 

reactions to occur. Since such reactions are governed by Faraday's law (“the amount 

of chemical reaction caused by the flow of current is proportional to the amount of 

electricity passed”), they are called faradaic processes. However, there are possibilities 

for processes such as adsorption and desorption to occur, and the structure of the 
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electrode-electrolyte solution interface may alter upon changing potential or solution 

composition. These processes are called nonfaradic processes. Although charge does 

not flow through the interface, external currents can flow when the potential, electrode 

area, or solution composition changes.  

2.5.2 Classical Electrochemical Measurements  

In electroanalytical experiments the potential of the WE is controlled by a 

potentiostat. This electronic equipment is a control amplifier that keeps the potential 

of the working electrode at a constant level with respect to the reference electrode by 

adjusting the current at the counter electrode. In electrochemical measurements 

methods the responses to a change in applied voltage or current or a change over time 

are observed. In this section the electrochemical measurements methods utilized in 

this thesis are described briefly. 

2.5.2.1 Cyclic Voltammetry 

Cyclic voltammetry (CV) is a potential sweep process, in which the electrode 

potential is linearly changed over the time and as a response to this variation the 

resulting current is measured. The potential sweep turns into cyclic, when an initial 

potential E1 is increased to a reversal potential E2 and swept back to E1 and further to 

a potential E3 at the reverse direction. Figure 2-1 demonstrates the waveform for a 

linear and cyclic sweep with starting and reversal potential, ν is the scan rate. 
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Figure 2-1: Waveforms used in linear sweep (a) and cyclic voltammetry (b and c). Adopted from (Zoski 
2006). 

The choice of potentials is a significant step in the experimental design, since they 

control the driving force for the electron transfer, the reactions to take place (oxidation 

or reduction), the created species and weather the reactions take place under a kinetic 

or mass transport control. The scan rate controls the reaction time scale and is 

typically ranged between mVs-1 and up to kVs-1 with microelectrodes. 

The current-voltage curve or cyclic voltammogram demonstrates the reaction 

mechanism and the gradient characteristic for the substance under reaction. Figure 2-

2 shows a cyclic voltammogram for a diffusion-controlled electron transfer on a planar 

electrode. 

With changing the potential, the concentrations of generated species changes; thus, 

the produced faradaic current is attributed to the reactions and concentration of 

species at the electrode surface. In case of initially present reduced species, points 1-7 

demonstrates the oxidation route of the reduced species and the respective oxidation 

current, with the peak value IP at the potential of point 3. After the reversal of the 
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potential at point 5, the reduction reaction of the previously oxidized species takes 

place between points 8-10, which results in a reduction current. 

 

 

Figure 2-2: Cyclic voltammogram (Zoski 2006). 

The peak current IP can be calculated for a planar electrode and diffusion-controlled 

reaction with the Randles-Sevčik equation (Bard, Faulkner et al. 1980): 

𝐼𝐼𝑃𝑃 = 0.4463 𝑛𝑛
3
2𝑛𝑛

3
2

𝑅𝑅
1
2𝑅𝑅

1
2

 𝐴𝐴𝐷𝐷0
1
2𝐴𝐴𝑂𝑂∗𝜈𝜈

1
2   Equation 2-11 

with n being the number of electrons transferred. 

The shape of a voltammogram corresponds mainly to the rate of electron transfer 

reactions. If the mass transfer is diffusion controlled, the shape of CV curves is the 
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one shown in Figure 2-2. However, if the mass transfer rate overcomes the electron 

transfer rate, the voltammogram develops a drawn-out shape as observed in Figure 2-

3. The peaks broaden and the overpotential is needed to increase the electron transfer 

rate, which results in a wider peak separation. 

 

Figure 2-3: Voltammograms (current scale normalized) under a) electron transfer control, b-d) mass 
transfer control. kS: electron transfer rate constant, v: sweep rate. (Zoski 2006). 

2.5.2.2 Differential Pulse Voltammetry (DPV)  

Differential pulse voltammetry (DPV) is a derivative method of linear sweep 

voltammetry and is considered as a staircase voltammetry, which is extremely helpful 

to detect trace levels of organic and inorganic analytes. In this technique, there are a 

series of regular voltage pulses laid over the potential linear sweep or stair steps. Just 

before each potential change and late in the potential pulses, the currents are recorded. 
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The current difference is then plotted against the applied potential. In the differential 

pulse voltammograms, the height of the current peak could be directly proportional to 

the concentration of the corresponding analytes. The peak potential varies with 

different analytes, which can also be used to distinguish the detected analytes. DPV 

not only helps improve the sensitivity of the detection method and the resolution of 

the voltammograms, but also provides some information about the chemical form of 

the analytes, such as oxidation and complexation status, which is very important for 

analysis. 
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Chapter 3 

Cobalt Catalyst Grown Carbon Nanotubes/Poly (Vinylidene Fluoride) 

Nanocomposites: Effect of Synthesis Temperature on Morphology, 

Electrical Conductivity and Electromagnetic Interference Shielding 
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3.1 Abstract 

A chemical vapor deposition technique was executed to synthesize multi-walled 

carbon nanotubes (CNT) at different temperatures (550, 650, 750 and 850°C) using 

cobalt catalyst. Different concentrations of the synthesized CNT were melt mixed with 

a polyvinylidene fluoride (PVDF) matrix, and then compression molded. The 

nanocomposites containing CNT650 had meaningfully lower electrical percolation 

threshold (0.3wt.%) and higher electromagnetic interference shielding effectiveness 

compared to the other counterparts. We inspected the underlying reasons by means 

of various characterization techniques, where the most significant results are as follows. 

Thermogravimetric analysis demonstrated that the synthesis temperature of 650°C 

leads to superior carbon purity and CNT quality. We found that 650°C is the optimum 

temperature providing sufficient energy for the synthesis with minimum catalyst 

sintering. Employing light microscopy and transmission electron microscopy, it was 

realized that CNT650 had better micro-dispersion and nano-dispersion states within the 

polymer matrix than the other CNT. Different characterization methods established 

that the superior electrical properties of nanocomposites containing CNT650 are 

attributable to a combination of high carbon purity, high aspect ratio, and high 

crystallinity of CNT650 along with optimum dispersion state of CNT650 within the 

PVDF matrix. 
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3.2 Introduction 

The extensive development of electronic equipment has posed major concerns 

regarding radiated electromagnetic waves emitted from electronic circuits, bringing 

about environmental pollution. Mitigating the detrimental effects of electromagnetic 

interference (EMI), EMI shielding has emerged as an intensely focused topic. EMI is 

defined as the conducted/radiated electromagnetic waves from electronic systems 

disturbing the proper operation of other electronics, or leading to inevitable adverse 

environmental impacts, particularly for living species (Thomassin, Jerome et al. 2013). 

 Conductive filler/polymer nanocomposites (CPNs) have gained a reputation for 

EMI shielding applications considering their remarkable features such as lightness, 

resistance to corrosion, flexibility, low cost, etc. (Kaynak 1996, Lee, Woo et al. 2001, 

Yang, Gupta et al. 2005). Common polymers are inherently transparent to 

electromagnetic waves due to their intrinsic insulative properties (Yang, Gupta et al. 

2005, Thomassin, Jerome et al. 2013). Thus, in order to make polymers applicable for 

EMI shielding applications, they are blended with a wide spectrum of electrically 

conductive inclusions, such as carbon black (Annadurai, Mallick et al. 2002, Wu and 

Chung 2003), carbon fibers (Das, Khastgir et al. 2000, Das, Chaki et al. 2001), and 

carbon nanotubes (CNT) (Arjmand and Sundararaj 2015, Arjmand and Sundararaj 

2015, Ameli, Arjmand et al. 2016, Arjmand, Chizari et al. 2016). To achieve the 
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required EMI shielding effectiveness while sustaining the desired mechanical properties 

of nanocomposites, the maximum loading of nanofillers within the polymer matrix 

must be minimized (Yang, Gupta et al. 2005). Compared to common conductive 

nanoparticles, lower content of CNT is required to attain a desired EMI shielding 

effectiveness (Kim, Jang et al. 2003, Huang, Li et al. 2007). Moreover, CNT have 

obtained popularity due to their large surface area, low percolation threshold, and 

outstanding mechanical and electrical properties (Thomassin, Jerome et al. 2013, 

Arjmand and Sundararaj 2015, Arjmand and Sundararaj 2015, Arjmand, Chizari et 

al. 2016). 

Since their discovery by Iijima (Iijima and Ichihashi 1993), CNT have been 

synthesized using several methods, such as arc discharge (Bethune, Klang et al. 1993, 

Journet, Maser et al. 1997), laser ablation (Thess, Lee et al. 1996, Ren, Huang et al. 

1998), and catalytic chemical vapor deposition (CVD) (Tibbetts 1983, Ren, Huang et 

al. 1998). There are some issues concerning the first two methods, including the growth 

of CNT in highly tangled forms containing unwanted forms of carbon, and evaporation 

of carbon atoms owing to high operating temperatures (≥ 3000°C) (Cassell, Raymakers 

et al. 1999). CVD of hydrocarbons over the transition metallic particles, such as cobalt, 

iron and nickel, is known as a versatile method of CNT synthesis, due to its capability 

to synthesize CNT in a low-temperature regime, high production yield, the potential 
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to scale up, and tailor-making of CNT with desired properties (Kong, Cassell et al. 

1998, Cassell, Raymakers et al. 1999, Su, Zheng et al. 2000, Willems, Konya et al. 

2000, Cheung, Kurtz et al. 2002, Qingwen, Hao et al. 2002, Couteau, Hernadi et al. 

2003, Bhaviripudi, Mile et al. 2007, Kumar and Ando 2011).  

Changing the synthesis temperature is one of the useful methods to alter the 

structural properties of CVD-grown CNT, such as diameter, length, and graphitization 

degree (Lee, Park et al. 2001, Chai, Zein et al. 2007, Veziri, Pilatos et al. 2008, Chizari, 

Vena et al. 2014). Moreover, it has been shown that amid the available transition 

metallic catalysts, the presence of cobalt catalyst in CVD synthesis of CNT is of critical 

importance to produce turbostratic and highly crystalline CNT (Cheung, Kurtz et al. 

2002, Dupuis 2005). Given the forgoing notes, in this paper, we studied the effect of 

different synthesis temperatures on the geometrical and structural properties of CNT 

grown over cobalt nanoparticles. Thereafter, we melt-blended CNT with a 

polyvinylidene fluoride (PVDF) matrix and investigated the effect of synthesis 

temperature on morphological, electrical and EMI shielding properties of the developed 

nanocomposites.  

Hitherto, to reach an acceptable EMI shielding, the major portion of the literature 

has been devoted to developing nanocomposites containing commercial CNT. 

Nevertheless, there are a rare number of studies dedicated to the systematic study of 
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CNT synthesis and its effect on morphological and electrical properties of 

CNT/polymer nanocomposites (Krause, Ritschel et al. 2010, Kanygin, Sedelnikova et 

al. 2013, Arjmand and Sundararaj 2015, Arjmand, Chizari et al. 2016). In our recent 

reports (Arjmand and Sundararaj 2015, Arjmand and Sundararaj 2015, Ameli, 

Arjmand et al. 2016, Arjmand, Chizari et al. 2016), we synthesized different types of 

nitrogen-doped CNT (N-CNT) using the CVD technique and then studied the effect 

of synthesis catalyst, synthesis temperature and nitrogen doping on final electrical and 

dielectric properties of the nanocomposites thereof. We attributed the electrical 

behaviors of the nanocomposites holding different types of N-CNT to an ensemble of 

carbon purity, aspect ratio, nitrogen content and crystallinity of N-CNT, as well as 

state of N-CNT dispersion. Moreover, comparing the electrical properties of the 

nanocomposites holding undoped CNT and N-CNT, we found that N-CNT, due to 

their defective structure, are desirable for charge storage applications, whereas 

undoped CNT having a perfect crystalline structure are appropriate for EMI shielding 

(Arjmand and Sundararaj 2015, Arjmand and Sundararaj 2015). In line with our 

studies, Kanygin et al. (Kanygin, Sedelnikova et al. 2013) investigated the inclusion 

of CNT and N-CNT into two different polymer matrices using a forge-rolling method, 

and found that nanocomposites containing N-CNT presented inferior EMI shielding 

properties.  
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So far, a systematic study on the effect of synthesis temperature of CNT on 

electrical conductivity and EMI shielding of polymer nanocomposites has not been 

comprehensively addressed. Accordingly, this manuscript aims to investigate the 

impact of this variable on the electronic properties of CNT by studying its influence 

on the electrical properties, like electrical conductivity and EMI shielding, of 

CNT/polymer nanocomposites over the X-band (8.2-12.4GHz). In this paper, as shown 

in Figure 3-1, our main objective is to correlate the four corners of the diamond of 

developing CVD-grown CNT/polymer nanocomposites for electrical applications. The 

four corners are: (i) catalyst and CNT synthesis, (ii) CNT-polymer blending and 

morphology development, (iii) nanofiller and nanocomposite morphology 

characterization, and (iv) characterization of the final electrical properties of the 

developed nanocomposites. Notable differences were detected between the physical and 

morphological structures of synthesized CNT and nanocomposites, and therefore the 

final properties of the developed nanocomposites. It was revealed that there is an 

optimum synthesis temperature with electrical conductivity and EMI shielding far 

superior to other synthesis temperatures. To dig into the underlying mechanisms, first, 

we investigated the impact of synthesis temperature on the morphology of the 

catalysts, and thus synthesized CNT. In the next phase, we inspected the impact of 

the structure of synthesized CNT on the morphology of the nanocomposites, dispersion 
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state of CNT, and electrical properties of the nanocomposites. Addressing the whole 

diamond of development of CVD-grown CNT/polymer nanocomposites, this study 

goes significantly beyond the state of the art and gives new insight on development of 

efficient CNT/polymer nanocomposites towards EMI shielding applications. 

 

Figure 3-1: Synthesis-processing-structure-property relationship diamond in conductive 
filler/polymer nanocomposites. 

3.3 Experimental 

3.3.1 Catalyst Preparation 

The first step in CVD synthesis of CNT is to prepare a supported catalyst. To do 

this, cobalt(III) nitrate hexahydrate (Baker Analyzed® ACS Grade) was employed as 

the catalyst precursor. The catalyst was prepared by incipient wetness impregnation 

of the cobalt nitrate dissolved in water onto aluminum oxide support (Sasol Catalox 

SBa-200), followed by drying, calcination and reduction. The total concentration of 

the cobalt catalyst over the aluminum oxide support was set at 20wt%. The catalyst 
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was then dried at room temperature overnight, followed by a 2h drying at 100°C to 

evaporate the water content. In order to convert the cobalt nitrate precursor into the 

corresponding oxide, a 4h calcination process was performed in a CVD setup at 350°C 

under air atmosphere at a flow rate of 100sccm. Finally, the calcined catalyst was 

ground and sieved to yield a fine powder. To obtain metallic cobalt supported on 

alumina substrate (Co/Al2O3), the catalyst was further reduced under hydrogen 

atmosphere with a flow rate of 100sccm at 400°C for 1h. Further description on the 

CVD setup can be found in our previous studies (Arjmand and Sundararaj 2015, 

Arjmand, Chizari et al. 2016). 

3.3.2 Synthesis of CNT  

CNT were synthesized using a mixture of gases, containing ethane, hydrogen and 

argon. Ethane was used as the source of carbon precursor, while hydrogen and argon 

had the role of gas carriers to keep the synthesis reactor free of oxygen gas during the 

process of CNT synthesis. For the synthesis process, 0.6g of the alumina-supported 

cobalt catalyst was placed in a quartz tubular reactor embedded in a tube furnace 

(Thermo Scientific - Lindberg Blue M). The CVD setup is composed of a quartz 

tubular reactor with an inner diameter of 4.5cm and length of 55cm enclosed within a 

furnace. To explore the effect of synthesis temperature on the carbon purity and 

morphology of synthesized CNT, different synthesis temperatures, i.e., 550°C, 650°C, 
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750°C and 850°C, were studied. The CVD synthesis time was set at 2h for all 

experiments. The flow rates of ethane, hydrogen and argon were kept constant at 

50sccm, with a total gas flow rate of 150sccm. The as-formed CNT in the temperature 

range of 550-850°C is denoted as CNT550-CNT850 in this paper. 

3.4 CNT/PVDF Nanocomposites Preparation 

A semi-crystalline PVDF (11008/0001) procured from 3M Canada, with an average 

density of 1.78g cm-3 and a melting point of 160°C, was used as the polymeric host. 

The melt-mixing procedure of synthesized CNT with the PVDF matrix was conducted 

using an APAM (Alberta Polymer Asymmetric Minimixer) mixer at 240°C and 

235rpm. Further information regarding the APAM mixer can be found elsewhere 

(Breuer, Sundararaj et al. 2004). The pure PVDF matrix was initially masticated for 

3min, and then synthesized CNT were added to the batch and dispersed in the PVDF 

matrix for an extra time of 14min. CNT concentrations in the prepared samples were 

0.3, 0.5, 1.0, 2.0, 2.7, and 3.5wt%. A Carver compression molder (Carver Inc., Wabash, 

IN) was employed to produce rectangular-shaped nanocomposites at 220°C under 

38MPa pressure for 10min. The samples were shaped with dimensions of 22.9 × 10.2 

× 1.1mm3. 
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3.4.1  Materials Characterization 

3.4.1.1 Catalyst and CNT Characterization 

Catalyst and CNT Surface Area: Surface area of the catalyst substrates and CNT 

was determined using the Brunauer-Emmett-Teller (BET) method. Accordingly, to 

examine the effect of synthesis temperature on catalyst sintering and specific surface 

area of CNT, surface area analysis of catalyst materials and CNT was performed by 

standard N2 adsorption and desorption experiments using an Autosorb-1, Quanta 

Chrome Instruments surface area analyzer. To prepare the catalyst for BET analysis, 

all the reduced catalysts were exposed to various synthesis temperatures in argon 

atmosphere for 10min (Cassell, Raymakers et al. 1999). Prior to the measurements, all 

catalysts and CNT were degassed under vacuum at 353K for 3h. 

Raman Spectroscopy: The crystalline structure of CNT was investigated using 

Raman spectroscopy. Raman spectra were recorded from 10 different spots of CNT 

powders with a WITec alpha 300R Confocal Raman Microscope (WITec GmbH, 

Germany) with a laser radiation of 532nm, integration time of 50s, 10× objective, and 

a laser power of 24mW.  

Thermogravimetric Analysis (TGA): A Thermogravimetric Analyzer (TA 

Instruments, Model: Q500) was implemented to measure the carbon purity of 

synthesized CNT, as well as their thermal resistivity. The produced CNT were heated 
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under air atmosphere from room temperature to 950°C at a heating rate of 10°C/min. 

The samples were held at 950°C for 10min before cooling down. 

X-ray Photoelectron Spectroscopy Analysis: Prior to XPS analysis, powdered 

samples were sprinkled onto double-sided C-tape, with excess blown away using a 

rubber bulb air duster. XPS spectra were obtained on a Thermofisher Scientific K-

Alpha XPS spectrometer (Thermofisher Scientific, E. Grinstead, UK). Monochromatic 

Al Kα X-rays were used with a nominal spot size diameter of 400µm. Charge 

compensation was applied using the combined e-/Ar+ flood gun supplied with the 

instrument. For each sample, a survey spectrum was obtained with a low energy 

resolution (pass energy-150eV), where only C and O were detected. Then, high 

resolution (pass energy-25eV) spectra were obtained for both C1s and O1s regions. 

Relative atomic% were obtained from these peaks using the sensitivity factors supplied 

with the instrument (C1s-1; O1s-2.881). Peak fitting was performed on these regions 

with a Lorentzian/Gaussian mix of 30%. With the exception of the main peak, assigned 

to sp2-C, symmetric peak shapes were used. All instrument operation and data 

processing were performed with the Avantage v. 5.962 software supplied with the 

instrument. 

Conductivity of CNT Powders: CNT powders were filled into the rectangular mold 

and compressed using the Carver compression molder under 38MPa pressure for 
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10min. Then, the conductivity of the compressed powders was measured at 90V using 

a Loresta GP resistivity meter (MCP-T610 model, Mitsubishi Chemical Co., Japan) 

attached to an ESP probe. 

Scanning and Transmission Electron Microscopy (SEM and TEM): We employed 

high-resolution scanning and transmission electron microscopy (HRSEM and 

HRTEM) to determine the geometrical features of CNT. The sample preparation for 

HRTEM was performed by sonicating small amount of CNT in ethanol for 10min, 

followed by dripping the resulting suspension onto a standard TEM grid (EMS, 

Hatfield, Pennsylvania, USA). HRTEM was completed on a Tecnai TF20 G2 FEG-

TEM (FEI, Hillsboro, Oregon, USA) at 200kV acceleration voltage with a standard 

single-tilt holder, equipped with a Gatan UltraScan 4000 CCD camera (Gatan, 

Pleasanton, California, USA). The SEM work was performed on a high-resolution 

Philips XL30 using 20kV acceleration voltage. The SEM samples were prepared by 

mounting CNT powders on a conductive tape attached on an SEM stub.   

3.4.1.2 Nanocomposites Characterization 

Differential Scanning Calorimetry (DSC): The crystallization of the 

nanocomposites was investigated using a DSC Q100 instrument (TA Instruments). A 

heating-cooling-heating cycle was performed at 10K/min in N2 atmosphere. 

Crystallinity was calculated from the second heating run, corrected for polymer 
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content, and using the value for 100% crystallinity of PVDF, 105J/g (Gaur, 

Wunderlich et al. 1983, Jin and Wunderlich 1990).  

Attenuated Total Reflection Fourier Transform Spectroscopy (ATR-FTIR): The 

ATR-FTIR spectra of the rectangular-shaped CNT/PVDF nanocomposites were 

studied using VeeMAX™ III ATR (PIKE Technologies) Fourier transform infrared 

spectrometer in the range of 400-6000cm-1. In order to quantitatively investigate the 

contribution of each type of CNT to the establishment of β-phase, the relative fraction 

of β-phase in the PVDF matrix was calculated from the infrared absorption bands at 

764cm-1 (Aα) and 840 cm-1 (Aβ), characteristics of α- and β-phases of PVDF, 

respectively. The relative percentage of the β-phase, F(β), is calculated applying 

Equation 3-1 (Kim, Hong et al. 2009, Sencadas, Gregorio Jr et al. 2009): 

𝑛𝑛(𝛽𝛽) = 𝑋𝑋𝛽𝛽
𝑋𝑋𝛼𝛼+𝑋𝑋𝛽𝛽

= 𝐴𝐴𝛽𝛽
1.26𝐴𝐴𝛼𝛼+𝐴𝐴𝛽𝛽

× 100    Equation 3-1 

where Xα and Xβ are weight fractions of the α- and β-phases of PVDF, respectively. 

Optical and Transmission Electron Microscopy: To evaluate the micro-dispersion 

state of CNT in the PVDF matrix, thin sections of the compression molded 

nanocomposites were microtomed with a thickness of 4μm using a diamond knife. 

Microtomed cuts were investigated by optical microscopy (OM) in transmission mode, 

using an Olympus microscope BH2 equipped with a CCD camera DP71 (both from 

Olympus Deutschland GmbH, Hamburg, Germany), connected to the software Stream 
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Motion (Olympus). The agglomerate area ratio of the non-dispersed CNT in the 

polymer matrix was calculated by dividing the area of nanofiller agglomerates with 

equivalent circle diameter greater than 5µm over the total area of the captured image. 

Relative transparency was also determined by calculating the transparency of the cuts 

divided over the transparency of the glass slide/cover glass assembly. All the 

measurements were performed on at least 12 different microtomed sections of each 

sample. A further description of the OM characterization is provided in our former 

studies (Krause, Pötschke et al. 2009, Kasaliwal, Pegel et al. 2010, Arjmand, Chizari 

et al. 2016). The nano-dispersion state of synthesized CNT within the PVDF matrix 

was evaluated employing high-resolution transmission electron microscopy (HRTEM) 

on ultrathin sections of the samples with a thickness of ~100nm. Thin sections of the 

nanocomposites were cut using an ultrasonic diamond knife at a temperature of -60°C. 

The sections were then placed over the standard TEM grid. TEM observations were 

performed using the Tecnai TF20 G2 FEG-TEM (FEI, Hillsboro, Oregon, USA) at an 

acceleration voltage of 200kV. 

Electrical and EMI Shielding Properties: Electrical conductivity measurements 

were conducted using two different types of electrometer by applying 90V voltage. 

The conductivity measurements of the nanocomposites with electrical conductivity 

more than 10-2S m-1 were carried out with the Loresta GP resistivity meter. Regarding 
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the conductivity values less than 10-2S m-1, the measurements were carried out with a 

Keithley 6517A electrometer connected to a Keithley 8009 test fixture (Keithley 

Instruments, USA). EMI shielding performance in the X-band frequency (8.2-12.4GHz) 

range was analyzed with an E5071C Agilent network analyzer. The rectangular-shaped 

CNT/PVDF nanocomposites were placed and sandwiched between two waveguides of 

the network analyzer. The network analyzer sent a signal down the waveguide incident 

to the sample and then the scattering parameters of each sample were recorded and 

used to calculate EMI shielding effectiveness (EMI SE) (Arjmand, Chizari et al. 2016). 

EMI SE is mathematically defined as the logarithm of the ratio of the incident power 

to the transmitted power, and expressed in dB unit (Arjmand, Mahmoodi et al. 2011). 

The imaginary permittivity of the made nanocomposites was also obtained via 

scattering parameters conversion using Reflection/Transmission Mu and Epsilon 

Nicolson-Ross Model (Nicolson and Ross 1970, Weir 1974). 

3.5 Results and Discussion 

3.5.1 Characterization of Catalysts and CNT 

3.5.1.1 Catalyst and CNT Surface Area 

BET surface area analysis is used as a strong tool to probe the surface area of 

CNT, and reduced catalysts (Li, Hu et al. 2006). Table 3-1 presents textural properties 

of CNT synthesized at different temperatures, as well as the reduced catalysts exposed 
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to different synthesis temperatures. The surface area for pure alumina support was 

measured to be 207m² g-1, while the catalyst-loaded alumina support had a lower 

surface area, owing to the high loading of cobalt nanoparticles. As seen in Table 3-1, 

it was interestingly observed that the surface area of catalyst-loaded alumina decreased 

dramatically as the synthesis temperature was increased. For example, loaded alumina 

at 550°C showed only 30% reduction in surface area compared to pure alumina, 

whereas at 850°C this reduction was 54%. The descending trend of the surface area 

with the synthesis temperature is due to the enhanced sintering and coalescence of 

cobalt nanoparticles at elevated temperatures, blocking the open-pore structure of 

alumina and preventing efficient diffusion of reactant molecules into the catalyst 

substrate pores during the synthesis procedure (Li, Hu et al. 2006, Argyle and 

Bartholomew 2015). Regarding CNT, Table 3-1 depicts that CNT650 had the maximum 

surface area among synthesized CNT, 178m2 g-1, whereas CNT850 presented the lowest 

value, almost one-tenth of CNT650. As reported by Peigney et al. (Peigney, Laurent et 

al. 2001), the specific surface area of CNT mostly depends on their diameter and 

number of walls. As will be shown later, the trend of BET surface area of CNT is in 

harmony with the measured diameters. 
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3.5.1.2 Thermogravimetric Analysis  

TGA was used to evaluate the crystallization degree, carbon purity and thermal 

resistivity of synthesized CNT. Derivative thermogravimetric analysis (DTG) further 

explores the carbonaceous materials thermal degradation, which can be a single- or 

multi-stage process. In CVD synthesis of CNT, carbonaceous impurities comprise 

species such as amorphous carbon, graphitic soot, helical CNT, single walled carbon 

nanotubes (SWCNT), fullerenes, etc. (Lehman, Terrones et al. 2011). Another form of 

impurities consists of the catalyst particles, present either in the bulk of produced 

materials or encapsulated within CNT.  

Figure 3-2 shows TG and DTG thermograms of CNT synthesized at different 

temperatures and Table 3-2 tabularizes the thermal features of CNT. The common 

trend seen for all the synthesized CNT is the complete decomposition of carbonaceous 

materials around 800°C. The residue material following thermal decomposition consists 

of catalyst particles, and their oxidized products. Thus, lower degree of residual mass 

Table 3-1: BET specific surface area of catalyst-loaded alumina support exposed to different 
synthesis temperatures, and synthesized CNT. 

Exposed Synthesis 
 Temperature (°C) 

BET Surface Area of 
Catalyst (m2 g-1) 

BET Surface Area of CNT 
(m2 g-1) 

550 143 81 
650 137 178 
750 116 63 
850 95 17 
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signifies higher level of carbon purity. As presented in Table 3-2 and depicted in Figure 

3-2(a), the carbon purity is approximately the same for all different types of CNT, 

ranging from 63% to 69%.  

Table 3-2 shows that the onset and inflection points of synthesized CNT had an 

ascending trend with the synthesis temperature. As described in the literature, high 

onset point in the TGA thermogram of carbonaceous species means low content of 

amorphous carbon (Bom, Andrews et al. 2002, Chen, Chen et al. 2004, Dunens, 

MacKenzie et al. 2009, Mansfield, Kar et al. 2010, Lehman, Terrones et al. 2011). 

Hence, low onset degradation point for CNT550 can be related to low synthesis 

temperature, which hinders catalyst activation and facilitates formation of amorphous 

carbon. The low intensity and broad width of DTG peak for CNT550 confirms the low 

quality of CNT550 and remarkable amount of amorphous carbon. It is of interest to 

 
Figure 3-2: (a) TG and (b) DTG thermograms of CNT synthesized over cobalt catalyst at different 

temperatures. 
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note that the onset points of CNT750 and CNT850 were more than inflection point of 

CNT650. It has been reported that high synthesis temperatures result in formation of 

highly structured and graphitized CNT, thereby increasing the inflection point of CNT 

(Lee, Park et al. 2001). The high onset degradation points for 750°C and 850°C, listed 

in Table 3-2, show that no thermally weak carbonaceous materials were synthesized 

at these two temperatures. The crystallinity of materials synthesized at these 

temperatures (high inflection points) was superior to the other synthesis temperatures.  

 

Appearance of shoulder at high temperatures in the DTG thermogram expresses 

the presence of highly thermal-resistant carbonaceous material, different from CNT. 

We believe that this highly thermal-resistant material formed due to the sintering and 

coalescence of catalyst nanoparticles. DTG thermograms reveal that this type of 

material formed at all temperatures; nevertheless, its amount was much higher at 

higher synthesis temperatures. This is in line with BET, confirming the enhanced 

sintering of catalyst nanoparticles at high synthesis temperatures.   

Table 3-2: Thermal features of CNTs synthesized at different temperatures. 

Synthesis Temperature (°C) 
 

550 650 750 850 
Carbon Purity % 65 68 63 69 
Onset Point (°C) 462 526 572 586 

Inflection Point (°C) 518 532 589 615 
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3.5.1.3 Raman Spectroscopy  

Raman spectroscopy is employed as a non-destructive technique to analyze the 

graphitization degree of CNT (Singh, Shaffer et al. 2003). Figure 3-3(a) shows the 

Raman spectra of synthesized CNT at different temperatures (550-850°C). This figure 

clearly shows the effect of synthesis temperature on the structure of synthesized CNT. 

Raman spectra of CNT reveal two major bands, i.e., D-band and G-band. The band 

at 1350cm-1 is known as D-band, and is linked to the presence of amorphous carbon 

on the exterior wall of CNT or is a measure of defects amount in graphitic sheets on 

CNT (Chai, Zein et al. 2007, Lehman, Terrones et al. 2011, Sharifi, Nitze et al. 2012). 

Therefore, the structural defects, including heteroatoms, vacancies, impurities, as well 

as pentagon-heptagon pairs in helical structures of CNT can activate the D-band 

feature (Lehman, Terrones et al. 2011, Arjmand, Chizari et al. 2016). The other strong 

band observed at 1590cm-1 is called G-band and corresponds to the degree of 

graphitization/crystallization of CNT. G-band is believed to derive from the stretching 

of sp2-hybridized carbon atom bonds along the surface of graphitic structures (Chai, 

Zein et al. 2007, Lehman, Terrones et al. 2011, Sharifi, Nitze et al. 2012, Chizari, Vena 

et al. 2014). 

The characteristic Raman peak intensity ratio, ID/IG, is a qualitative method to 

probe the ratio of structural defects to graphitization in CNT (Dresselhaus, Jorio et 
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al. 2010). We performed curve fittings by applying a Lorentzian function to estimate 

the integrated area of both D- and G-band (AD and AG). The integrated area ratio of 

D- to G-band (AD/AG) is used as an alternate and potentially more beneficial method 

to evaluate the homogeneity of graphitic-based materials by considering the full width 

half maximum (FWHM) of different peaks (Chai, Zein et al. 2007, Lehman, Terrones 

et al. 2011, Sharifi, Nitze et al. 2012). The ID/IG and AD/AG showed an ascending trend 

with synthesis temperature. It was observed that CNT850 presented by far the highest 

AD/AG compared to the other samples. As revealed by TGA, synthesized material is 

mainly composed of CNT and thermal-resistant carbonaceous filler. It was also shown 

that materials synthesized at 750°C and 850°C had superior crystalline structure 

compared to 650°C. Accordingly, high ID/IG and AD/AG for 750°C and 850°C can be 

ascribed to remarkable formation of thermal-resistant material and denote highly 

heterogeneous structure of carbonaceous materials at these temperatures. On the other 

hand, low ID/IG and AD/AG for CNT650 signify superior combination of high crystallinity 

and high homogeneity. 
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Figure 3-3: (a) Raman spectra of CNT synthesized at different temperatures using cobalt 

catalyst. (b) Intensity ratio of D- and G-band (ID/IG) and (c) area ratio of D- and G-band (AD/AG) 
as a function of growth temperature. 

The poor graphitization degree of CNT550 is attributed to the low catalytic activity 

of cobalt catalyst at 550°C, resulting in the slow decomposition of ethane (Veziri, 

Pilatos et al. 2008). Alumina is found to be a great catalyst support material, due to 

the strong interactions between the Lewis acid sites on its surface and available 

catalyst particles (Cassell, Raymakers et al. 1999). The interaction between cobalt 

catalyst and alumina support leads to low catalytic activity of cobalt catalyst, making 

cobalt reduction difficult at low temperatures (< 650°C) (Li, Chen et al. 2000, Piao, 
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Li et al. 2002). This low degree of reduction results in less available active metal 

nanoparticles during the synthesis process of CNT. The less available active sites for 

catalyst leads to formation of more amorphous carbon instead of CNT, thereby 

increasing the relative intensity of D- to G-band in Raman spectroscopy. 

 On the other hand, the presence of more disorders and carbon particles on the 

exterior walls of CNT at higher growth temperatures than 650°C could be explained 

by factors causing catalyst deactivation. Hydrocarbon decomposition is an 

endothermic cracking reaction; hence, it occurs more feasibly at higher temperatures, 

resulting in formation of more carbonaceous materials. These carbon materials are 

absorbed in multilayers on the surface of cobalt particles, encapsulating the active 

metal particles, blocking the access of reactants to active surface sites of catalyst, and 

thus leading to catalyst poisoning (Makris, Giorgi et al. 2005, Argyle and Bartholomew 

2015). Moreover, as endorsed by BET characterization, at high temperatures such as 

750°C and 850°C, the catalyst nanoparticles become more mobile and therefore could 

sinter or coalesce more readily. These sintered catalyst particles are quickly 

encapsulated by carbon particles and become inactive, or due to their large size are 

not appropriate for CNT synthesis (Bartholomew and Farrauto 2006, Veziri, Pilatos 

et al. 2008, Argyle and Bartholomew 2015). So, the carbon compounds produced after 

catalyst deactivation or sintering will not have any contribution to the growth of CNT, 
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but instead they will further deposit either on the catalyst particles or on the exterior 

walls of CNT (Sharifi, Nitze et al. 2012). This phenomenon leads to relative increase 

of D- to G-band intensity, as well as broadening of Raman peaks at 750°C and 850°C, 

making a lower degree of homogeneity and purity.  

G′-band, appearing around 2700cm-1, is the other Raman peak providing further 

information about the structure of CNT (DiLeo, Landi et al. 2007, Lehman, Terrones 

et al. 2011). G′-band, arising from a two-phonon scattering process, is strongly 

sensitive to CNT purity, and results from changes in the electronic structure and 

metallicity of CNT (Kim, Park et al. 2007, Bulusheva, Okotrub et al. 2008). Kim et 

al. (Kim, Park et al. 2007) claimed that Gʹ-band intensity could be used as a measure 

of metallicity in single-walled CNT. They detected that metallic CNT presented higher 

intensities of Gʹ-band than semi-conducting CNT. Hence, much higher Gʹ-band 

intensity of CNT650 may suggest its enhanced electronic structure compared to the 

other synthesized nanofillers. 

3.5.1.4 X-ray Photoelectron Spectroscopy and Powder Conductivity  

The bonding type between carbon atoms in synthesized CNT was evaluated 

employing X-ray photoelectron spectroscopy (XPS) technique. The high-resolution 

core level photoelectron peak positions of CNT are observed in Figure S 3-1. The C1s 

peaks for synthesized CNT were deconvoluted into 6 peaks, as indicated in Figure S 
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3-1. Peak fitting was performed with a Lorentzian/Gaussian mix of 30%. The detailed 

extraction of C1s peaks from the XPS spectra is observed in Table S 3-1. Briefly, C1s 

peak appearing at 284.5eV is assigned to sp2 carbon hybridization, while C1s peak 

around 285.5eV is corresponded to sp3 hybridization of carbon atoms in graphitic 

materials. As extensively reported in the literature (Cartwright, Esconjauregui et al. 

2014), graphitic materials, such as CNT, contain carbon atoms mainly in sp2 or sp3 

hybridization. The higher the sp2 hybridization feature of CNT, the higher is their 

graphitization degree. As shown in Table S 3-1, the atomic concentration of sp2-bonded 

carbon atoms in synthesized CNT ranged ~74-85%, while sp3 values were much lower, 

ranging ~1-7%. The high sp2 concentration in synthesized CNT shows the high 

graphitization degree of these samples, confirming their high electrical conductivity. 

To validate this, the compressed powder conductivity of CNT was measured and 

tabulated in Table 3-2. The electrical conductivity of the compressed powders of 

CNT550, CNT650, CNT750, and CNT850 were 7.3, 22.9, 11.9 and 6.7S cm-1, respectively, 

endorsing the high conductivity of synthesized CNT. In brief, given both XPS spectra 

and powder conductivity, it can be claimed that synthesized CNT with high 

conductivity could be appropriate to develop versatile CPNs. 

 

 



89 
 

Table 3-3: X-ray photoelectron spectroscopy (XPS) peak positions data for C1s line of CNT 
synthesized at different temperatures using cobalt catalyst 

1 sp2 and sp3 peaks were obtained at binding energies of 284.5 and 285.4eV, respectively. 

Sample Type CNT550 CNT650 CNT750 CNT850 

Component 
Assignment1 

sp2-C sp3-C sp2-C sp3-C sp2-C sp3-C sp2-C sp3-C 

Atomic Conc. (%) 81.11 1.85 73.98 6.87 84.97 0.73 79.01 3.54 

Powder Conductivity 
( S cm-1) 

7.3 22.9 11.9 6.7 

3.5.1.5 Scanning Electron Microscopy 

The representative SEM micrographs of CNT structures synthesized at the 

temperature range of 550-850°C are shown in Figure 3-4. The SEM images obviously 

demonstrate that synthesis temperature dramatically affected CNT morphology. As 

seen in Figure 3-4 and clarified with the TGA and Raman results, the low population 

density of CNT550 indicates the poor catalytic activity of cobalt catalyst at 550°C, 

established by observation of a considerable amount of catalyst particles (yellow 

arrows), either unreacted or covered by amorphous carbon (Li, Chen et al. 2000, Piao, 

Li et al. 2002). In contrast, a uniform appearance of CNT is seen for CNT650. At higher 

synthesis temperatures (750°C and 850°C), the presence of giant clusters of catalyst 

authenticates the hypothesis of coalescence and sintering of catalytic particles at 

elevated temperatures. Low-magnification TEM images of synthesized CNT also 

endorse the sintering of catalyst nanoparticles at higher temperatures (Figure S 3-2). 

High-magnification TEM images at 750°C and 850°C show the formation of a thick 
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layer of carbon on exterior surface of CNT, indicated by yellow arrows (Figure S 3-2). 

It is believed that after catalyst sintering, decomposed hydrocarbon materials have no 

effect on the further growth of CNT, but they will either deposit on the peripheral 

wall of as-formed CNT or sit on the catalyst particles (Sharifi, Nitze et al. 2012). For 

further clarification, higher resolution TEM images of CNT are provided in Figure S 

3-3. 

High magnification SEM micrograph of CNT850 shows formation of helical and 

spiral structures of CNT. As proposed by Amelincks et al. (Amelinckx, Zhang et al. 

1994), spiral structures of nanotubes are formed due to differences in diffusion rates of 

carbon atoms on distinct crystallographic facets of catalyst obtained after sintering 

(Sarangi and Karimi 2003). The coalescence of catalyst nanoparticles is believed to 

contribute to the formation of carbon helices over cobalt catalyst (Lau, Lu et al. 2006). 

Besides, the formation of paired pentagon-heptagon carbon rings in hexagonal 

graphitic lattices of CNT can also force the nanotubes structures to twist and form a 

helical shape, particularly at elevated temperatures (Sarangi and Karimi 2003). 
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Figure 3-5 displays the average diameter and length of CNT synthesized at 

different synthesis temperatures over cobalt catalyst. Synthesized CNT presented a 

broad range of length and diameter (Figure S 3-4); accordingly, we performed 

statistical analysis of length and diameter for more than one hundred individual CNT 

and calculated the average length and diameter (Figure 3-5). These results are of high 

importance for electrical applications since CNT with high aspect ratio provide 

conductive filler/polymer nanocomposites with superior electrical performance 

(Huang, Li et al. 2007, Arjmand, Mahmoodi et al. 2013). It was observed that CNT850 

had much larger diameter than the other types of CNT. The higher diameter of CNT850 

is due to the bigger size of catalyst particles produced at this temperature, already 

 

Figure 3-4: SEM micrographs of CNT synthesized at different temperatures using cobalt catalyst. 
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verified by BET, SEM and TGA. Figure 3-5 also shows that CNT650 presented a 

diameter of approximately 10nm, which is considerably lower than the other types. 

The results also show that the length of CNT synthesized at 650°C and 750°C and 

850°C was around 1.5, 1.2 and 2.0µm, which is noticeably higher than the length of 

CNT synthesized at 550°C (0.8µm). The lower length of CNT550 might derive from the 

lower activity of cobalt catalyst at lower synthesis temperatures.  

 

Figure 3-5: Average length and diameter of CNT synthesized at different temperatures using 
cobalt catalyst. 

3.5.2 Characterization of Nanocomposites 

3.5.2.1 Crystallinity of CNT/PVDF Nanocomposites 

It is known that the amount and type of crystalline phases can contribute to 

improved dispersion state of CNT within the PVDF matrix (Sencadas, Martins et al. 

2011, Ke, Pötschke et al. 2014), efficient filler-polymer interfacial interaction 

(Amelinckx, Zhang et al. 1994), and thus to better electrical and EMI shielding 

properties (Arjmand and Sundararaj 2015, Ameli, Arjmand et al. 2016, Arjmand, 
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Chizari et al. 2016). As such, we carried out DSC and FTIR studies to determine the 

amount and type of the PVDF crystalline phases. The DSC results in Figure 3-6(a) 

revealed that CNT650/PVDF nanocomposites showed higher crystallinity (ca. 60%) 

compared to pure PVDF and the other nanocomposites (ca. 50%.). This might come 

from higher quality of CNT650, providing more nucleation sites for crystallization. 

Higher crystallization temperature of CNT650/PVDF nanocomposites compared to the 

counterparts verifies this hypothesis. Although under debate, nanotubes are presumed 

to be expelled into amorphous phase of the polymer matrix during crystallization 

(volume-exclusion effect). That is, during crystallization, due to the rigidity of the 

crystalline phase, the filler particles are ejected and concentrated into the amorphous 

phase, enhancing the formation of conductive networks via selective localization 

(Gubbels, Jérôme et al. 1994, Huang 2002, Xiang, Lin et al. 2007, Al-Saleh and 

Sundararaj 2009, Sun and Song 2009). Therefore, higher crystallinity of CNT650/PVDF 

nanocomposites might contribute to its enhanced conductive network formation.  

FTIR spectroscopy was performed to study the influence of synthesized CNT on 

formation of various crystalline phases of PVDF, as shown in Figure 3-6(c). The 

characteristic peaks appeared at 762, 795 and 975cm-1 are assigned to α-phase, while 

the adsorption bands at 840 and 1275cm-1 are connected to the characteristic peaks of 

β-phase (Wang, Shi et al. 2007, Ke, Pötschke et al. 2014). The calculated relative 
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percentage of PVDF polar crystalline phase, %F(β), shown in Figure 3-6(d), reflects 

that CNT650 made the highest contribution to β-phase formation, i.e., 40%, while the 

other three types of CNT led to relative percentage of the β-phase about 30%. It is 

worth noting that the amount of β-phase in pure PVDF was 18%. Higher β-phase 

formation in CNT650/PVDF nanocomposites could contribute to better dispersion state 

of CNT650 within the PVDF matrix compared to the other samples. This arises from 

higher quality and homogeneity of CNT650 than the other nanofillers, as verified by 

Raman, TGA and microscopy characterizations. As schematically depicted in Scheme 

S 3-1, for CNT with high crystallization, a donor-acceptor complex between 

electronegative fluorine groups of β-phase of PVDF and carbon π-electrons from 

graphitic layers of dispersed CNT is established (Yu, Zheng et al. 2009, Ke, Pötschke 

et al. 2014), leading to improved interaction and dispersion.  
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Figure 3-6: (a) Crystallization cooling thermograms and (b) crystallinity percentage of pure 
PVDF and 2.0wt.% CNT/PVDF nanocomposites containing CNT synthesized at different 

temperatures using cobalt catalyst. (c) IR spectra illustrating the formation of polar β-phase in 
CNT/PVDF nanocomposites filled with 2.0wt.% synthesized CNT. (d) The relative percentage of 

polar β-phase in pure PVDF and CNT/PVDF nanocomposites. 

3.5.2.2 Dispersion State 

It is acknowledged that desirable electrical properties in CNT/polymer 

nanocomposites can be achieved if CNT agglomeration is disintegrated in the polymer 

matrix (Alig, Pötschke et al. 2012, Arjmand and Sundararaj 2015). Thus, in addition 

to the intrinsic properties of CNT, their dispersion state within the polymer impacts 

the network formed, and therefore the electrical properties of the generated 

nanocomposites (Xie, Mai et al. 2005, Krause, Villmow et al. 2011). Consequently, 
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obtaining a multiscale image of CNT dispersion state in the nanocomposites is 

indispensable to understand the resulting electrical properties. Accordingly, coupling 

optical microscopy (OM) and TEM imaging makes it possible to achieve an image of 

dispersion state in three different length-scales (Figure 3-7).  

 
Figure 3-7: Schematic of multi-scale characterization of CNT within a polymer matrix using 

coupled OM and TEM. 

To study the micro-dispersion state of CNT, OM was employed to quantify CNT 

establishing visually observable agglomerates (equivalent circle diameter > 5μm), 

denoted as agglomerate area ratio in Figure 3-8(a). Moreover, the relative light 

transmittance of the microtomed cuts can disclose information about the amounts of 

the agglomerates with sizes equal to or slightly larger than the wavelength of visible 

light, ca. 400-700nm, but smaller than visually detectable agglomerates. That is, lower 

transmittance of a cut indicates larger number of small-sized agglomerates scattering 

incident visible light. Finally, TEM imaging offers information on the quality of nano-
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dispersion state, in which individually dispersed CNT can be distinguished. More 

information concerning coupled OM and TEM to explore dispersion state of CNT in 

a polymer matrix can be found in our previous studies (Arjmand and Sundararaj 2015, 

Arjmand, Chizari et al. 2016). 

The micro-dispersion state of synthesized CNT in the PVDF matrix investigated 

by OM is displayed in Figure 3-9 (top row) and the quantitative analysis is 

summarized in Figure 3-8. As shown in Figure 3-9, in samples filled with CNT650, only 

a few agglomerates can be detected, which reflects a relatively fine dispersion. 

However, in nanocomposites with CNT550, CNT750 and CNT850, numerous relatively big 

agglomerates are spotted, being an indicator of poor micro-dispersion. Thus, the lower 

agglomerate area ratio and relative transparency (dark appearance) of CNT650/PVDF 

nanocomposites compared to the other samples denote better micro-dispersion state 

of CNT650 compared to the other samples. This can be ascribed to decent quality and 

high aspect ratio of CNT650 in combination with higher crystallinity and β-phase 

formation in CNT650/PVDF nanocomposites. The worse dispersion for the other 

samples is mostly due to poor CNT quality, caused by either low synthesis temperature 

or catalyst sintering at high synthesis temperatures. 
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Figure 3-8: (a) Agglomerate area ratio and (b) relative transparency of CNT/PVDF 
nanocomposites filled with 2.0wt.% CNT synthesized at different temperatures. 

TEM was used to characterize agglomerate sizes below the OM limit, and it 

provides information regarding the state of nano-dispersion, wherein individually 

dispersed CNT can be detected. As can be seen in Figure 3-9, the worst nano-dispersion 

can be observed for nanocomposites with CNT750 and CNT850. Besides the very large 

agglomerates, almost no individualized CNT can be detected in these two 

nanocomposites. The best nano-dispersion is observable for nanocomposites containing 

CNT650. In brief, OM coupled with TEM clearly shows that nanocomposites with 

CNT650 had the best dispersion in both micro- and nano-scale. 
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Figure 3-9: Top row: OM images (micro-dispersion state) and bottom row: TEM images (nano-
dispersion) state of 2.0wt.% CNT/PVDF nanocomposites containing CNT synthesized at different 

temperatures. 

3.5.2.3 Electrical Conductivity and Electromagnetic Interference Shielding 

Electrical conductivity of CPNs is affected by various factors such as physical 

properties of conductive nanofiller, inherent features of polymer matrix, nanofiller-

polymer interaction, dispersion state of nanofiller, mixing method, etc. (Thostenson, 

Ren et al. 2001, Li, Thostenson et al. 2007, Spitalsky, Tasis et al. 2010, Thomassin, 

Jerome et al. 2013, Ameli, Arjmand et al. 2016). The electrical conductivity of CPNs 

increases dramatically beyond a concentration named the percolation threshold. At 

the percolation threshold, the first conductive pathway is constituted, thereby shifting 

CPNs from insulative region into conductive region. The conduction mechanisms 

active in CPNs are Ohmic conduction through touching nanofillers coupled with 

electron tunneling and hopping between nanofillers in close contiguity (Li, Thostenson 

et al. 2007, Spitalsky, Tasis et al. 2010). 
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Figure 3-10(a) depicts the percolation curves of the developed CNT/PVDF 

nanocomposites. It was observed that the nanocomposites holding CNT550 and CNT850 

showed insulative behavior over the whole concentration range, almost equal to the 

conductivity of pure PVDF (6.3×10-13S m-1). Nanocomposites with CNT750 were 

insulative up to 2.7 wt.% and moved to semi-conductive region at 3.5wt.% (6.3×10-4S 

m-1). Nonetheless, CNT650/PVDF nanocomposites presented highly superior electrical 

conductivity compared to the other nanocomposites. In order to estimate the electrical 

percolation threshold for CNT650/PVDF nanocomposites, we employed the statistical 

percolation theory (Weber and Kamal 1997), wherein the power law (Equation 3-2) 

was used to fit the electrical conductivity data.  

𝜎𝜎 = 𝜎𝜎0(𝑣𝑣 − 𝑣𝑣𝑐𝑐)𝑡𝑡 Equation 3-2 

In the above equation, σ is the nanocomposite electrical conductivity, σ0 is a scaling 

factor, v is the nanofiller volume fraction, vc is the electrical percolation threshold 

volume fraction and t is a critical exponent. The linear regression data fitting of Logσ 

vs Log(v-vc) reveals 0.3wt.% as the percolation threshold, vc, of CNT650/PVDF 

nanocomposites. The percolation curve also gives maximum electrical conductivity of 

22S m-1 at 3.5wt.% for this nanocomposite. The percolation threshold obtained for 

CNT650/PVDF nanocomposites is comparable to or lower than the results presented 
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for CNT/PVDF nanocomposites in the literature (Eswaraiah, Sankaranarayanan et 

al. 2011, Ke, Pötschke et al. 2014, Ram, Rahaman et al. 2015). 

Given the insulative nature of polymers, the inherent properties of conductive 

nanofillers embedded within CPNs realize enormous importance in determining the 

electrical conductivity of nanocomposites. As the alumina substrate is insulative and 

cobalt particles have much lower surface area compared to cylindrical CNT, the level 

of carbon purity can remarkably affect the final electrical properties of 

nanocomposites. The carbon purity data marked an insignificant difference between 

the synthesized nanofillers, i.e., 63%-69%, ruling out the effect of carbon purity on 

dissimilar percolation curves. Nevertheless, as endorsed by Raman spectroscopy, TGA, 

SEM and TEM, the carbonaceous part of the nanofillers consisted of three types of 

materials: (1) carbon nanotube, (2) amorphous carbon, and (3) thermal-resistant 

carbonaceous filler. Despite being conductive, thermal-resistant carbonaceous 

materials formed on the surface of either sintered catalyst particles or formed CNT. 

Hence, they had much lower surface area than CNT. According to the excluded volume 

and statistical percolation theories (Balberg, Anderson et al. 1984, Bauhofer and 

Kovacs 2009), spherical particles have much higher percolation threshold than 

cylindrical particles, and the percolation threshold scales inversely with the aspect 

ratio of cylinders. Accordingly, we can claim that the presence of a large amount of 
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amorphous carbon and/or thermal-resistant carbonaceous filler was a significant 

contributing parameter to the insulative behavior of nanocomposites corresponding to 

550°C, 750°C and 850°C. Moreover, it was observed that CNT650 had a much higher 

aspect ratio compared to the other types of CNT. As such, significantly small diameter, 

relatively large length, and decent quality of CNT650 could account for superior 

electrical conductivity of CNT650/PVDF nanocomposites compared to the others. 

It has also been reported that the matrix crystallinity could affect the electrical 

properties of nanocomposites (Jeon, Warnock et al. 2010). The DSC results showed 

higher polymer crystallinity for CNT650/PVDF nanocomposites. This could contribute 

to selective localization of CNT into the PVDF amorphous phase, leading to a better 

conductive network formation. Moreover, FTIR spectroscopy showed higher content 

of β-phase for CNT650/PVDF nanocomposites. This might imply better interaction of 

the PVDF matrix with CNT, improved dispersion of CNT, and thus enhanced CNT 

surface area for conductive network formation. Moreover, OM coupled with TEM 

revealed a much better multi-scale dispersion state for CNT650 within the PVDF matrix 

than the others. Theoretical and experimental studies showed well-dispersed CNT 

have lower percolation threshold, and better electrical conductivity and EMI shielding 

(Behnam, Guo et al. 2007, Li, Ma et al. 2007, Castillo, Socher et al. 2011, Krause, 
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Villmow et al. 2011, Li, Li et al. 2015). This is another causative parameter towards 

higher electrical conductivity of CNT650/PVDF nanocomposites. 

Figure 3-10(b) illustrates EMI shielding of the developed CNT/PVDF 

nanocomposites as a function of CNT loading. EMI shielding effectiveness (EMI SE) 

of a material is a measure of the material’s ability to attenuate the intensity of the 

incident EM waves, defined as the logarithm of the ratio of the incident power to the 

transmitted power, and its unit is expressed in dB: 

EMI SE = 10 ∙ log(
Pi
Po

) Equation 3-3 

where Pi is the incident power and Po is the transmitted power. Time-averaged 

power is proportional to the root mean square (rms) of the electric field strength; 

therefore, Equation 3-3 can also be rewritten as:  

EMI SE = 20 ∙ log(
Ei
Eo

) Equation 3-4 

where Ei and Eo are the incident and transmitted electric field strengths, 

respectively. Engineering applications call for 99.9% attenuation of incident EM waves, 

matching EMI SE of 30dB (Thomassin, Jerome et al. 2013). According to Poynting’s 

theorem (Tsaliovich 2012), the directional energy flux density (the rate of energy 

transfer per unit area) of an EM wave is determined as the cross product of the vector 

associated with electric field and the vector associated with magnetic field. Henceforth, 
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effective shielding of the EM wave needs attenuation of both electric field and magnetic 

field. EMI shielding in CPNs comprises two main mechanisms, namely reflection and 

absorption. Reflection of the EM wave stems from the impedance mismatch between 

two media, i.e., two media with dissimilar electrical conductivities or dielectric 

properties. Absorption in CPNs derives chiefly from Ohmic loss. Ohmic loss, embodied 

by imaginary permittivity, is the dissipation of energy by free charge carriers through 

direct-contact conduction, hopping, and tunneling mechanisms (Arjmand, Apperley et 

al. 2012). It is worth mentioning that the presence of electric/magnetic dipoles 

(polarization/magnetic loss) also gives rise to EMI shielding (Mahmoodi, Arjmand et 

al. 2012, Zhang, Huang et al. 2013).  

In line with the percolation curves, CNT650/PVDF nanocomposites showed much 

higher EMI SE compared to the other types of nanocomposites. EMI SE of pure PVDF 

was 0.8dB, which increased to 3.4, 4.8, 16.7, and 2.6dB for the nanocomposites holding 

3.5wt.% CNT550, CNT650, CNT750 and CNT850, respectively. Table 3-4 compares the 

EMI SE of 3.5wt.% CNT650/PVDF nanocomposites with the best results in the 

literature, endorsing the superior EMI shielding performance of the nanocomposites 

developed in the present study. Between the three other nanocomposites, 

CNT750/PVDF nanocomposites displayed slightly higher EMI SE, which is attributable 

to better conductive network formed in this nanocomposite. 
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Figure 3-10: (a) Electrical conductivity and (b) EMI SE of CNT/PVDF nanocomposites made 

at various temperatures as a function of CNT content. 
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Table 3-4: Comparison of conductivity and EMI SE of CNT650/PVDF nanocomposites with the literature. 
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SBR1 CB2 Melt 6.5 35wt.% - 20 8-12 
(Mohanraj, 
Chaki et al. 

2006) 

SBR CB Melt 70 15wt.% - 20 8-12 
(Mohanraj, 
Chaki et al. 

2006) 

EPDM3 CB Melt 5.5 35wt.% 102 20 8-12 
(Ghosh and 
Chakrabarti 

2000) 

EVA4 CNF5 Melt 3.5 9wt.% - 40 8-12 
(Das, Chaki et 

al. 2001) 
Nylon-

66 
Long  
CNF 

Melt 1.2 20wt.% 
8×10

3 
40 1.5 

(Jou, Wu et al. 
2001) 

Nylon-
66 

Short 
CNF 

Melt 1.2 20wt.% 103 20 1.5 (Jou, Wu et al. 
2001) 

PMTT6 CNT Melt 2 5wt.% 104 20 12-18 
(Gupta and 
Choudhary 

2011) 

PC7 CNT Melt - 7wt.% 104 15 0.05-1.5 
(Kum, Sung et 

al. 2006) 

PP8 CNT Melt 2.8 5vol.% 103 25 8-12 
(Al-Saleh and 
Sundararaj 

2009) 

PCL9 CNT Melt 20 0.5wt.% 104 30 0.04-40 (Saib, Bednarz 
et al. 2006) 

EVA CNT Melt - 9wt.% 10-8 4 8-12 
(Sohi, Rahaman 

et al. 2011) 

PVDF CNT Melt - 1wt.% 10-6 9 8-12 
(Sharma, 

Sharma et al. 
2014) 

PVDF 
CNT/ 

MnO2 NT 
Sol. - 

1wt.% 
CNT/ 
5wt.% 
MnO2 

4.5×
10-5 

20 8-12 
(Eswaraiah, 

Sankaranarayan
an et al. 2011) 

PVDF Graphene Sol. - 5wt.% 103 20 8-12 
(Eswaraiah, 

Sankaranarayan
an et al. 2011) 

PVDF BaTiO3 Sol. 1.2 40vol.% 
2.5×
100 

9 1MHz 
(Joseph, Singh 

et al. 2013) 

PVDF 
Carbonyl 

Iron 
Sol. 1.2 50vol.% 

1.1×
103 

20 8-12 
(Joseph and 

Sebastian 2013) 

PVDF CNT Melt 1.1 3.5wt.% 
2.2×
101 

16.7 8-12 Present Work 
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1Styrene-Butadiene Rubber; 2Carbo Black; 3Ethylene Propylene Diene Monomer Rubber; 4Ethylene-vinyl Acetate; 
5Carbon Nanofiber; 6poly (trimethylene terephthalate); 7Polycarbonate; 8Polypropylene; 9Polycaprolactone; Sol.: 
Solution; NT: Nanotubes. 

Although a great deal of studies have been dedicated to EMI shielding performance 

of CPNs; however, due to large number of factors involved and heterogeneous structure 

of CPNs, there is still an intense debate on underlying mechanisms. Hence, to further 

explore the underlying EMI shielding mechanisms for the generated nanocomposites, 

shielding by reflection, shielding by absorption and imaginary permittivity of the 

generated nanocomposites were inspected (Figure 3-11). At 3.5wt.%, shielding by 

reflection for the nanocomposites holding CNT550, CNT650, CNT750 and CNT850 was 1.3, 

4.4, 2.2 and 1.1dB, respectively, whereas shielding by absorption was 1.8, 12.2, 2.7 and 

1.4dB, respectively. These results reveal that shielding by absorption was the 

governing shielding mechanism for the generated nanocomposites (1.1mm thickness). 

 Shielding by reflection for a conductive material is commensurate with 𝜎𝜎
𝜇𝜇
, where σ 

is electrical conductivity and µ is magnetic permeability. This implies that materials 

with higher conductivity present higher reflection, whereas magnetic materials 

attenuate shielding by reflection. Shielding by absorption for a conductive material 

proportionate  𝜎𝜎 ∙ 𝜇𝜇 , i.e., materials with high conductivity and high magnetic 

permeability diminish EM wave effectively (Kaiser 2005, Paul 2006, Pawar, Arjmand 

et al. 2016). Indeed, absorption attenuates EM wave through interaction with free 
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charge carriers and/or electric/magnetic dipoles. It is worth pointing out that the 

employed CNT are non-magnetic; thus, they primarily attenuate EM wave via free 

charge carriers.  

Higher shielding by reflection in CNT650/PVDF nanocomposites could be related 

to higher interacting surface area of CNT projected to incident EM wave. This can be 

concluded from higher quality of CNT650 and its better dispersion state within the 

PVDF matrix. The absorption mechanism in CPNs is more sophisticated than the 

reflection one, and, as mentioned formerly, it derives mainly from Ohmic loss. Figure 

3-11(c) demonstrates that the imaginary permittivity of CNT650/PVDF 

nanocomposites is much higher than the others, signifying higher Ohmic loss. To have 

a higher Ohmic loss, the inherent properties of the nanofiller and its level of conductive 

network inside the polymer matrix are influential. In terms of the nanofiller properties, 

all foregoing notes declared in the electrical conductivity section are allegiant here. 

Another interesting point requiring attention is that absorption and imaginary 

permittivity of CNT650/PVDF nanocomposites commenced to surpass the other 

nanocomposites at the percolation threshold (0.3wt.%), where the conductive network 

of CNT650/PVDF nanocomposite initiated to establish. This validates the impact of 

the level of conductive network on energy dissipation in CPNs, already claimed in 

other studies (Chung 2001, Arjmand, Apperley et al. 2012) . As a matter of fact, when 
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a conductive network is formed, the free charge carriers can realize extended paths to 

go through in each half cycle of the EM wave, thus dissipate more electrical energy. 

Furthermore, Kuzhir et al. (Kuzhir, Paddubskaya et al. 2012) and Shuba et al. 

(Shuba, Melnikov et al. 2013) asserted that the effective mass of CNT involved in EMI 

shielding is much lower than the real mass, owing to screening of the inner shells of 

CNT at K-band and lower frequencies. They claimed that CNT with higher aspect 

ratio are favored as they experience less screening effect. They also indicated that 

enhanced level of conductive network moves CNT to the dynamical regime by 

weakening the depolarization effect on the outer shell. In the dynamical regime, the 

screening effect in CNT is weak and EM wave infiltrates deeper inside CNT; therefore, 

the greater number of CNT shells takes part in shielding. Therefore, it can be said 

that high aspect ratio and enhanced level of conductive network of CNT650 could be 

another contributing factor to higher shielding by absorption and imaginary 

permittivity. 
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3.6 Conclusion 

This work showed that the synthesis temperature of CNT made via cobalt catalyst 

has a considerable impact on the morphological and electrical properties of CNT and 

their nanocomposites. It was observed that the nanocomposites containing CNT 

synthesized at 650°C unexpectedly had intensely lower percolation threshold and 

higher EMI SE than the other synthesis temperatures. The EMI SE results obtained 

for CNT650/PVDF nanocomposites were comparable or better than the best results in 

 

Figure 3-11: (a) Shielding by reflection, (b) shielding by absorption and (c) imaginary permittivity of 
CNT/PVDF nanocomposites made at various temperatures as a function of CNT content. 
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the literature. Superior electrical properties of nanocomposites holding CNT650 were 

found to be due to a combination of good physical properties of CNT650 and fine CNT 

dispersion state within the PVDF matrix. Synthesis temperature of 550°C was too low 

for high CNT yields, and mostly led to formation of amorphous carbon rather than 

CNT. Synthesis temperatures of 750°C and 850 °C were too high for the CNT 

synthesis, and resulted in sintering of catalyst and formation of a large amount of 

thermal-resistant carbonaceous material on the sintered catalysts instead of high CNT 

purity. 

3.7 Supporting Information 

Supporting information contains XPS spectra and XPS peak positions data for C1s 

line, TEM micrographs and High resolution TEM micrographs, length and diameter 

distribution of CNT synthesized at different temperatures using cobalt catalyst. 

Schematic of α- and β-phase formation in CNT/PVDF nanocomposites has been also 

included in the supporting information. 
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3.7.1 X-ray Photoelectron Spectroscopy 

 

Figure S 3-1: C1s core level XPS spectra for CNT synthesized at different temperatures 
using cobalt catalyst; CO bonding includes C–O, C=O and O=C–O bondings. 
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Table S 3-1: XPS peak positions data for C1s line of CNTs synthesized at different 
temperatures using cobalt catalyst 

Sample Type 
Component 
Assignment 

Peak BE 
(eV) 

Atomic Conc. (%) 

CNT550 

sp1-C 283.73 6.91 
sp2-C 284.47 81.11 
sp3-C 285.37 1.85 

CO Bondings1 

293.89 
291.26 
286.69 
289.30 

10.13 

CNT650 

sp1-C 283.73 6.51 
sp2-C 284.47 73.98 
sp3-C 285.37 6.87 

CO Bondings 

293.89 
291.26 
286.69 
289.30 

12.64 

CNT750 

sp1-C 283.73 6.53 
sp2-C 284.47 84.97 
sp3-C 285.37 0.73 

CO Bondings 

293.89 
291.26 
286.69 
289.30 

7.78 

CNT850 

sp1-C 283.73 11.24 
sp2-C 284.47 79.01 
sp3-C 285.37 3.54 

CO Bondings 

293.89 
291.26 
286.69 
289.30 

6.21 

1 CO bondings include C-O, C=O and O=C-O bondings. 
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3.7.2 Transmission Electron Microscopy 

 

Figure S 3-2: TEM micrographs of CNT synthesized at different temperatures using cobalt 
catalyst. Yellow arrows show the presence of catalyst on the CNT exterior walls. 
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Figure S 3-3: High resolution TEM micrographs of CNT synthesized at different temperatures using 
cobalt catalyst. 
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Figure S 3-4: (a) Length and (b) diameter distribution of CNT synthesized at different temperatures using 

cobalt catalyst. 
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3.7.3 Fourier Transform Infrared Spectroscopy 

 

Scheme S 3-1: Schematic of α- and β-phase formation in CNT/PVDF nanocomposites. 
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We used a chemical vapor deposition technique to synthesize multi-walled carbon 

nanotubes (CNT) at different temperatures using alumina supported cobalt catalyst. 

The synthesized CNT at different concentrations were melt mixed with a 

polyvinylidene fluoride (PVDF) matrix, then compression molded in rectangular 

shapes. It was observed that CNT synthesis temperature has a tremendous effect on 

the morphological and electrical properties of CNT, as well as the electrical properties 

and EMI shielding effectiveness of their nanocomposites. 
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4.1 Abstract 

This work is part of our ongoing studies on developing conducting polymer 

nanocomposites for detection of neurotransmitter dopamine that reports synthesis of 

a highly conductive, self-doped nanocomposite of polyaniline. Nanocomposites of poly 

(anilineboronic acid) (PABA) were fabricated through in situ chemical polymerization 

of 3-aminophenylboronic acid monomers in the presence and absence of different 

carbonaceous materials template such as DNA-functionalized carbon nanotubes 

(DNA_CNT), nitrogen-doped graphene (NEG) and a hybrid structure of DNA-

functionalized carbon nanostructures (DNA_CNT_NEG). Among the used templates, 

DNA_CNT_NEG acted as the best anchoring molecular templates during 

polymerization which also increased the stability of the respective polymer 

nanocomposites after polymerization. This stability improvement was attributed to 

the formation of the conductive state of polyaniline (emeraldine salt). The good pre-

dispersion state of DNA_CNT_NEG in the monomer solution increased the effective 

molecular interactions at the interfacial layer of the nanofillers and monomers. This 

resulted in fabrication of a highly-ordered and polyconjugated structure of PABA 

nanocomposite with superior electrical conductivity (14300S m-1 at 3.0 wt.% filler 

content) compared to pure PABA (4×10-9S m-1) or polymer composites synthesized 

with neat CNT (1.75×10-4S m-1 at 3.0 wt.% filler content). PABA composites were 
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also synthesized via in situ electrochemical polymerization of anilineboronic acid 

monomers in the presence of DNA_CNT_NEG using cyclic voltammetry technique. 

The respective nanocomposite was used to detect nanomolar concentrations of 

dopamine. The fabricated biosensor showed a very high sensitivity of 6nM and a very 

wide linear range of 0.007-1µM. The fabricated nanocomposite electrodes containing 

DNA_CNT_NEG can be used as a promising sensor for diagnosis of neurological 

disorders such as Parkinson’s. 

4.2 Introduction 

Polyaniline (PANI) has captured intense attention from the scientific community 

in the field of conjugated and conducting polymers and it is one of the most promising 

candidates used in the fabrication of electronic devices , such as printed circuit boards, 

electrochromic displays, protective coatings and fuel cells (Phang, Tadokoro et al. 

2008, Cheung, Chiu et al. 2009, Yan, Chen et al. 2010, Kumar, Singh et al. 2013). The 

desirable features of PANI are its controllable electrical properties, remarkable 

electrochemical and electrocatalytic activity, promising biocompatibility, light weight 

and low cost. Because of its remarkable electrical and electrochemical activity, its 

conjugated structure is very sensitive to molecular interactions, which shows 

outstanding signal transduction properties for molecular detection in sensors and 

biosensors applications (Persaud and Pelosi 1992, Janata and Josowicz 2003). 
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The PANI capability to trigger changes in its electrical conductivity upon 

molecular binding benefits many sensors applications as it delivers an effective signal 

transduction (Gao, Dai et al. 2003, Ramanathan, Bangar et al. 2005, Wanekaya, Chen 

et al. 2006, Zhang, Nix et al. 2006). However, the relatively low electrical conductivity 

combined with inferior mechanical and chemical stabilities of PANI limit its practical 

applications. One-dimensional carbon nanotubes (CNT) and two-dimensional 

graphene nanosheets exhibit excellent mechanical, electrical and optical properties 

opening new approaches for their usage in sensors applications (Balasubramanian and 

Burghard 2006, Stankovich, Dikin et al. 2006, Ambrosi, Chua et al. 2014). Inspired by 

this fact, extensive efforts have been made to prepare nanocomposites of PANI with 

carbon nanostructures (CNT or graphene). These novel nanocomposites are expected 

to show numerous functional properties that synergistically combine the inherent 

properties of PANI and these conductive nanofillers (Cochet, Maser et al. 2001, Zengin, 

Zhou et al. 2002, Grossiord, Loos et al. 2006, Tasis, Tagmatarchis et al. 2006). 

In situ chemical polymerization of aniline monomers in the presence of 

carbonaceous fillers produces PANI nanocomposites that are more robust than post-

mixing methods (Cochet, Maser et al. 2001, Sainz, Benito et al. 2005). A good 

dispersion state of the conductive nanofiller in the respective monomer solution is 

crucial. The quality and properties of the fabricated nanocomposites are dependent on 
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effective interfacial interactions between nanofillers and monomers during in situ 

polymerization. The lack of a good pre-dispersion state may impair the expected 

improvement in nanocomposites properties after an in situ chemical polymerization. 

However, poor disperse ability and high aggregation affinity of carbon 

nanostructures in the aqueous and non-aqueous media make it still challenging. In our 

recent work, we electrochemically synthesized highly exfoliated graphene nanosheets 

that had a nitrogen heteroatom doping in their structure (Sharif, Zeraati et al. 2019). 

This exfoliated nitrogen-doped graphene (NEG) exhibited a very stable dispersion 

state in aqueous solutions with good electrical conductivity. These properties make 

the synthesized graphene a promising conductive nanofiller for practical applications. 

On the other hand, numerous techniques have been reported to disperse CNT in 

polymeric media, such as polymer wrapping (Hur, Yoon et al. 2005, Pasquier, Unalan 

et al. 2005, Star, Tu et al. 2006), noncovalent adhesion of small molecules (Wu, Chen 

et al. 2004, Artukovic, Kaempgen et al. 2005) and acidic oxidation (Li, Hu et al. 2006), 

that introduce different surface functionalities to CNT structures. These changes in 

the CNT structure or functionalities deteriorates its properties specially the electrical 

conductivity. It was recently proposed that bundled single-walled CNT could be 

efficiently dispersed in an aqueous solution of brine using single stranded deoxy 

ribonucleic acids (ss-DNA) (Zheng, Jagota et al. 2003, Zheng, Jagota et al. 2003). 
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Using DNA in CNT surface modification offers the advantage of defined length and 

sequence, and sophisticated chemistries for functionalization. This method can 

functionalize the surface of CNT without modifying it covalently or deteriorating its 

electrical properties. 

To this end, highly ordered, polyconjugated and conductive composites of PANI 

with promising properties in biosensing applications was fabricated by combining the 

advantages of DNA-functionalized CNT, electrochemically exfoliated nitrogen doped 

graphene (NEG) and poly (anilineboronic acid) (PABA). Different filler structures 

have been used in this work including single fillers such as DNA, CNT, NEG, binary 

fillers such as DNA-functionalized CNT (DNA_CNT), and a nanohybrid structure of 

DNA_CNT with NEG (DNA_CNT_NEG). The multiple roles of the used fillers 

during and after in situ chemical polymerization for the fabrication of polyconjugated 

and conductive structures of PANI nanocomposites will be discussed. The research 

outcomes determined that DNA_CNT_NEG is the best filler to effectively promote 

the fabrication of the conductive state of PANI that is emeraldine salt. The multiple 

analysis techniques demonstrated that DNA_CNT_NEG, DNA_CNT, and NEG 

fillers act as anchoring molecular templates and preconcentrates anilineboronic acid 

(ABA) monomers along their structures during in situ polymerization. The PABA 

nanocomposites fabricated in the presence of these fillers demonstrated well-developed 
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molecular structures and superior electrical properties compared to pure PABA and 

other composites reported in the literature. We also found that the fabrication process 

significantly impacts the performance of the polymerized PABA composites. Finally, 

the as-synthesized nanocomposites were used for detection of neurotransmitter 

dopamine (DA) which showed promising results. The fabricated PABA 

nanocomposites electrode fabricated in the presence of DNA_CNT_NEG could detect 

DA biomolecules with a limit of detection of 6nM, and a very wide linear range of 

0.007-1µM. 

4.3 Results and Discussion 

4.3.1 Polymerization of Anilineboronic Acid Monomers in the Presence of 

Different Molecular Templates 

UV-Vis electronic absorption spectroscopy is a strong tool to monitor the synthesis 

of PANI backbone structures through oxidative polymerization of ABA monomers. 

This method is commonly used to determine different oxidation states of PANI because 

of their distinct chromatic properties (McManus, Cushman et al. 1987, Stilwell and 

Park 1988, Deore, Yu et al. 2004). Due to the highly polyconjugated structure of 

PABA backbone, it possesses very different electronic properties than that of ABA 

monomers. Figure 4-1a shows the UV-Vis spectra of pure PABA and PABA 

composites suspensions after 12h of chemical polymerization of ABA monomers at 
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0°C. The spectra of Neat_PABA polymers and PABA formed in the presence of neat 

DNA, and neat CNT fillers exhibit one narrow peak at 300nm and one broad peak 

around 600nm. The detected peak at 300nm was attributed to the formation of aniline 

oligomers with low molecular weight and low-conjugated structures in fully-oxidized 

state of pernigraniline (Fu and Elsenbaumer 1994, Ma, Chiu et al. 2008).  

The peak observed around 600nm is a result of the quinone diimine (-N=Q=N-) 

structure excitation within the PANI backbone. The exact location of this peak is 

defined by the presence of different oxidation states of PANI backbone and the 

conjugation length of the polymerized polymers (Stilwell and Park 1988). The λmax 

(the wave length at max intensity) value of the peak at 600nm is the same for all the 

PABA polymerized with neat DNA, neat CNT and for pure PABA. As can be seen, 

there is a blue shift in the relative location of this peak for PABA_DNA, 

PABA_CNT, and Neat_PABA compared to PABA polymerized in the presence of 

DNA_CNT_NEG, DNA_CNT, and NEG. The blue shift is attributed to the 

formation of PANI backbones with shorter conjugation lengths, and more-disordered 

and branched structures (O'Connell, Eibergen et al. 2005, Zheng and Rostovtsev 2006, 

Ma, Chiu et al. 2008). The appearance of two peaks at 300nm and 600nm in UV-Vis 

spectra of synthesized PABA confirms the formation of both ABA oligomers with 



128 
 

short conjugation length and PABA polymers with higher conjugation length during 

the polymerization process. 

 

Figure 4-1: (a) UV-Vis spectra of pure PABA and PABA composite solutions polymerized at 0°C for 
12h in the presence of 2.0 wt.% fillers. (b) UV-Vis spectra of polymerized PABA composite solutions in the 

presence of 2.0 wt.% DNA_CNT_NEG (black) and 2.0 wt.% CNT (green), before (solid line) and after 
(dashed line) treatment with sodium dithionite as reducing agent. (c) emeraldine salt, and (d) pernigraniline 

structures as conductive and insulative states of PANI backbone, respectively. 

The polymerization was also performed in the presence of  other fillers; NEG, 

DNA_CNT, and DNA_CNT_NEG. The UV-Vis spectra observed in Figure 4-1a 

exhibit two broad peaks that are very distinct from the previous systems. For the 
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PABA polymerized in the presence of NEG, DNA_CNT, and DNA_CNT_NEG, a 

broad absorption peak locates in the range of 300-400nm and another peak appears 

around 850nm. These two peaks have been previously assigned to the formation of 

polarons and delocalized bipolaron structures in a partially oxidized, stable and 

conductive state of PANI (emeraldine salt) (McManus, Cushman et al. 1987, Stilwell 

and Park 1988, Deore, Yu et al. 2004, Ma, Ali et al. 2006). The later absorption peak 

is significantly red shifted from a λmax of 600nm in the previous systems (neat PABA, 

PABA_DNA and PABA_CNT) to around 850nm in the current systems 

(PABA_NEG, PABA_DNA_CNT, and PABA_DNA_CNT_NEG). It can be 

concluded that there is a difference in the molecular structure of PABA polymerized 

in the current systems compared to the previous systems. A potential explanation for 

the observed red shift is the formation of PABA polymers with higher conjugation 

length and possibly higher molecular weight structures. This observation leads us to 

this conclusion that the partially oxidized, chemically-stable and conductive structure 

of PANI backbone (emeraldine salt) has been formed for this system (Figure 4-1c) 

(Ma, Ali et al. 2006, Ma, Chiu et al. 2008). On the other hand, we can conclude that 

the PABA polymerized in the first systems exists more in the fully oxidized, 

chemically-degradable, and insulative state of PANI backbone (pernigraniline, Figure 

4-1d). It has been reported that the addition of carbon nanostructures can promote 
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the formation of quinone diimine structure in the PANI backbone (Cochet, Maser et 

al. 2001, Zengin, Zhou et al. 2002, Sainz, Benito et al. 2005). However, what we 

observed in this work is not necessarily consistent with previous reports on PANI 

nanocomposites.  

The observed absorption peak intensity at 850nm for PABA_DNA_CNT_NEG 

is much greater (almost three times bigger) than observed absorption peak intensity 

at 600nm for neat PABA. It would be possible to assume that the absorption intensity 

of each band shows the concentration of polymerized PABA. To do so, it is required 

to assume that the molar absorption extinction coefficient of the PABA is constant 

(Pasquier, Unalan et al. 2005, Ma, Chiu et al. 2008). Therefore, we conclude that in 

the presence of DNA_CNT_NEG the efficiency of in situ chemical polymerization is 

greatly increased compared to the polymerized neat PABA. 

To further investigate the formation of emeraldine salt during the polymerization 

in the presence of NEG, DNA_CNT, and DNA_CNT_NEG, the as-synthesized 

polymers were reduced with sodium dithionite. Figure 4-1b shows the UV-Vis 

absorption spectra of the materials after reducing with sodium dithionite, indicated 

by dashed lines. For PABA polymerized in presence of neat CNT, the peak at 600nm 

greatly shifted to 850nm. This confirms that most of the polymerized PABA in the 

presence of neat CNT was in the insulative state of pernigraniline. For the systems 



131 
 

containing DNA_CNT_NEG the peak at 850nm barely changed its position. This 

validates the finding that the PABA polymerization in the presence of 

DNA_CNT_NEG nanostructure led to synthesis of more conductive state of PANI. 

For PABA synthesized in the presence of DNA_CNT_NEG, even after reduction, the 

λmax value is higher than that of PABA synthesized in the presence of neat CNT. It 

shows the more polyconjugated structure of the polymers synthesized with 

DNA_CNT_NEG. 

To have a further insight about the PABA polymerization in the presence of neat 

CNT and DNA_CNT_NEG, UV-Visible were performed on the polymerization 

suspension during the course of polymerization. Figure 4-2 depicts the progress in UV-

Vis spectra during the polymerization process of PABA in the presence of 2.0 wt.% 

DNA_CNT_NEG and 2.0 wt.% CNT with respect to ABA monomers 

(nanofiller/ABA ratio was 2:100). This concentration for fillers was selected to ensure 

the experiments were executed well above the percolation threshold of fillers (Winey, 

Kashiwagi et al. 2007, Ma, Chiu et al. 2008). It can be seen  in Figure 4-2 that for 

both systems the peaks intensities are increasing by increasing the polymerization 

time. For PABA_CNT (Figure 4-2c and 4-2d), the growth of the peak, initially 

observed at 900nm, is faster at the beginning of polymerization and then slows down 

over time. While, PABA_DNA_CNT_NEG (Figure 4-2a and 4-2b) presents a more 



132 
 

constant growth rate during different time intervals of the polymerization reaction. As 

the polymerization reaction proceeded, the position of the peak at 900nm for 

PABA_CNT rapidly shifted to 600nm and stabilized at the same wavelength at the 

end of the polymerization (12h). On the other hand, in this system the growth rate of 

the peak at 400nm which was slow in the beginning of polymerization, gets more rapid 

as the peak at 600nm is blue shifted from 900nm to 600nm (Figure 4-2c). On the other 

hand, for PABA_DNA_CNT_NEG the position of the peak observed at the 

beginning of the reaction, slightly blue shifted from 900nm to 850nm at the end of 

polymerization. In this system the growth rate of the wide peak observed around 300-

400nm is as fast as the peak at 900nm. This validates the presence of the localized 

polarons within the emeraldine salt state of PANI backbone.  
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Figure 4-2: Time evolution of UV-Vis spectra of polymerized PABA composite solutions in the presence 
of (a) DNA_CNT_NEG (black); and (c) CNT (green) fillers. (b, d) Time dependence of the growth of 

higher wavelength peaks intensities shown in (a), (c), respectively. 

The reason behind these observations can be explained based on the proposed 

models for growth of PANI via oxidative polymerization (Liang, Liu et al. 2002, Chiou, 

Lu et al. 2007). For nanofiller-containing systems studied here the polymerization 

reaction is first started along the fillers structures. The nanofillers act as catalytic 

molecular templates (nucleating agents) to anchor ABA monomers lengthwise to their 

structures. This molecular anchoring causes the formation of PABA polymers with 
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highly-ordered and polyconjugated structures. It is believed that the synthesized 

polymer at the interface of the fillers and monomers is mainly in the partially-oxidized, 

chemically-stable and conductive state of PANI backbone. This is drawn based on the 

longer conjugation length of the synthesized polymers at the interface due to an 

absorption at higher wavelengths. As the polymerization proceeds, the nucleation sites 

on the filler structures may become saturated. The saturation is strongly dependent 

on the pre-dispersion state or active surface area of the fillers in the ABA monomer 

solutions. We believe for neat CNT system, nanofillers tend to form large agglomerates 

which result in less available active surface area for monomers nucleation. Thus, less 

effective interfacial interactions will be made between CNT and ABA monomers. 

Consequently, the nucleation sites around the CNT fillers will be covered with some 

layers of PABA polymers and will be saturated faster than other systems with a well-

developed dispersion state. The increased growth of PABA layers causes nucleation 

sites at interfacial layer to be diminished and PABA polymers are synthesized in the 

absence of CNT interfacial layer. Due to lack of any molecular templates, probably a 

less-ordered and chaotic structure of PABA begins to form. These PABA polymer 

chains might have a shorter conjugation length compared to PABA polymer chains 

formed at the interfacial layer. This can be validated by the blue shift of the PABA 

absorption peak from 900nm at the beginning of polymerization to 600nm for 
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PABA_CNT system at the end of polymerization. The less-ordered structure of PABA 

is thought to be the fully-oxidized, chemically-degradable and insulative state of PANI 

backbone, that is pernigraniline. The same scenario of nucleation sites can be used for 

PABA polymerized with DNA_CNT_NEG where a better pre-dispersion state of  

DNA_CNT_NEG inside ABA monomer solutions can improve the saturation limit of 

the available nucleation sites along the carbon nanostructures. Given that the pre-

dispersion state of the filler is crucial in the polymerization process, cryo-SEM was 

performed on each of the aqueous filler suspensions to study the pre-dispersion states.  

As can be seen in SEM micrographs of Figure 4-3a, CNT in aqueous suspension 

makes big agglomerates. On the other hand, modified CNT with DNA shows a better 

dispersion as shown by the connected path of CNT to each other within aqueous media 

(Figure 4-3b). The aqueous suspension of DNA_CNT_NEG in Figure 4-3c, formed a 

haphazard honeycomb structure of carbon nanostructures validating a very well-

developed dispersion state for this system. Same behavior is observed for NEG in the 

aqueous suspension. Better dispersion state increases the nanofillers effective surface 

area. The increment in surface area causes efficient and stronger interfacial interactions 

between DNA_CNT_NEG (NEG or DNA_CNT) and phenyl rings of ABA 

monomers. In these systems the fillers are more efficient molecular templates to anchor 

ABA monomers. This promotes the formation of polyconjugated and conductive state 
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of emeraldine. These observations are consistent with UV-Vis spectroscopy and 

conductivity results (which will be discussed later). Thus, due to the better dispersion 

state of fillers such as DNA_CNT_NEG, the growth of ordered structures of PABA 

polymers with longer conjugation length can be continued to the end of the 

polymerization course. This can be confirmed by the slight change in the location of 

the peak observed at 900nm during different time intervals of the polymerization 

reaction in Figure 4-2a.  
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It was shown that the different dispersion states of the used fillers can affect the 

final structure of polymer composites. This contributes the final properties such as 

 

Figure 4-3: Cryo-SEM images of (a1, a2, a3) CNT; (b1, b2, b3) DNA_CNT; (c1, c2, 
c3) DNA_CNT_NEG; and (d1, d2, d3) NEG dispersions in aqueous solutions of water. 
First column: low magnification images; second and third columns: high magnification 

images. 

10 µm 4 µm 1 µm

(b1) (b2) (b3)

(a1)

5 µm

(a2)

2 µm

(a3)

50 µm

10 µm 1 µm4 µm

(d1) (d2) (d3)

40 µm 4 µm 2 µm

(c1) (c2) (c3)



138 
 

electrical conductivity as shown in Figure 4-4. Polymer nanocomposites made by 

DNA_CNT_NEG templates show the highest electrical conductivity among the 

prepared nanocomposites. It can be associated with higher emeraldine salt state 

formation in the PANI backbone for this template. On the other hand, for polymer 

composites prepared in the presence of neat DNA or neat CNT large amounts of 

oligomers in polymer backbone can considerably decreases their conductivity.  

 
Figure 4-4: DC electrical conductivity of polymerized pure PABA and PABA composite films with 

respective to fillers content. 

The electrical conductivity of the fabricated polymer films from PABA polymerized 

in presence of DNA_CNT_NEG shows a percolation behavior and the electrical 

conductivity can reach as high as 143S cm-1 at 3.0 wt.% DNA_CNT_NEG content. 

This electrical conductivity is 13 orders of magnitude greater than pure PABA film 

(which is about 4×10-11S cm-1). The enhancement in the electrical conductivity of 

PABA polymerized with DNA_CNT_NEG can be attributed to the longer 
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conjugation length of the PANI backbone in this sample as was confirmed by UV-Vis 

analysis. The strong molecular and electronic attractions between the 

DNA_CNT_NEG (NEG and DNA_CNT) and PANI chains supports the formation 

of emeraldine salt, driving the formation of a polymer network with enhanced electrical 

conductivity. Moreover, the well-dispersed fillers can act as conducting bridges (as can 

be seen in the cryo-SEM images for NEG, DNA_CNT, and DNA_CNT_NEG) 

connecting PABA conducting domains. This needs a high electrical conductivity for 

the used filler. Table 4-1 illustrates the DC electrical conductivity of the used 

nanofillers. The DC electrical conductivity of DNA_CNT_NEG filler film is about 

412S cm-1. The high conductivity of this filler combined with increased ordered 

structure in PANI backbone are responsible for high electrical conductivity of PABA_ 

DNA_CNT_NEG polymer nanocomposites.  

 

 

Table 4-1: DC Electrical conductivity of nanofillers used in the polymerization 
process. 

 
Prepared Filler Films CNT DNA_CNT DNA_CNT_NEG NEG 

Electrical Conductivity (S cm-1) 59 304 412 284 
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4.3.2 Highly Ordered Polyaniline Backbone Formation: Effect of Molecular 

Template  

The onset of propagation of PANI chains during in situ (electro) chemical 

polymerization requires overcoming an energy barrier corresponding to an oxidation 

potential of 1.05V (Sapurina and Shishov 2012). In this work, we are using some fillers 

acting as molecular templates during in situ polymerization of ABA monomers; thus, 

some molecular interactions may exist between ABA monomers and the used fillers. 

We believe that there are some interactions between ABA monomers and DNA 

molecules possibly through a dative bond between the NH2 groups in DNA and the 

boronic acid groups in ABA monomers, or through electrostatic interactions between 

the polyanionic chains (phosphate groups) of DNA and positive charges of ABA 

monomers. These interfacial interactions may cause the preconcentration of ABA 

monomers along the filler length. This nucleation process lowers the energy barriers 

for onset of propagation of PANI chains; thus, facilitating the polymerization. At this 

stage, we think that preconcentration of ABA monomers by DNA molecules in the 

DNA_CNT_NEG, and DNA_CNT nanofillers might be the reason for ease of 

polymerization and formation of a highly-ordered, and poly-conjugated structure of 

PANI for these systems To determine if DNA in the aforementioned nanofillers played 

the major role in facilitation of polymerization, the chemical polymerization of ABA 
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monomers was also performed in the presence of the same amount of neat DNA 

molecules. As seen in Figure 4-1a, the peak absorption of UV-Vis for PABA_DNA is 

observed at 600nm, confirming the formation of a PANI backbone with less conjugated 

structure. This demonstrates that the molecular interactions between DNA and ABA 

monomers might be fairly weak. Therefore, the role of DNA in increasing the 

polymerization rate is minor. Instead, we think that non-covalent π-π interactions 

between graphitized nanostructures of carbon materials (CNT and NEG) and phenyl 

groups of ABA monomers in polymerization mixture play the major role in anchoring 

of ABA monomers. However, as seen in Figure 4-1a the non-covalent π-π interactions 

might seem to be ineffective in case of neat CNT; since a less-conjugated polymer 

backbone also created for this nanofiller (peak absorption at 600nm). It should be 

noted that a good pre-dispersion state of carbon nanostructures inside the reaction 

mixture is a pre-requisite for in situ polymerization. Although for neat CNT system 

we predict the potential non-covalent π-π interactions between CNT nanofillers and 

ABA monomers, due to high aggregation of CNT in the polymerization mixture less 

effective nucleation sites might exist making interactions at the interfacial layer less 

efficient. Consequently, polymers with shorter conjugation length are synthesized for 

neat CNT. 
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Comparing the peak intensities of PABA_DNA_CNT_NEG and 

PABA_DNA_CNT in Figure 4-1a, it is observed that the intensity of the peak at 

900nm is about two times greater for PABA_DNA_CNT_NEG. This observation 

may be attributed to the structure of the NEG synthesized in this work. Herein, the 

synthesized nitrogen-doped graphene possesses oxygen- and nitrogen- active sites. This 

feature provides an improved dispersion state of graphene in the monomer solution, 

while retaining its electrical conductivity. It diminishes some of the non-covalent π-π 

interactions between DNA_CNT_NEG filler and phenyl groups of ABA monomers. 

Instead, as seen in Figure 4-5 the nitrogen-doped graphene has some nitrogen-

containing defective sites; 32.45% pyridinic, 20.25% pyrrolic and 47.3% graphitic 

nitrogen out of its total 2.5 at% nitrogen. It has been reported that the graphitic 

nitrogen atoms are electron donors and they may increase the electrical conductivity 

of graphite structure (Xing, Ju et al. 2016). Thus, it is expected that some dative 

bonds (coordinate covalent bonds) will be establishing between non-bonding electrons 

of nitrogen in graphene, and free orbitals of boron atoms in ABA monomers. This 

might result in more effective interfacial interactions between DNA_CNT_NEG 

nanofillers and ABA monomers compared to the other system containing DNA_CNT; 

thus, the impact is to increase the availability of nucleation sites during the 

polymerization. This will be resulted in more formation of highly ordered and poly-
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conjugated structure of PANI (emeraldine salt) for DNA_CNT_NEG, which is 

validated through the higher intensity of the UV-Vis peak observed at 900nm. A 

schematic of the above-mentioned interactions between fillers and monomers of ABA 

is illustrated in Scheme 4-1. 

 

Figure 4-5: (a) SEM image of the surface of the synthesized NEG film and the corresponding elemental 
analysis showing mapping for carbon, oxygen, nitrogen and sulphur. (b) High resolution of N1s XPS spectra 

for synthesized NEG. 
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Scheme 4-1: Schematic of possible interactions between DNA-functionalized carbon 
nanostructures and ABA monomers (not to scale). 

The molecular structures of the as-synthesized PABA in the prepared polymer 

films was studied using FTIR to confirm the existence of molecular interactions 

between fillers and monomers during and after polymerization. Figure 4-6a shows the 

FTIR spectra of PABA polymerized in different conditions. The benzenoid and quinoid 

ring vibrations within the molecular structure of PANI backbone are clearly observed 

at 1440 and 1570cm-1, respectively (indicated in violet and orange dashed lines in 

Figure 4-6a and magnified in Figure 4-6b).  
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Figure 4-6: (a) FTIR spectra of polymerized pure PABA and PABA composite films in the presence of 
2.0 wt.% fillers. (b) Magnified graph of the pure PABA (blue) and PABA_DNA_CNT_NEG 

nanocomposite films (black) with 2.0 wt.% filler. 

In the literature the ratio of absorption intensity for quinoid ring (I1570) is always 

higher than that of benzenoid ring (I1440) in pure PANI structure (Deore, Yu et al. 

2004, Deore, Yu et al. 2005). Consistent with those findings, Figure 4-6a shows that 

the ratio of the absorption intensities of quinoid units to benzenoid units for 

Neat_PABA is about 16. This observation which is in consistent with previous reports 

suggests more formation of quinoid units than benzenoid units for Neat_PABA. On 

the other hand, for PABA_DNA_CNT_NEG the ratio of quinoid to benzenoid ring 

modes in PABA backbone drops to around 7. This indicates a decrease in the relative 

number of quinoid rings in the molecular structure of PABA when polymerized in the 

presence of DNA_CNT_NEG. The similar observations are valid for PABA 

synthesized in the presence of DNA_CNT or NEG nanofillers. These results suggest 
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that PABA is more in fully oxidized state of pernigraniline while polymerized without 

any filler. On the other hand, the lower number of quinoid units in PABA formed in 

the presence of DNA_CNT_NEG, DNA_CNT and NEG confirms that PANI 

backbone exists more in the partially oxidized state of emeraldine salt. These 

observations are consistent with results from UV-Vis spectroscopy, although they are 

not in agreement with some previous reports found in the literature (Zengin, Zhou et 

al. 2002). It has been reported that there are some interactions between graphitic 

structures of carbon nanomaterials and phenyl rings of PANI, which promote and/or 

stabilize the quinoid ring modes in PANI nanocomposites. The basal planes of 

graphitic carbon nanostructures can interact with the conjugated structure of 

polyaniline via π-π stacking, and particularly through their quinoid units (Zengin, 

Zhou et al. 2002). The results found in this current study are completely different.  

Herein, we observed that the presence of DNA_CNT_NEG, DNA_CNT and NEG 

during PABA polymerization promotes formation of benzenoid units in PANI 

backbone (emeraldine salt). The reason behind these observations is due to a difference 

in molecular structure of the used carbonaceous nanofillers in this work. It is known 

that bare graphitic carbon nanostructures have an electron deficiency due to their 

enriched sp2-hybridized structure (Moniruzzaman, Chattopadhyay et al. 2007). While, 

DNA_CNT_NEG, DNA_NEG and NEG used in this research have electron donating 
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properties, due to the presence of DNA polyanionic chains, and graphitic nitrogen in 

NEG. This unique feature makes them behave differently from bare and undoped 

graphitic carbon nanostructures. Due to their electron-donating ability, 

DNA_CNT_NEG, DNA_NEG and NEG can reduce pernigraniline state of PANI to 

emeraldine salt (with more benzenoid units) during and after polymerization. 

Therefore, the ratio of quinoid to benzenoid units will break down in the PANI 

nanocomposites containing these electron-donating nanofillers. 

The other band which confirms the molecular structure of PANI, is the peak 

observed at 1150 cm-1 (indicated in red dashed line in Figure 4-6a). MacDiarmid et al. 

described this band as an electronic-like band. It is considered to be a measure of the 

degree of delocalization of electrons; thus, it could be a characteristic peak of PANI 

conductivity (O'Neill and Kelly 2000, Zengin, Zhou et al. 2002). As observed in Figure 

4-6a, this peak signal is intensified for PABA polymerized in the presence of 

DNA_CNT_NEG, DNA_CNT, and NEG, while it is diminished for Neat_PABA 

sample. This observation supports the findings that PABA exists more in 

polyconjugated, conductive state of emeraldine salt when formed in the presence of 

molecular templates such as the DNA_CNT_NEG, DNA_CNT, and NEG. 
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4.4 Biosensing Application of the Fabricated Composites for Non-oxidative 

Electrochemical Detection of Neurotransmitter Dopamine  

Developing PABA composites (fabricated with DNA_CNT_NEG) with more 

emeraldine salt state provides a higher chemical stability and excellent electrical 

conductivity. This feature offers a promising material for sensitive detection of 

biomolecules such as dopamine (DA) (Keteklahijani, Sharif et al. 2019). To accomplish 

this, a thin layer of PABA was deposited on the surface of the modified GC electrodes 

via in situ electrochemical polymerization of the ABA monomers that are available in 

the electrolyte solution using cyclic voltammetry (CV) technique (Figure 4-7a shows 

this process for PABA_DNA_CNT_NEG). Differential pulse voltammetry (DPV) 

was used to determine the limit of detection (LOD) for the biosensor electrodes 

modified with different polymer composites. The quantitative analysis of DA is 

extensively studied using DPV because of its better resolution and higher peak 

intensity. These characteristics, combined with their ability to considerably decrease 

the background charging currents provide higher sensitivity (Bard, Faulkner et al. 

1980). Figure 4-7b shows the DPV curves for detection of different concentrations of 

DA using PABA_DNA_CNT_NEG nanocomposites. In Figure 4-7c, the correlation 

curve for the nanocomposite electrode of PABA_DNA_CNT_NEG shows a 

developing initial linear region, followed by a plateau region. This plateau region 
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appears at concentrations greater than 150μM, indicating the high saturation limit of 

this biosensor. The saturation limit for GC electrodes modified with 

PABA_DNA_CNT_NEG is considerably higher compared to the literature (Ma, Ali 

et al. 2006, Wu, Feng et al. 2012). Figure 4-8d illustrates a wide linear region from 

0.007 to 1μM for this electrode biosensor, with a correlation coefficient of 99.96. When 

the signal to noise ratio is 3 (S/N = 3) a detection limit as low as 7nM in observed 

for biosensor electrode, with negligible standard errors calculated for n=5. Table 4-2 

demonstrates a review of the works published in literature using conducting polymers, 

CNT, and graphene for DA detection. 
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Figure 4-7: (a) CV curves during electrochemical polymerization of 3-aminophenylboronic acid 
monomers on GC electrode modified with DNA_CNT_NEG from the first cycle to the last (25st) cycle. (b) 

DPV curves of PABA nanocomposites, electrodeposited on the GC electrode, modified with 
DNA_CNT_NEG, in PBS solution (pH7.4), in the presence of different concentrations of DA. (c) The 

relation between DPV current changes and DA concentrations. (d) The linear relationship between DPV 
current changes and DA concentrations.  CV scan rate: 100mV s-1. DPV setting: scan rate 10mV s-1; step 

time 50ms; pulse amplitude 5mV; and pulse period of 0.5s. 
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Table 4-2: List of some works reported in literature for determination of catecholamines using 
electrodes modified with conducting polymers, Carbon nanotubes and Graphene. 

Catecholamine Detection Limit Electrode Modifying Agents Technique Reference 

Dopamine 73.3nM GCE PPy-PIL-GO DPV 
(Mao, Liang et 

al. 2015) 

Dopamine 39nM GCE PEDOT-rGO Amp 
(Wang, Xu et 

al. 2014) 

Dopamine 83nM GCE PEDOT-GO CV 
(Weaver, Li et 

al. 2014) 

Serotonin 11.7nmol L-1 GCE PANI-rGO-MIP-AuNP DPV 
(Xue, Wang et 

al. 2014) 

Dopamine 20nM CPE PEDOT-CNT DPV 
(Xu, Li et al. 

2013) 

Dopamine 5nM GCE OPE–NH2–rGO DPV 
(Deng, Liu et 

al. 2013) 

Dopamine 150nM GCE 
Electrochemically 

pretreated multi-walled 
CNT 

DPV 
(Alwarappan, 

Liu et al. 2010) 

Dopamine 14nM GCE Boron-doped CNT DPV 
(Deng, Chen et 

al. 2009) 

Dopamine 256µM GCE 
Multi-walled 

CNT/doped cobalt 
phthalocyanine 

DPV 
(Cruz Moraes, 
Cabral et al. 

2008) 

Dopamine 600nM GCE 
Single-walled CNT 

cetylpyridiniumbromide 
multi-layer films 

DPV 
(Zhang, Pan et 

al. 2007) 

Dopamine 120nM GCE 
PANI/multi-walled 

CNT incorporated with 
β-cyclodextrin 

DPV 
(Yin, Wei et al. 

2006) 

Dopamine 5nM GCE 
Thionine-Nafions 

supported on multi-
walled CNT 

CV 

(Shahrokhian 
and Zare-
Mehrjardi 

2007) 

Dopamine 120nM SPE 
Graphene-ionic liquid 

composite 
DPV 

(Ping, Wu et 
al. 2012) 

Dopamine 120nM GCE 
Nitrogen-doped 

graphene 
DPV 

(Sheng, Zheng 
et al. 2012) 

Dopamine 500µM GCE 
Electrochemically 
synthesized rGO 

DPV 
(Yang, Liu et 

al. 2014) 

Dopamine 50nM GCE 
Graphene/chitosan 

multilayer 
DPV 

(Weng, Cao et 
al. 2013) 

Dopamine 114nM GCE 
rGO/multi-walled 

CNT-phospotungstic 
acid composite 

DPV 
(Ling, Huang et 

al. 2013) 
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Scheme 4-2 proposes the mechanism of enhanced detection performance of the 

sensor prepared in this work. The modification of the GC electrode with 

nanostructures of DNA_CNT_NEG increased the electrode effective surface area and 

performed multiple roles during the in situ electrochemical polymerization of the ABA 

monomers. The large surface area enhanced the π-π stacking between 

DNA_CNT_NEG coated on the electrode surface and the phenyl groups of ABA 

monomers in the electrolyte solution. There are some electrostatic interactions between 

the polyanionic chains of DNA in DNA_CNT_NEG structure and ABA monomers 

with positive charges. As a result of the effective interfacial interaction between the 

electrode surface and electrolyte solution, a dative bond can be formed between non-

bonding electrons of nitrogen atoms in DNA_CNT_NEG and free orbitals of boron 

atoms in ABA monomers. The enhanced interfacial attractions between the electrode 

and electrolyte during in situ electrochemical polymerization, resulted in more 

deposition of PABA on the electrode surface. That deposit increased the density of 

boronic acid groups available for DA binding and significantly enhanced the detection 

sensitivity of the fabricated biosensor. It is worth mentioning that the surface area of 

Dopamine 15nM GCE 
GO-carbon dots 

composite 
DPV 

(Hu, Huang et 
al. 2014) 

CNT; Carbon Nanotubes; GO: Graphene Oxide; rGO: Reduced Graphene Oxide; GCE: Glassy Carbon 
Electrode; CPE: Carbon Paste Electrode; SPE: Screen Printed electrode; OPE: Oligo(Phenylene Ethynylene); 
PANI: Polyaniline; PEDOT: Poly (3,4-Ethylenedioxythiphene); PIL: Poly (Ionic Liquid); PPy Polypyrrole; 
Amp: Amperometry; CV: Cyclic Voltammetry; DPV; Differential Pulse Voltammetry. 
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the polymer nanocomposite can have a significant effect on the detection performance. 

Figure 4-8 indicates the SEM images of the as-synthesized PABA polymer 

nanocomposite. It is obvious in Figure 4-8b, 4-8c, and 4-8d that PABA polymers 

polymerized in the presence of DNA_CNT, DNA_CNT_NEG, and NEG have more 

porous structures and possess a higher surface area than those formed in the presence 

of neat CNT, neat DNA, and without any filler (Figure 4-8a, 4-8e, and 4-8f, 

respectively). The difference in the structures of PABA can be associated with the 

pre-dispersion state of the fillers in monomers solution. The Brunauer-Emmett-Teller 

(BET) surface area value of the corresponding PABA films is demonstrated in Table 

4-3. The BET surface area value for PABA polymerized in the presence of 

DNA_CNT_NEG (97m2 g-1) is about two times greater than that of PABA_CNT 

(52m2 g-1) and three times greater than pure PABA (34m2 g-1). The high surface area 

and wide porous structure of the PABA_DNA_CNT_NEG are very beneficial to 

better detection performance of its biosensor. By depositing a thin layer of 

PABA_DNA_CNT_NEG nanocomposites on the GC electrode surface, DA 

concentrations as low as 6nM were detected with differential pulse voltammetry 

technique. This limit of detection is much better than other reported outcomes in the 

literature (Weng, Xue et al. 2005, Cheng, Qiu et al. 2012, Gao, Cai et al. 2013, Wang, 

Xu et al. 2014, Yang and Li 2014, Vinoth, Wu et al. 2015, Xu, Jarjes et al. 2018). The 
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ultra-sensitivity of our developed nanobiosensor, with high saturation limit and wide 

linear range,  makes it a promising candidate for a wide range of medical applications. 

 

 

Scheme 4-2: Mechanism of DA detection on the surface of a GC electrode modified with 
PABA_DNA_CNT_NEG nanocomposite (not to scale). 
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Figure 4-8: SEM images of solid films of (a1, a2) PABA_CNT; (b1, b2)  PABA_DNA_CNT; (c1, c2) 
PABA_DNA_CNT_NEG; (d1, d2) PABA_NEG; (e1, e2) PABA_DNA; and (f1, f2,) pure PABA prepared 

from their respective polymer solutions. 

 

Table 4-3: BET surface area values for pure PABA and composite films of PABA prepared from their 
respective polymer suspensions. 

 

Prepared 
Polymer Films 

PABA_CNT PABA_DNA_CNT_NEG PABA_DNA_CNT PABA_NEG PABA_DNA Neat_PABA 

BET Surface 
Area (m2 g-1) 

52 97 86 71 48 34 

5 µm

(a1)

1 µm

(a2)

20 µm

(b1)

5 µm

(b2)

10 µm

(c1)

4 µm

(c2)

10 µm

(d1)

3 µm

(d2)

10 µm

(e1)

3 µm

(e2)

4 µm

(f1)

2 µm

(f2)
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4.5 Conclusion 

We found that DNA-functionalized carbon nanostructures (DNA_CNT, and 

DNA_CNT_NEG) and electrochemically exfoliated nitrogen-doped graphene (NEG) 

acted as anchoring molecular templates during in situ polymerization of anilineboronic 

acid monomers. A remarkable improvement in the quality of the respective poly 

(anilineboronic acid) nanocomposites was observed, including a higher polyconjugated 

structure, electrical conductivity and chemical stability. Through multiple analysis 

techniques it has been demonstrated that polyaniline had a longer conjugation length 

and existed in partially-oxidized and conductive state of emeraldine salt, when it was 

polymerized in the presence of DNA_CNT, DNA_CNT_NEG, and NEG. The 

effectiveness of these nanofillers were shown to promote the formation of the 

conductive state of polyaniline backbone (emeraldine salt). This was due to their 

ability to preconcentrate the anilineboronic acid monomers along their structures 

during polymerization. The preconcentration of monomers was predominantly due to 

an increase in molecular interactions between monomers and fillers. This is a 

consequence of good dispersion of these nanofillers in monomer solution. The 

performance of polyaniline composites was improved by synergistically combining the 

merits of polyaniline backbone with carbon nanostructures via in situ polymerization. 

The enhancement may not be possible using simple post-mixing approaches. Poly 
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(anilineboronic acid) nanocomposites electrodes electrochemically fabricated in the 

presence of DNA_CNT_NEG can be implemented as highly-sensitive biosensing 

platforms for detection of the neurotransmitter dopamine with a very impressive limit 

of detection of 6nM, which shows better performance than previously reported data in 

the literature. 

4.6 Supporting Information 

4.6.1 Methodology 

Reagents and Chemicals: Single stranded deoxy ribonucleic acids (ss-DNA) 

containing 30 units of thymine nitrogenous base, was purchased from Integrated DNA 

Technologies Inc., San Diego, California. 3-amino phenylboronic acid hemisulfate salt, 

ammonium persulfate, potassium fluoride, sulfuric acid, sodium dithionite, dopamine 

hydrochloride and all other reagents were purchased from Sigma-Aldrich Inc., 

Oakville, Ontario. All the reagents were of analytical grade and were used as received. 

Water ultrapure (19MΩ) was used to prepare all solutions and for rinsing and cleaning 

all samples and electrodes.  

Synthesis and Preparation of Carbon Nanotubes and Nitrogen-doped Graphene 

Suspensions: CNT was synthesized using chemical vapor deposition (CVD). The 

synthesis temperature was 650°C for 2h synthesis time. The average length and 

diameter of synthesized CNT are measured to be about 1.5μm and 9nm, respectively. 
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The electrochemical synthesis of highly exfoliated, partially-oxidized, nitrogen-doped 

graphene was conducted in a 150mL beaker. Agilent power supply was used as a power 

source. The relevant electrolyte solution was prepared as follows: 1.32g of Diazanium 

Sulfate (NH4)2SO4 salt was dissolved in 100mL of deionized (DI) water to prepare 0.1M 

solution of (NH4)2SO4. A platinum wire and graphite plate 5cm2 were used as cathode 

and anode electrodes, respectively. The distance between the electrodes is 2cm. The 

cell potential was kept at a constant 10V. After the electrochemical exfoliation, the 

resultant product was filtered and washed with DI water using a vacuum filtration 

setup with a HTTP membrane. Next, 100mL of inorganic salt was poured in the 

electrolytic cell. The experiment had a constant voltage of 10 until the current dropped 

to 0A. The obtained material was sonicated and dispersed in DI water using a bath 

sonicator for one hour Afterwards, it was centrifuged at 1000rpm to separate the large 

unexfoliated particles. Further details on the synthesis and physical characterization 

of the synthesized N-doped graphene is found in other recent work (Sharif, Zeraati et 

al. 2019). To disperse multi-walled CNT in an aqueous solution using ss-DNA, the 

bundled carbon nanotubes were first dispersed into water using the protocol described 

by Zheng et al. (Zheng, Jagota et al. 2003). Briefly, 1mg of the as-synthesized CNT 

was suspended in 1mL aqueous solution of ss-DNA, containing 1mg mL-1 ss-DNA in 

0.1M NaCl. The prepared suspension was maintained in an ice-water bath and 
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sonicated for 90min. A 1mg mL-1 suspension of the synthesized NEG was sonicated in 

water for 90min creating a well-dispersed suspension of NEG in water. A 1mg mL-1 

suspension of a mixture of DNA_CNT and NEG was also prepared using sonication 

in water (an optimal mass ratio of 1:3 was selected for DNA-CNT to NEG). The same 

process was used to obtain 1mg mL-1 aqueous suspension of CNT and ss-DNA in water.  

In situ Chemical Polymerization of Poly(anilineboronic acid) Polymers (PABA): 

A typical synthetic methodology was followed to prepare the aqueous suspension of 

PABA composites. A 20mL monomer solution of 0.05M 3-aminophenylboronic acid 

hemisulfate (ABA) was prepared in 0.5M sulfuric acid and 0.04M potassium fluoride. 

The different prepared filler suspensions were added to this monomer solution mixture 

in separate experiments. The fillers weight percent was selected to be 0.3, 0.5, 1.0, 2.0, 

and 3.0 wt.%. with respect to the ABA monomer weights in the monomer solution 

mixture. To remove the dissolved oxygen, the solutions were bubbled with nitrogen 

for 30min at 0°C. The in situ chemical polymerization of ABA monomers was initiated 

by adding 0.0375M ammonium persulfate (drop-wise) as an oxidant to the monomer 

solution. The ammonium persulfate solution was freshly prepared and 0.2mL were 

added every 20 min, for the first hour. This was followed by 0.4mL of APS added 

every 10mins for a total of 4.75mL of APS was added into the solution (Ma, Chiu et 

al. 2008). The polymerization was carried out at 0°C under nitrogen bubbling for 12h. 
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The same procedure was used for pure PABA polymerization except that no fillers 

were added into the polymerization reaction mixture. Pure PABA and PABA 

composites were precipitated from the prepared polymer suspensions by diluting the 

mixture with deionized water. The supernatant produced above was removed and the 

precipitate was carefully separated. The resulting solid was dispersed into and washed 

with deionized water. A centrifuge was used for 5min at 2000g during the washing 

procedure. This process was repeated several times to remove the chemicals and 

monomers that remained in the reaction mixture. To better understand the oxidation 

states of the PANI backbone in the pure PABA and PABA composites, the above 

purified suspensions were treated with sodium dithionite. The reduction of PANI 

backbone proceeded very rapidly at room temperature using sodium dithionite (Moon, 

Ezuka et al. 1993). Briefly, 3mg sodium dithionite was added to the 10mL of the as-

synthesized polymer suspensions. The suspension of the polymers were separately 

stirred for 48h under nitrogen at room temperature. The reaction mixture was poured 

into DI water and purged with nitrogen. The obtained powder was collected by 

vacuum-assisted filtration, washed three times with DI water and dried under vacuum 

for further UV-Vis measurements. 

Film Preparation of Filler and Polymer Suspensions: For film preparation of each 

filler suspension, a vacuum-assisted filtration was employed. An aqueous suspension 
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of fillers with a concentration of 0.1mg mL-1 were filtered through a 47mm Whatsman® 

membrane with pore size of 450nm. The obtained filler films were dried in a vacuum 

oven at 70°C. The polymer films were also prepared from their respective polymer 

suspensions by decanting the polymer suspensions into a Petri dish, separately, which 

were dried at 50-60°C under vacuum. 

Electrochemical Measurements: For electrochemical detection of dopamine (DA) 

biomolecules, the glassy carbon (GC) electrode (3mm OD) was first polished with 

micron-sized alumina powders, rinsed thoroughly with water, then sonicated in ethanol 

and finally dried with nitrogen stream. The clean, dry GC electrodes were separately 

modified with 4μL of DNA_CNT_NEG filler suspensions, dried at room temperature 

to obtain the DNA_CNT_NEG/GC electrode. Electrochemical polymerization of 3-

aminophenylboronic acid on the modified GC electrode and all other electrochemical 

measurements were carried out at a Metrohm-Autolab BOOSTER20A electrochemical 

station using Nova 2.0 software. Differential pulse voltammetry (DPV) experiments 

were performed employing a conventional three-electrode system, with each of the 

modified GC electrodes as the working electrode, a platinum wire as the counter 

electrode, and silver/silver chloride (Ag/AgCl was the reference electrode. In this work, 

all the potentials are quoted in terms of reference electrode scale. The experimental 

conditions for DPV measurements were set up to be: scan rate 10mV s-1; step time 
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50ms; pulse amplitude 5mV; and pulse period of 0.5s. All dopamine (DA) solutions 

were freshly prepared and kept in dark vials at 0-4°C to avoid oxidation of DA.  

UV-visible Spectroscopy: UV-visible (UV-Vis) absorption spectra of the polymer 

suspensions were recorded with a UV–Vis spectrophotometer UV-2600 from Shimadzu 

Corporation, Japan.  

X-ray Photoelectron Spectroscopy: To study the elemental composition of the 

synthesized CNT and NEG, X-ray photoelectron spectroscopy (XPS) was carried out 

on a Thermofisher Scientific K-Alpha XPS spectrometer (Thermofisher Scientific, E. 

Grinstead, UK).  

Fourier Transform Infrared Spectroscopy: Functional groups were determined by 

fourier transform infrared (FTIR) spectroscopy using Nicolet 6700 FTIR of American 

Thermos Nicolet Company. The samples were prepared as KBr pressed pellet samples, 

and the FTIR spectra were obtained using a transmission mode from 4000 to 400cm-

1. 

X-ray Diffraction Analysis: To study the structure and crystallinity of PABA 

polymer films, X-ray diffraction (XRD) analysis was performed using Cu K-α radiation 

as the X-ray source at 40kV and 44mA with a θ-2θ goniometer using a Rigaku Ultima 

Multipurpose Diffraction system, Rigarku Corporation, USA. To perform the analysis, 

a tiny amount of polymer films was loaded and uniformly distributed over a glass top-



163 
 

loaded holder (0.5mm depth cavity) by using a microscope slide. Then, X-ray scans 

were provided in 2θ range of 2-80° and counting time of 4° min-1. 

Conductance Measurements of Fillers and Polymers Films: Electrical conductivity 

measurements were conducted using two different types of electrometer by applying 

90V voltage. The electrical conductivity of the as-prepared fillers and polymer films 

with electrical conductivity greater than 10-2S m-1 was measured using a standard four-

point probe method on a Loresta GP resistivity meter (MCP-T610 model, Mitsubishi 

48 Chemical Corporation, Japan). For electrical conductivity measurements lower 

than 10-2S m-1, the measurement was performed using a Keithley 6517A electrometer 

connected to a Keithley 8009 test fixture (Keithley Instruments, USA). 

Differential Scanning Calorimetry: Differential scanning calorimetry (DSC) of 

PABA polymer films prepared from their respective suspensions was investigated using 

a DSC Q100, TA Instruments, USA. A heating-cooling-heating cycle was performed 

at 10°C min-1 under nitrogen atmosphere.  

Thermo-gravimetric Analysis: A Thermo-gravimetric Analyzer Q550 TA 

Instruments, USA, was used to measure the weight loss of the prepared PABA polymer 

films and their thermal resistance. Polymer films were heated under air atmosphere at 

room temperature to 800°C using a heating rate of 10°C min-1. The samples were held 
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at 800°C for 10min before cooling down. Thermo-gravimetric analysis (TGA) and 

derivative thermo-gravimetric (DTG) curves were obtained.  

Scanning Electron Microscopy: The morphologies of the as-prepared polymer films 

were characterized by a field emission scanning electron microscope FE-SEM, 

Quanta™ 250. Cryo-scanning electron microscopy (cryo-SEM) analysis of the filler 

suspensions was performed using the same SEM equipment with an attached Gatan 

Alto 2500 cryo stage and xTm version 4.1.12.2162 software. A small amount of the as-

prepared fillers suspensions was dropped onto a rivet and rapidly frozen in liquid 

nitrogen before being transferred to cryo-SEM chamber. The images were captured 

under low vacuum with a secondary electron detector and an accelerating voltage of 

5kV. 

Brunauer-Emmett-Teller Surface Area Analysis: All samples were degassed under 

vacuum at 353K for 3h. Surface area of the prepared polymer films from their 

respective polymer suspensions were measured using the Brunauer-Emmett-Teller 

(BET) method. BET surface area analysis was performed under standard Nitrogen 

(N2) adsorption and desorption experiments using an Autosorb-1, Quanta Chrome 

Instruments surface area analyzer.  
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4.6.2 Results and Discussion 

4.6.2.1 Thermo-gravimetric Analysis of Carbon Nanotubes and Nitrogen-

doped Graphene 

 

Figure S 4-1: (a) TGA; and (b) DTG thermograms of CNT (green), and NEG (blue). 
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4.6.2.2 Transmission Electron Microscopy of Carbon Nanotubes and 

Nitrogen-doped Graphene 

 

Figure S 4-2: TEM micrographs of synthesized CNT and NEG. 

 

 

 

 

 

 

 

 

 

 

20 nm

CNT

40 nm

NEG
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4.6.2.3 Raman Spectroscopy of Carbon Nanotubes and Nitrogen-doped 

Graphene 

 

Figure S 4-3: Raman spectroscopy of CNT (green), and NEG (blue). 
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4.6.2.4 X-ray Photoelectron Spectroscopy of Carbon Nanotubes and 

Nitrogen-doped Graphene 

 

Figure S 4-4: (a) XPS spectroscopy of CNT (green), and NEG (blue), C1s spectra. C1s core level XPS 
spectra for synthesized (b) CNT; and (c) NEG. CO bonding includes C–O, C=O and O=C–O bondings. 
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4.6.2.5 X-Ray Diffraction Analysis 

The structural information and crystallinity of polymerized pure PABA and its 

composites can be deduced from XRD analysis. Figure S 4-5 demonstrates typical 

XRD patterns of PABA polymers. The crystalline peaks at 2θ = 10.64, 14.16, 20.88, 

24.96, 27.12 and 30.38 are attributed to (001), (011), (020), (200), (121) and (022) 

crystallographic plane reflections of PANI backbone in its conductive, emeraldine salt 

state (Wu and Lin 2006, Papathanassiou, Mykhailiv et al. 2016). The peaks are 

assigned to crystalline regions in an amorphous matrix of PANI backbone. The (011), 

Table S 4-1: XPS peak positions data for C1s line of CNT and NEG. 

Sample Type 
Component 
Assignment 

Peak BE (eV) 
Atomic Conc. (%) 

NEG 

sp2-C 284.01 
53.41 

Sp3-C 284.64 
26.1 

CO bondings 
285.06 
286.29 
288.08 

20.49 

CNT 

sp1-C 283.73 
6.51 

sp2-C 284.47 
73.98 

sp3-C 285.37 
6.87 

CO bondings 

293.89 
291.26 
286.69 
289.30 

12.64 

1CO bondings include C-O, C=O and O=C-O bondings. 
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(020), (200) reflections are assigned to the repeating units of polymer chains. They are 

part of the periodicity perpendicular and parallel to the PANI backbone, respectively 

(Pouget, Jozefowicz et al. 1991). XRD patterns of all specimens are similar to the 

pattern of pure PABA. This is indictive that no additional crystalline orders have been 

introduced to the PANI structure. The unit structures of the PANI backbone has been 

retained after the formation of PANI nanocomposites. Similar to the highly doped 

emeraldine salt state of PANI, (200) reflection is more intense for PABA polymerized 

in the presence of DNA_CNT_NEG, DNA_CNT, and NEG. The observations signify 

the effective formation of a conductive state of PABA for these specimens. It should 

be mentioned that the enhancement to the intensity of (200) reflection for the 

aforementioned composites of PABA compared to the pure PABA, may be attributed 

to the overlapping of the main peaks of PANI backbone and graphitic structures of 

carbon nanomaterials.  
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Figure S 4-5 : XRD spectra of polymerized pure PABA and PABA composite films prepared from the 
respective polymer solutions in the presence of 2wt.% fillers. 

4.6.2.6 Differential Scanning Calorimetry 

To study the thermal stability of different samples, thermal analysis of the as-

synthesized PABA composites and pure PABA films was made using DSC. The DSC 

curves of PABA polymerized in different systems are shown in Figure S 4-6.  
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Figure S 4-6: (a) DSC thermograms of polymerized pure PABA and PABA composite films prepared 

from the respective polymer solutions in the presence of 2wt.% fillers. (b DSC thermograms showing the 
calculated transition temperatures and the measured heat flows for the observed endothermic peaks for 

composite films of PABA_DNA_CNT_NEG (black) and PABA_CNT (green). 

The DSC of all samples shows two endothermic transitions. Figure S 4-6 compares 

the difference between the transition temperatures and the measured heat flows of the 

observed endothermic peaks for two different systems of PABA_DNA_CNT_NEG 

and PABA_CNT. For PABA_CNT, the first transition occurs at a broad temperature 

range of 50-120°C . This is attributed to the loss of lattice water, low molecular weight 

and the shorter length oligomers of aniline (Rafiqi and Majid 2016). The second 

transition is a bit broader and dipper. The endothermic peak at 227°C may be caused 

by a loss of the higher molecular weight polyaniline (Rafiqi and Majid 2016). The DSC 

of the PABA_DNA_CNT_NEG has two prominent endothermic transitions, which 

are very intense compared to the earlier system. As shown in Figure S 4-6 for 

PABA_DNA_CNT_NEG, the first transition peak which occurs at 122°C is 
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corresponded to the loss of water probably embedded in the outer layers of PANI 

backbone. PABA polymerized in this work contains some hydrophilic groups of boronic 

acid which may absorb some moisture. The more intense peak for 

PABA_DNA_CNT_NEG compared to the small dip observed for PABA_CNT 

reveals the formation of PABA in the first system with the  discernible moisture 

content. Moreover, it is reported that PANI contains more moisture content in its 

emeraldine salt state (Chen 2003). Thus, we conclude that PABA_DNA_CNT_NEG 

exists mainly in the conductive state of emeraldine salt. This is aligned to the other 

analysis observations preformed. The second transition which occurs at 249°C confirms 

the decomposition of high molecular weight, and polyconjugated structures of PANI 

backbone. As seen in Figure S 4-6, the heat flow of this degradation peak for the 

PABA_DNA_CNT_NEG (885j g-1) is about 7 times greater than the calculated heat 

flow for PABA_CNT (127j g-1). These observations confirm the formation of a higher 

molecular weight PABA for PABA_DNA_CNT_NEG, requiring more heat content 

for decomposition. We also believe that the decomposition of fillers added during the 

polymerization reaction may combine with the decomposition of PANI chains around 

the second transition peak. Since all polymers contain the same amount of filler, we 

conclude that the heat flow of decomposition peak was mainly dominated by the 

polymer, with little contribution from the fillers. Comparing thermograms of the two 
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different systems exposes that PABA_DNA_CNT_NEG has a higher thermal 

stability than the PABA_CNT system. The evidence of strong electronic and 

molecular interactions between fillers and monomers of ABA in PABA polymerized in 

the presence of DNA_CNT_NEG is validated by the DSC observations.  

Another feature of the DSC thermogram that confirms the electronic interactions 

of fillers and ABA monomers is the absence of any exothermic peaks during the 

annealing process of PABA composites. As reported, PANI exothermic peaks are 

associated to cross-linking reactions during the annealing process (Scherr, MacDiarmid 

et al. 1991, Vargas, Poli et al. 2017). The crosslinking reactions result from the 

coupling of two neighboring -N=Q=N- groups to give two -NH-B-NH- groups through 

the link of the nitrogen with its neighboring quinoid ring (where Q, and B represents 

the quinoid and benzenoid rings, respectively). It is believed that in the presence of 

graphene oxide nanosheets in PANI nanocomposites, there is an engagement of PANI 

p-orbital electrons stacking with sp2-hybridized carbon atoms of graphene oxide, 

decreasing their availability to go through cross-linking (Vargas, Poli et al. 2017). Due 

to this fact, the cross-linking reaction is thermodynamically disfavored. Since no 

exothermic peak is observed during annealing process of synthesized PABA, we may 

confirm the presence of molecular attractions at the interfacial layer after the 

polymerization reaction. The other reason for the absence of exothermic peaks in DSC 
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thermograms of PABA may be related to the nature of the PABA molecular structure 

which contains functional groups of boronic acid and is very different from that of 

PANI backbone. The boron atoms possess a strong electron-withdrawing nature due 

to their vacant p-orbital. Such interactions in PABA polymer backbone may decrease 

the availability of PANI neighboring units to undergo an exothermic crosslinking 

reaction during hating process in DSC.  

4.6.2.7 Thermo-gravimetric Analysis  

Figure S 4-7a and S 4-7b present the TGA and DTG results of PABA polymers 

synthesized under different conditions. There are three major stages for the weight 

loss of PABA samples polymerized in different systems. For each sample the first 

weight loss around 100-150°C results from the evaporation of moisture. The second 

weight loss occurs about 200-350°C. This is from the degradation of the chemical 

structure the PABA molecules and is consistent with DSC results. For 

PABA_DNA_CNT_NEG the maximum temperature when the second weight loss 

occurs is higher than the other samples, which shows higher thermal stability of this 

sample compared to other counterparts. We believe at this stage the electronic and 

molecular attractions between fillers and polymer chains are destroyed; thus, polymers 

evaporation and degradation start. Therefore, the onset temperature for degradation 

of the PABA_DNA_CNT_NEG nanocomposite is higher than the pure PABA and 
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PABA_DNA with the minimum available molecular attractions within their 

structures. The TGA and DTG for pure nitrogen-doped graphene and carbon 

nanotubes (Figure S 4-1) were also conducted. Carbon nanotubes do not show weight-

loss at 200-350°C. Nitrogen-doped graphene shows a weight loss at 200°C and this 

may have contributed to the observed peaks of PABA nanocomposites containing 

nitrogen-doped graphene. 

 

Figure S 4-7: (a) TGA; and (b) DTG  thermograms of polymerized pure PABA and PABA composite 
films prepared from the respective polymer solutions in the presence of 2wt.% fillers. 

The third major transition in TGA of PABA polymers initiates at 450°C and ends 

at 700°C. There is a weight loss of about 60-80% for PABA_CNT, PABA_DNA and 

pure PABA. This is attributed to the release of organic moieties like C, H and N 

(Rafiqi). The same transition with a lower weight loss (10-40%) is observed for 

PABA_DNA_CNT_NEG, PABA_DNA_CNT and PABA_NEG systems. These 

observations demonstrate that PABA polymerized in the presence of 

DNA_CNT_NEG, DNA_CNT, and NEG are mainly decomposed around 200-350°C 
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(60-80% weight loss). This finding is consistent with DSC results. DSC of 

PABA_DNA_CNT_NEG, PABA_DNA_CNT and PABA_NEG systems also have 

a more intense and sharp transition peak around 200-250°C with a much higher heat 

flow corresponding to the same transition in TGA. The TGA curves show complete 

decomposition of PABA polymers in all samples. 
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4.8 Table of Contents Entry 

DNA-functionalized carbon nanostructures act as molecular templates (nucleating 

agents) to anchor anilineboronic acid monomers during in situ chemical 

polymerization. This molecular anchoring resulted in the synthesis of highly-ordered, 

polyconjugated, and conductive state of polyaniline, i.e. emeraldine salt state. Due to 

having a higher conjugation length compared to insulative state of polyaniline, i.e. 
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pernigraniline, the absorption peak for this polymer during UV-Vis spectroscopy is red 

shifted to higher wavelength.  
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Chapter 5 

Enhanced Sensitivity of Dopamine Biosensors: An Electrochemical Approach 

Based on Nanocomposite Electrodes Comprising Polyaniline, Nitrogen-Doped 

Graphene, and DNA-Functionalized Carbon Nanotubes 
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5.1 Abstract 

A new, highly exfoliated nitrogen-doped graphene is electrochemically synthesized, 

which enhances the catalytic activity of poly(anilineboronic acid) nanocomposite 

electrodes for dopamine detection in the presence of excess ascorbic acid. The sensing 

approach is made up of poly(anilineboronic acid) nanocomposites electrodeposited on 

the surface of an electrode via in situ electrochemical polymerization of anilineboronic 

acid monomers using cyclic voltammetry. A thin layer of DNA-functionalized carbon 

nanotubes, and nitrogen-doped graphene is coated on the electrode surface prior to 

electro-polymerization. During the electro-polymerization the π-π stacking and 

electrostatic interactions between DNA-coated carbon nanostructures and monomers 

anchor anilineboronic acid monomers on the electrode surface. This molecular 

anchoring increases electrodeposition of the respective nanocomposites on electrode; 

thus, greatly enhances the density of boronic acid receptors for dopamine binding. The 

coordinate covalent bonds between nitrogen atoms of graphene and boron atoms of 

anilineboronic acid monomers, further increases the density of boronic acid groups for 

target analyte detection. The developed highly-sensitive and -selective biosensor is 

capable of dopamine detection in a wide linear range from 0.02-1μM, along with a 

detection limit of 14nM, which is a very significant step forward for dopamine 
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detection and paves the way for molecular diagnosis of neurological illnesses such as 

Parkinson’s disease.  

5.2 Introduction 

Parkinson’s disease (PD) is a long-term degenerative, neurological disorder of the 

central nervous system, associated with many motor and non-motor actions, affecting 

body functions to a variable degree (Jankovic 2008). Due to lack of a specific analytical 

test for diagnosis of PD, it is usually diagnosed through reviewing patients’ medical 

history, and conducting some physical and neurological examinations (Jankovic 2008). 

After the original description of PD by James Parkinson in 1817 (Parkinson 2002), 

Carlsson et al. (Carlsson, Lindqvist et al. 1957) discovered dopamine (DA) as a 

putative neurotransmitter, which was later recognized as a significant catecholamine 

playing a very significant role in mammalian cardiovascular, renal, hormonal, and 

central nervous system (Wightman, May et al. 1988, Heien, Khan et al. 2005, Zhang, 

Neumeyer et al. 2007). It was first discovered in 1960 by Ehringer and Hornykiewicz, 

that abnormal concentrations of DA in the striatum of brain could be linked to 

neurological disorders such as PD (Hornykiewicz 2006, Björklund and Dunnett 2007). 

Thus, the ability to selectively detect DA with high sensitivity is of critical importance 

for molecular diagnosis of PD. 
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Many approaches including spectroscopy (Carrera, Sabater et al. 2007, Moghadam, 

Dadfarnia et al. 2011), liquid chromatography (Sasa and Blank 1977), fluorescence 

(Park, Zhang et al. 1999), and capillary electrophoresis (Vuorensola, Sirén et al. 2003, 

Chen and Chzo 2006) have been implemented for detection of DA. However, these 

methods are expensive, time-consuming and usually require specialized equipment. 

The perfect biosensor should have some features such as infinitely fast response time, 

ease of use, low-cost and particularly high sensitivity and selectivity. Due to the 

electroactive nature of DA and its ease of oxidation at conventional electrodes (Hepel 

1998, Njagi, Chernov et al. 2010), its detection through electrochemical methods have 

received huge attention over the past few decades. However, there are some 

disadvantages associated with oxidative electrochemical approaches reported in 

literature. One of the major problems is that the basal concentration of DA in the 

extracellular fluid of the central nervous system is extremely low (0.01-1µM) for a 

healthy individual and in the nanomolar range for patients with Parkinson’s disease 

(Justice 1993, Venton and Wightman 2003, Arrigan, Ghita et al. 2004), whereas the 

concentrations of the most severe interferents for DA detection, e.g. ascorbic acid 

(AA), are several orders of magnitude larger. Co-oxidation of AA within the same 

potential window as DA, regeneration of DA from its oxidized product (DA-ortho-

quinone) by AA, and fouling of the electrode surface due to oxidized products of DA 
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are considered as the main issues with oxidative approaches, which severely impairs 

their sensitivity and selectivity (Ali, Ma et al. 2007, Qian, Yu et al. 2013, Huang, 

Zhang et al. 2014).  

To improve the sensitivity and selectivity of DA detection methods, several efforts 

have been made to modify the electrode surfaces using nanostructured components. 

The most commonly used materials to modify the electrode surfaces include carbon 

nanomaterials e.g. carbon nanotubes (CNT) (Chen and Chzo 2006, Li, Liu et al. 2011, 

Li, Du et al. 2012) and graphene (Kang, Wang et al. 2009, Li, Chai et al. 2010, Wang, 

Wu et al. 2013), metal nano particles (Wang, Shoji et al. 2011), and conducting 

polymer layers (Peng, Zhang et al. 2009, Qian, Yu et al. 2013, Xu, Jarjes et al. 2018). 

However, the detection schemes are still based on direct oxidation of DA on the 

electrode surface, where the large over potential and electrode fouling due to the 

oxidized products of DA can make difficulties for the accurate detection of DA. 

Thus, a non-oxidative approach which does not rely on oxidation or reduction of 

DA could be more reliable and consistent. Some non-oxidative strategies have been 

already developed to detect DA with an acceptable selectivity; including using two 

immiscible electrolyte solutions to detect DA at the interface of electrolytes by an 

amperometric method (Arrigan, Ghita et al. 2004), implementing phenyl boronic acid 

derivatives such as polyanilineboronic acid (PABA) as DA selective receptors 
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(Strawbridge, Green et al. 2000, Fabre and Taillebois 2003). Nevertheless, the above-

mentioned methods have not been sensitive enough to determine DA in a concertation 

range acceptable for molecular diagnosis of PD (nanomolar range). 

One-dimensional (1D) CNT (single-walled CNT and multi-walled CNT), and two-

dimensional (2D) graphene compounds (graphene nano-ribbon (GNR), graphene oxide 

(GO), and reduced graphene oxide (RGO)) demonstrate excellent mechanical, 

electrical and optical properties opening many new approaches for their use in 

biosensor applications (Balasubramanian and Burghard 2006, Stankovich, Dikin et al. 

2006, Georgakilas, Otyepka et al. 2012, Ambrosi, Chua et al. 2014). Still, poor 

dispersability and high aggregation affinity of these carbon nanostructures in both 

aqueous and non-aqueous medium make it challenging for practical applications.  

The electrocatalytic activity and dispersion properties of the graphene can be 

modified by changing their atomic structure through doping with heteroatoms 

including phosphorous and nitrogen functional groups. Among the studied dopants, 

nitrogen has gained the most attraction due to the closeness of its atomic radius to 

carbon (Wang, Maiyalagan et al. 2012). Thus, nitrogen-doped (N-doped) graphene has 

been evaluated as a novel material for many electrochemical applications including 

sensors (Sheng, Zheng et al. 2012), lithium batteries (Reddy, Srivastava et al. 2010), 

and oxygen reduction applications (Lai, Potts et al. 2012). In this work we synthesized 
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highly exfoliated graphene nano-sheets, using a single inorganic electrolyte (namely 

(NH4)2SO4)), possessing a few functional groups of oxygen along with some N-doped 

active sites (Sharif, Zeraati et al. 2019). This electrochemically-derived, partially-

oxidized graphene exhibited a very stable dispersion state in aqueous solutions, as well 

as better electrocatalytic activity, while achieving an electrical conductivity as high as 

parent graphene (Sharif, Zeraati et al. 2019). Since the tendency for aggregation of 

graphene nanostructures makes it very challenging for their application in sensors, the 

synthesis of this exfoliated N-doped graphene (NEG) could open new opportunities in 

this area. 

It was recently proposed that bundled single-walled CNT could be efficiently 

dispersed in aqueous solutions using single stranded deoxy ribonucleic acids (ss-DNA) 

(Zheng, Jagota et al. 2003). Very similar to graphene nanostructures, a good dispersion 

state of CNT in aqueous media makes it more feasible for CNT to attain the full 

potential of their excellent properties in practical applications.  

In this paper, we combine excellent properties of ss-DNA-functionalized multi-

walled CNT (DNA-CNT), electrochemically-derived NEG, and PABA (as DA 

selective receptor) to develop a non-oxidative electrochemical biosensor for a highly-

sensitive and -selective detection of DA in the presence of excess AA. We believe in 

that modification of the glassy carbon (GC) electrode with nanostructures of DNA-
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CNT/NEG (see Scheme 5-1), greatly increased the effective electrode surface area, and 

performed multiple roles during the in situ electrochemical polymerization of 

anilineboronic acid (ABA) monomers, which makes this work very unique compared 

to the previously reported nanocomposites for DA detection (Li, Chai et al. 2010, 

Huang, Zhang et al. 2014, Wang, Xu et al. 2014, Yang and Li 2014). The benefits of 

this modification are many. Firstly, this very large surface area enhanced the π-π 

stacking between nanohybrid structures of carbon coated on the electrode surface and 

phenyl groups of ABA monomers in the electrolyte solution. Secondly, some 

electrostatic interactions were established between polyanionic chains of DNA in DNA-

CNT/NEG, and ABA monomers holding positive charges. Finally, as a result of an 

efficient interfacial interaction between electrode surface and electrolyte solution, a 

coordinate covalent bond was formed between non-bonding electrons of nitrogen atoms 

in DNA-CNT/NEG and free orbitals of boron atoms in ABA monomers. The enhanced 

interfacial interactions between electrode and electrolyte during in situ electrochemical 

polymerization caused more deposition of polymer on the electrode surface, resulting 

in a higher density of boronic acid functional groups available for dopamine binding; 

and thus, significantly increased the sensitivity and selectivity of this detection 

method. In this paper, through the electrodeposition of a thin layer of DNA-

CNT/NEG/PABA nanocomposites onto the electrode surface, dopamine 
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concentrations as low as 14nM were detected with differential pulse voltammetry 

technique. The performance of the biosensor modified with DNA-CNT/NEG/PABA 

was also compared with other differently-modified electrodes as control experiments. 

 

Scheme 5-1: Schematic on making nanohybrid structures of DNA-functionalized carbon 
nanotubes and nitrogen-doped graphene. (Not to scale) 

5.3 Experimental 

5.3.1 Reagents and Chemicals 

Single stranded deoxy ribonucleic acids containing 30 units of thymine nitrogenous 

base, was purchased from Integrated DNA Technologies Inc., San Diego, California. 

3-amino phenylboronic acid hemisulfate salt, dopamine hydrochloride, L-ascorbic acid, 

potassium fluoride, sulfuric acid, and all other reagents were purchased from Sigma-

Aldrich Inc., Oakville, Ontario. All the reagents were of analytical grade and were 
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used as received. Ultrapure water (19MΩ) was used to prepare all solutions and was 

used for rinsing and cleaning all the samples and electrodes.  

5.3.2 Synthesis and Dispersion of Multi-walled Carbon Nanotubes, and 

Partially-oxidized Nitrogen-doped Graphene 

Multi-walled CNT were synthesized using chemical vapor deposition (CVD), at 

synthesis temperature of 650°C and synthesis time of 2h, and had an average length 

and diameter of about 1.5μm and 9nm, respectively (Keteklahijani, Arjmand et al. 

2017). The electrochemical synthesis of partially-oxidized, highly exfoliated nitrogen-

doped graphene (NEG) was conducted in a 150mL beaker using an Agilent power 

supply as a power source. The relevant electrolyte solution was prepared as follows: 

1.32g of (NH4)2SO4 salt was dissolved in 100mL of deionized (DI) water to prepare 

0.1M solution of (NH4)2SO4. A platinum wire and graphite plate (5cm2) were used as 

cathode and anode electrodes, respectively. The distance between the electrodes was 

2cm. The 100mL of 0.1M (NH4)2SO4 solution was poured in the electrolytic cell. The 

cell potential was kept at a constant voltage of 10V.  After electrochemical exfoliation, 

the resultant product was filtered and washed with DI water using a vacuum filtration 

setup and HTTP membrane. The experiment started and continued at the constant 

voltage of 10V until the current dropped to 0A. The obtained material was sonicated 

and dispersed in DI water using a bath sonicator for 1h. Afterwards, it was centrifuged 
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at 1000rpm to separate the large unexfoliated particles. Further information on 

synthesis and physical characterization of this synthesized N-doped graphene is found 

in our recent work (Sharif, Zeraati et al. 2019). 

For dispersion of multi-walled CNT in an aqueous solution using ss-DNA, the 

bundled multi-walled carbon nanotubes were first dispersed into water using the 

protocol described by Zheng et al. (Zheng, Jagota et al. 2003). Briefly, 1mg of the as-

synthesized CNT was suspended in 1mL aqueous solution of ss-DNA containing 1mg 

mL-1 ss-DNA in 0.1M NaCl. The prepared mixture was maintained in an ice-water 

bath and sonicated for 90min.  

1mg mL-1 solution of the synthesized NEG was also prepared by 90min sonication 

in water, giving a well-dispersed suspension of NEG in water. 1mg mL-1 suspension of 

a mixture of DNA-CNT and NEG was also prepared by sonication in water, and a 

mass ratio of 3:1 was chosen for DNA-CNT to NEG. More details on the selected mass 

ration between DNA-CNT and NEG is thoroughly explained in our recent work which 

is still under preparation (Zamani Keteklahijani, Sharif et al. 2019). The same 

conditions were used to obtain 1mg mL-1 aqueous solutions of CNT, and ss-DNA in 

water, separately.  
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5.3.3 Electrochemical Measurements  

The GC electrode (3mm OD) was first polished with micron-sized alumina 

powders, then rinsed thoroughly with water, subsequently sonicated in ethanol, and 

finally dried with nitrogen stream. The clean, dry GC electrodes were separately 

modified with 4μL of each of the prepared filler suspensions, then dried at room 

temperature to obtain DNA/GC, CNT/GC, NEG/GC, DNA-CNT/GC, DNA-

CNT/NEG/GC electrodes. A bare GC electrode was also used as control experiment. 

Electrochemical polymerization of 3-aminophenylboronic acid on each of the 

modified GC electrodes, and all other electrochemical measurements were carried out 

at a Metrohm-Autolab BOOSTER20A electrochemical station using a Nova 2.0 

software. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

experiments were performed by employing a conventional three-electrode system, with 

each of the modified GC electrodes as the working electrode, a platinum wire as the 

counter electrode, and Ag/AgCl as the reference electrode. In this work, all the 

potentials are quoted in terms of reference electrode scale.  

CV measurements were taken from -0.2 to 1V at scan rate of 100mV s-1 for 

electrochemical polymerization, and from -0.6 to 0.8V using the same scan rate for 

detection of DA. The experimental conditions for DPV measurements were set up to 

be: scan rate 10mV s-1; step time 50ms; pulse amplitude 5mV; and pulse period of 0.5s. 
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All solutions were freshly prepared and kept in dark vials at 0-4°C to avoid oxidation 

of DA. 

5.3.4 Cryo-scanning Electron Microscopy  

Cryo-scanning electron microscopy (cryo-SEM) analysis of the filler suspensions 

was performed using a FEI Quanta FEG 250 SEM with attached Gatan Alto 2500 

cryo stage, and xTm version 4.1.12.2162 software. A small amount of freshly mixed 

filler suspensions was dropped onto a rivet and quickly frozen in liquid nitrogen before 

being transferred to the SEM instrument. The images were captured under low 

vacuum with a secondary electron detector, and an accelerating voltage of 5kV. 

5.4 Results and Discussion 

5.4.1 Enhanced Speed of Electrochemical Polymerization  

Each of the GC electrodes was first modified with different filler suspensions, 

separately. Then, the in situ electrochemical polymerization was conducted by 

sweeping the potential from -0.2 to 1V (versus Ag/AgCl), in an electrolyte solution 

containing 0.05M 3-aminophenylboronic acid, 0.04M potassium fluoride and 0.5M 

sulfuric acid. Then, PABA electrodeposited on the surface of differently modified GC 

electrodes, through separate experiments. To clearly read the initial polymerization 

potential and compare the polymerization current, the first cycles of electrochemical 

polymerization for each of the GC-modified electrodes and bare GC electrode is 
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demonstrated in Figure 5-1c (see Figure S 5-1 for complete version of all 

electrochemical polymerization curves). The large oxidation/anodic peak during the 

first cycle represents the initiation of electrochemical polymerization for 3-

aminophenylboronic acid monomers on the electrode surface. This first cycle is called 

a nucleation loop and possesses higher currents in the high potential region of the 

anodic cycle than the corresponding region of the cathodic cycle. This is the typical 

pattern for deposition of a conducting film on the electrode surface.  

Figure 5-1c also compares the differences in electrochemical polymerization rate for 

differently modified and unmodified GC electrodes. It is seen in Figure 5-1c that 

monomers polymerized much more easily on the surface of GC electrode modified with 

DNA-CNT than other electrodes. This is indicated through a negative shift of about 

660mV in the initial polymerization potential with respect to the bare GC electrode 

(shown by arrows in Figure 5-1c). Comparing the initial potentials, we see that the 

electrochemical polymerization on the surface of DNA-CNT modified electrode is 

about 15 times faster than bare GC electrode. Moreover, the maximum current 

through the first cycle of electrochemical polymerization on DNA-CNT modified 

electrode was 64 times higher than that of bare GC, providing a further support for 

ease of polymerization on this electrode. The GC electrode modified with DNA-

CNT/NEG also demonstrated the similar effects as DNA-CNT in terms of the initial 
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polymerization potential, whereas, the maximum current observed during the first 

cycle was slightly lower for this electrode than DNA-CNT. For the DNA-CNT 

modified electrode developed in this work, the initial polymerization potential and 

maximum current during the first cycle of electrochemical polymerization has a 

significant improvement over those reported in similar works conducted in this area. 

For example, herein the initial polymerization potential of the first cycle of 

electrochemical polymerization for DNA-CNT modified GC electrode has a huge jump 

of about 400mV compared to similar work using a gold modified electrode (Ma, Ali et 

al. 2006). 
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The reason behind the observed negative shifts in initial polymerization potential 

for DNA-CNT and DNA-CNT/NEG modified electrodes is that the onset of 

propagation of PANI chains during in situ polymerization requires overcoming an 

energy barrier corresponding to an oxidation potential of 1.05V (Sapurina and Shishov 

2012). The presence of negative charges along the polyanionic chains (phosphate 

groups) of DNA in DNA-CNT, and DNA-CNT/NEG modified electrodes can establish 

 

Figure 5-1: CV curves during electrochemical polymerization of 3-aminophenylboronic acid monomers on 
electrodes from the first cycle to the last (25st) cycle for (a) DNA-CNT/NEG-modified; (b) DNA-CNT-

modified GC electrodes. The (c) first cycle; and (d) last (25st) cycle of the polymerization for each modified 
and unmodified GC electrode. CV scan rate: 100mV s-1. 
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electrostatic interactions with positively charged monomers of ABA in electrolyte 

solution, causing the alignment of ABA monomers along the filler length. This means 

that DNA-coated fillers act as molecular templates to anchor the ABA monomers, and 

facilitate the polymerization; thus, overcoming the energy barriers of PANI backbone 

at a much lower energy (E ≤ 0.1V). To understand whether DNA plays a major role 

in the increased polymerization speed observed in these two systems, a thin layer of 

pristine DNA was deposited on the GC electrode, and then the electrochemical 

polymerization of PABA was performed under the same conditions as described above. 

Astonishingly, we found that polymerization of PABA is more difficult on the pristine 

DNA modified electrode, as the initial polymerization potential had a positive shift 

compared to the DNA-CNT and DNA-CNT/NEG modified electrodes. Therefore, the 

above-mentioned electrostatic interactions between DNA and ABA monomers cannot 

be the sole reason for the ease of polymerization. We propose that non-covalent π-π 

interactions between phenyl rings of ABA monomers in electrolyte solution and 

graphitized nanostructures of CNT and graphene aided the preconcentration of the 

ABA monomers on the GC electrodes modified with DNA-CNT, and DNA-

CNT/NEG; thus, facilitated the polymerization. 

As seen in Figure 5-1d, the continued potential cycling will result in higher 

deposition of PABA on the surface of working electrode. In agreement with previous 
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reports (Nicolas, Fabre et al. 2000, Shoji and Freund 2002, Ma, Ali et al. 2006), the 

cyclic voltammograms of PANI electrochemical polymerization exhibited two pairs of 

redox peaks in subsequent cycles. These redox peaks correspond to the conversion of 

the insulating, reduced form of PANI (leucoemeraldine) to the conducting, 

intermediately-oxidized form (emeraldine) (E ≈ 0.3-0.4V vs. Ag/AgCl), and 

subsequently from emeraldine form to the insulating, fully oxidized form 

(pernigraniline) (E ≈ 0.6-0.8V vs. Ag/AgCl) (Shoji and Freund 2002, Ma, Ali et al. 

2006). Figure 5-1d shows the last (25th) cycle of CV curves for electrochemical 

polymerization of ABA monomers on differently modified GC electrodes, and bare GC 

electrode. It is observed that DNA-CNT and DNA-CNT/NEG modified GC electrodes 

demonstrated much higher currents than other systems, about 1000-fold and 900-fold 

higher, respectively, than bare GC electrode. This means that we have a higher amount 

of deposition of PABA on the surface of GC electrodes modified with DNA-CNT and 

DNA-CNT/NEG compared to their counterparts. The faradic current for GC electrode 

modified with DNA-multi-walled CNT in this work, is about 6 times higher than a 

gold electrode modified with DNA-single-walled CNT (Ma, Ali et al. 2006).  

The possible reasons for the higher maximum current observed for DNA-CNT and 

DNA-CNT/NEG modified electrodes are as follows. The preconcentration of ABA 

monomers by DNA modified carbon fillers might result in formation of an organized 
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supramolecular structure of PANI, that is a polymer backbone with elongated 

polyconjugated chains, and high conductivity (Van Dyke and Martin 1990, Martin 

1994). The higher conductivity of the electrodeposited polymer is a possible reason for 

the higher maximum current observed for electrochemical polymerization in DNA-

CNT and DNA-CNT/NEG modified electrodes. It is known that the continued 

deposition of polymer during the electrochemical polymerization occurs only if the 

deposited polymer on the electrode surface is conductive. Otherwise, self-termination 

of polymerization would occur, as observed for bare GC electrode in Figure S 5-1d. No 

early self-termination is observed during the electrochemical polymerization on DNA-

CNT and DNA-CNT/NEG modified electrodes. This provides a further support on 

higher conductivity of the electrodeposited PABA on these electrodes, justifying the 

higher maximum current observed during their electrochemical polymerization. The 

higher effective electrode surface area due to the better dispersion state of DNA-coated 

carbon nano materials is another possible reason for enhanced maximum current, and 

this will be explained later using cryo-SEM images. 

In the subsequent cycles of CV curves in Figure 5-1a and 5-1b (after 1st cycle), 

another interesting feature is the upshift in the redox peak potentials of PANI 

backbone. Although the initial polymerization potential for DNA-CNT and DNA-

CNT/NEG modified systems shifted negatively, the redox peak potentials of PANI 
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backbone for these two electrodes shifted positively by about 200mV compared to the 

other electrodes. It was reported previously that the presence of polymeric anions, e.g. 

DNA, inside the electrolyte solution during an in situ electrochemical polymerization, 

increases the speed of growth of PANI backbone on the working electrode; thus, 

facilitating the polymerization (Liu, Cholli et al. 1999, Liu, Kumar et al. 1999). In 

those reports, the ease of polymerization was always accompanied by a positive shift 

of PANI redox peaks. This is very similar to our observations here for DNA-CNT and 

DNA-CNT/NEG modified electrodes. The redox peak potentials of PANI backbone 

for first and second transformations was shifted positively by about 100mV and 

200mV, respectively, for electrodes modified with DNA-coated carbon nanomaterials 

compared to the GC electrodes without them. This phenomenon is due to the steric 

hindrance effect corresponding to the massive polyanionic chains of DNA, making the 

conformational movements of PANI backbone more difficult.  

So far, we observed an increased speed of electrochemical polymerization (a more 

negative initial potential), and a greater amount of electrodeposited PABA (a higher 

maximum current during the last cycle, along with no early self-termination of 

electrochemical polymerization) for GC electrodes modified with DNA-coated carbon 

nanomaterials. Polydispersity and poor solubility of carbon nanostructures into 

aqueous and non-aqueous solutions always diminish their excellent intrinsic properties 
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in many practical applications (Zheng, Jagota et al. 2003). To understand whether the 

dispersion state of carbon nanostructures in aqueous solutions played any role on the 

results in this work, cryo-SEM images were obtained for each of the aqueous filler 

suspensions. As observed in the SEM micrographs in Figure 5-2 (also see Figure S 5-

2), the non-functionalized CNT in aqueous solution were in the form of big 

agglomerates (Figure 5-2a1,a2,a3), while the connected path of DNA-CNT (Figure 5-

2b1,b2,b3), and the haphazard honey-comb pattern in DNA-CNT/NEG (Figure 5-

2a1,a2,a3), undeniably confirm the better dispersion state of these two systems in water 

(see also the photographs of vials of filler suspensions in Figure S 5-3). So, we believe 

that the better dispersion state of carbon nanostructures increased the effective 

electrode surface area; resulting in more efficient interfacial interactions between 

modified electrodes and electrolyte solution containing ABA monomers. This aligns 

with the increased speed of polymerization, and more deposition of PABA for the 

electrodes modified with DNA-coated carbon nanomaterials. 
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Conductivity of the filler suspensions deposited on the GC electrode is another 

factor affecting polymerization speed and higher maximum current. The conductivities 

of the films prepared using each filler suspension was measured, and complete results 

on conductivity of each filler system can be found in supporting information, Table 5-

1. The conductivity of films prepared using DNA-CNT/NEG aqueous solution is 

measured to be 357S cm-1, which is about six times higher than that of films prepared 

 

Figure 5-2: SEM images of (a1, a2, a3) CNT; (b1, b2, b3) DNA-CNT; (c1, c2, c3) DNA-CNT/NEG 
dispersions in aqueous solutions of water. First row: low magnification images; second and third rows: 

high magnification images. 
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with CNT only. So, the higher speed of initial polymerization and growth speed of 

polymer for the DNA-coated carbon nanomaterials is attributed to the enhanced 

effective surface area of the electrodes, better dispersion state of carbon nano materials, 

and better conductivity of the resulting films. 

5.4.2 Detection of Dopamine in the Presence of Excess Ascorbic Acid Using 

Cyclic Voltammetry  

According to the electrochemical polymerization, we expect to observe an 

enhancement in electrocatalytic activity of electrodes modified with DNA-

CNT/PABA, and DNA-CNT/NEG/PABA nanocomposites than their counterparts 

with less amount of electrodeposited polymer. Accordingly, the electrochemical 

reactions of DA at GC electrodes modified with different PABA nanocomposites were 

studied in pH 7.4 PBS, using CV. PBS was selected to investigate the performance of 

the developed biosensors in a solution approximating the physiological environment. 

Each GC electrode modified with PABA nanocomposites was first stabilized in PBS, 

and a solution containing 500μM DA and 500mM AA was dropped into the electrolytic 

cell. Then, the potential was swept between -0.6 to 0.8V, until the CV curves 

stabilized, and the electrochemical current of the working electrode was measured (see 

Figure S 5-4). The comparison between stabilized CV curves of each modified and 

unmodified electrodes is observed in Figure 5-3. 
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As seen in stabilized CV curves of bare GC/PABA electrode (Figure S 5-4f), DA 

is detected through an unstable, diminishing anodic peak, while no corresponding well-

defined cathodic peak is observed for this electrode. This tiny peak (maximum peak 

current of about 9×10-5A) highlights the poor electrochemical activity of bare 

GC/PABA towards DA. A less-developed peak of AA is also observed on bare 

GC/PABA electrode (E ≈ 200mV), with a corresponding similar reduction peak. 

Unlike the bare GC/PABA, the DNA-CNT/PABA and DNA-CNT/NEG/PABA 

modified GC electrodes showed greater electrochemical activity for DA. The 

characteristic peak of DA appears around E ≈ 500mV, and E ≈ 450mV for DNA-

CNT/PABA and DNA-CNT/NEG/PABA, respectively (highlighted in yellow in 

Figure 5-3), showing a peak current that is about 1000 times more intense than the 

bare GC/PABA. As observed in Figure 5-3, DNA-CNT/PABA and DNA-

CNT/NEG/PABA systems show nearly the same activity towards DA biomolecules; 

however, the peak current of DA detection for the latter is two times bigger. A 

separated peak of DA and AA is also observed for these two systems. Furthermore, it 

is observed that the peak-to-peak separation between DA and AA is big enough to 

distinguish these two chemicals from each other (ΔE ≈ 300mV for DNA-CNT/PABA, 

and ΔE ≈ 250mV for DNA-CNT/NEG/PABA). This peak-to-peak separation value 

is comparable to some previous reports (Xu, Jarjes et al. 2018), and much better than 
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other work in this area (Lane and Hubbard 1976, Tse, McCreery et al. 1976, Wu, Feng 

et al. 2012, Li, Yang et al. 2013). For the pristine CNT/PABA electrode, a wide 

detection signal is observed, confirming the overlap of DA and AA detection signals. 

Among all the modified electrodes, the GC electrode modified with DNA/PABA is the 

only electrode that did not show any electrocatalytic activity towards either DA or 

AA. As seen in Figure S 5-1c, almost entirely no PABA is deposited on the surface of 

DNA modified electrode, so no selective receptor is available on this electrode for DA 

binding. 

 
 

Figure 5-3: CV curves of PABA composites, and neat PABA electrodeposited on GC 
electrode in PBS solution (pH = 7.4), in the presence of 500μM DA and 500mM AA. CV scan 

rate: 100mV s-1. 

As observed in Figure 5-1d in previous section, the maximum current obtained for 

electrochemical polymerization of PABA on GC electrodes modified with DNA-

CNT/NEG is negligibly lower than DNA-CNT electrodes. However, in the detection 

curves shown in Figure 5-3, a higher DA detection signal is observed for DNA-
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CNT/NEG/PABA electrodes. This is attributed to the structure of the 

electrochemically synthesized graphene in this work, which possesses some oxygen- 

and nitrogen-containing defective sites; thus, rendering a slightly lower graphitized 

structure than parent graphene. This would diminish some of the non-covalent π-π 

interactions between the electrode surface and phenyl groups of ABA monomers 

(described earlier in section 5.4.1); resulting in slightly lower deposition of PABA on 

GC electrodes modified with DNA-CNT/NEG. We contend that such non-covalent π-

π interactions are the most effective interactions to anchor ABA monomers on the GC 

electrode, and the key reason for formation of a polyconjugated, conductive structure 

of PABA. We also hold the opinion that the intensity of maximum current observed 

during the electrochemical polymerization (Figure 5-1d) is mainly attributed to the 

presence of elongated structures of PANI backbone. Since the occurrence of such 

structures in DNA-CNT/NEG/PABA system is less possible, slightly smaller peaks 

are detected during its electrochemical polymerization compared to the DNA-CNT 

modified electrodes. However, the highly exfoliated graphene in this work possesses 

some nitrogen-containing sites, including 32.45% pyridinic, 20.25% pyrrolic, and 47.3% 

graphitic nitrogen within the total of 2.5% nitrogen in the sample (see Figure 5-4). 

Detailed information on x-ray photoelectron spectroscopy (XPS) of NEG and CNT 
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samples is found in our other works (Keteklahijani, Arjmand et al. 2017, Sharif, Zeraati 

et al. 2019). 

 
 

Figure 5-4: Atomic percentage of pyridinic, pyrrolic and graphitic nitrogen in N1s core level XPS 
spectra for synthesized nitrogen-doped graphene. 

It has been reported that the graphitic nitrogen atoms are electron donors and 

enhance the electrocatalytic activity of graphene (Xing, Ju et al. 2016). Therefore, we 

believe that some coordinate covalent interactions are likely to be created between 

non-bonding electrons of nitrogen in NEG structure, and free orbitals of boron atoms 

in ABA monomers. The incidence of such covalent interactions is not as much as the 

non-covalent interactions, due to the lower number of nitrogen atoms in NEG 

compared to its graphitized, hexagonal assembly (Sharif, Zeraati et al. 2019). 

Moreover, the electrodeposited polymer resulting from such covalent interactions 

might not consist of para-substituted monomer units coupled in head-to-tail manner; 

thus, deposition of less-elongated chains of PABA, with lower conductivity is predicted 



207 
 

(Sapurina and Shishov 2012). This will result in lower intensity of maximum current 

during electrochemical polymerization (as seen in Figure 5-1d). However, it is 

indisputable that the presence of such covalent interactions at the interface of electrode 

and electrolyte for DNA-CNT/NEG system boosted the availability of boronic acid 

receptors attached to the PANI backbone leading to more sensitive and more selective 

detection of DA. Scheme 5-2b and 5-2C shows the differences between DNA-

CNT/PABA and DNA-CNT/NEG/PABA modified GC electrodes for DA detection. 
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Scheme 5-2: (a) Mechanism of dopamine detection by boronic acid functional groups, as the 

selective receptor of dopamine, attached to the polyaniline backbone. Detection of dopamine 
biomolecules on the surface of GC electrodes modified with (b) DNA-CNT/NEG/PABA and (c) 

DNA-CNT/PABA. (Not to scale) 

5.4.2.1 Ascorbic acid elimination by a positive shift in peak potentials of 

dopamine detection 

A key difference between this work and other reports in this area is the non-

oxidative nature of our biosensor, which eliminates direct oxidation of dopamine on 

the electrode surface and does not rely on oxidation or reduction of DA. In this work, 
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we observed an enhanced separation between DA and AA peaks, and a positive shift 

in the peak potentials of DA and AA compared to previously reported results using 

oxidative approaches (Wu, Feng et al. 2012, Qian, Yu et al. 2013, Xu, Jarjes et al. 

2018). The observed differences are explained using mechanisms associated with non-

oxidative approaches for DA and AA detection (Strawbridge, Green et al. 2000, Ali, 

Ma et al. 2007, Cambre and Sumerlin 2011). 

It was previously reported that in non-oxidative approaches for DA detection, the 

interference by AA was largely eliminated (Fabre and Taillebois 2003, Ali, Ma et al. 

2007). In our non-oxidative approach, we are using PABA nanocomposites which 

contain boronic acid functional groups for DA detection. It is known that boronic acid 

groups are highly selective receptors of DA (Strawbridge, Green et al. 2000). It is 

believed due to the covalent anchoring between aromatic diols of DA with immobilized 

boronic acid moieties of PABA electrodeposited on the electrode surface, the entire 

elimination of AA might be very probable (Ma, Ali et al. 2006, Ali, Ma et al. 2007). 

However, our results are not in complete agreement with their reports, suggesting that 

complete elimination of AA might not always occur. The concentration of AA in this 

work is 1000-fold higher than DA. This suggests that at enough big concentrations of 

AA, some bindings might happen between boronic acid moieties of PABA and diols 

of AA. However, due to high binding affinity between DA diols and boronic acid 
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functional groups of PABA, despite the much higher concentration of AA versus DA, 

a more dominant peak is observed for DA for GC electrodes modified with DNA-

CNT/PABA and DNA-CNT/NEG/PABA (as shown in Figure 5-3). 

The non-oxidative approach in this work takes advantage of a PANI 

nanocomposite decorated with boronic acid functional groups with high binding 

affinity towards DA biomolecules. As observed in Scheme 5-2a, due to the covalent 

anchoring between DA diols and boronic acid moieties of PABA, an anionic DA-

boronate ester complex forms during the detection process. In non-oxidative 

electrochemical approaches for DA detection, where some phenylboronic acid 

derivatives were used as the selective receptor of analyte, the formation of an anionic 

boronate ester complex resulted in oxidation potentials higher than the required 

potential for oxidation of DA itself (Strawbridge, Green et al. 2000, James and Shinkai 

2002). This positive shift in potential suggests that formation of an anionic boronate 

ester is not thermodynamically favorable, and the formed complex tends to revert to 

its original state. Thus, higher energy and voltage is required to overcome barriers 

during its oxidation. Similarly, the peak potential of DA signal was shifted positively 

by about 300mV compared to other typical oxidative approaches (Strawbridge, Green 

et al. 2000, Wu, Feng et al. 2012, Gao, Cai et al. 2013, Xu, Jarjes et al. 2018). This 
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upshift in peak potential of DA detection confirms that a non-oxidative approach 

dominates for our biosensor. 

As observed in CV curves in Figure 5-3, DNA-CNT/NEG/PABA has the highest 

upshift in DA peak potential, indicating that more boronate ester complex formed on 

this electrode. This suggests higher electrochemical activity of this electrode towards 

DA biomolecules. Since the detection is achieved via oxidation of the boronate ester 

complex, happening at a potential positive enough of the values for DA and AA 

oxidation, it allows resolution in voltammetry for simultaneous detection of DA and 

AA (ΔE ≈ 300mV for DNA-CNT/PABA, and ΔE ≈ 250mV DNA-

CNT/NEG/PABA). 

5.4.3 Determination of Dopamine Biosensor Sensitivity Using Differential 

Pulse Voltammetry 

DPV was used to determine the limit of detection (LOD) for GC electrodes 

modified with DNA-CNT/PABA and DNA-CNT/NEG/PABA. The quantitative 

analysis of DA is extensively studied using DPV instead of CV; since, besides its better 

resolution, a higher peak intensity and sensitivity are also obtained due to its ability 

to considerably decrease the background charging currents (Bard, Faulkner et al. 

1980). DPV curves for two of the biosensors developed in this work are observed in 
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Figure 5-5 and Figure S 5-5, for different concentrations of DA added to the PBS 

solution. 

As observed in Figure 5-5a and Figure S 5-5a, for DNA-CNT/NEG/PABA and 

DNA-CNT/PABA electrodes, respectively, a positive shift in peak potentials of DA is 

observed for DA concentrations higher than 150μM, while the peak current values do 

not show a drastic change in this regime. The correlation curves for both sensors 

showed an initial developing linear region, followed by a plateau regime (see Figure 5-

5b and Figure S 5-5b). This plateau in current changes occurs at concentrations above 

150μM, which is the saturation limit of the biosensor developed in this work. The 

saturation limit for GC electrodes modified with DNA-coated carbon fillers in this 

work is considerably higher than some other work in this area (Ma, Ali et al. 2006, 

Ali, Ma et al. 2007, Wu, Feng et al. 2012), which show some saturation limits below 

5μM. This shows the higher number of receptors on the surface of our sensor for DA 

binding. 
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Figure 5-5: (a) DPV curves of PABA nanocomposites electrodeposited on the GC electrode modified with 
DNA-CNT/NEG, in PBS solution (pH7.4), in the presence of different concentrations of DA. (b) The relation 

between DPV current and DA concentrations. (c) The linear relationship between DPV current and DA 
concentrations. DPV setting: scan rate 10mV s-1; step time 50ms; pulse amplitude 5mV; and pulse period of 0.5s. 

As seen in Figure 5-5c and Figure S 5-5c, an extended linear region is observed for 

DNA-CNT/NEG/PABA modified electrodes at DA concentrations from 0.02 to 1μM, 

and a smaller linear progression region is obtained between 0.08 to 1μM for DNA-

CNT/PABA sensor. The linear region for DNA-CNT/NEG/PABA has a regression 

equation of Ipa (μA) = 27.1 + 30.0 CDA (μM) with a correlation coefficient of 0.9992. 

When the signal to noise ratio is 3 (S/N = 3), a limit of detection as low as 14nM is 

observed for this system, with negligible standard errors calculated for n=5. The slope 
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of the calibration curve for DNA-CNT/NEG/PABA biosensor (Figure 5-5c) is higher 

than its counterpart without NEG (Figure S 5-5c), indicating its higher sensitivity. In 

the present study, the LOD for GC electrodes modified with DNA-CNT/NEG/PABA 

is much better than other reports in this area (Weng, Xue et al. 2005, Cheng, Qiu et 

al. 2012, Sheng, Zheng et al. 2012, Wu, Feng et al. 2012, Gao, Cai et al. 2013, Wang, 

Xu et al. 2014, Yang and Li 2014, VanDersarl, Mercanzini et al. 2015, Vinoth, Wu et 

al. 2015, Wiench, González et al. 2018, Xu, Jarjes et al. 2018). The high sensitivity of 

our developed biosensor, when combined with significant selectivity, low limit of 

detection, high saturation limit, and wide linear range, makes it appropriate for a wide 

range of medical applications. 

5.4.3.1 Mechanism of dopamine sensing at different concentrations using 

differential pulse voltammetry 

Upon binding of DA to the modified GC electrodes with PABA nanocomposites, 

the anodic current increases with increasing concentrations of DA, as shown in Figure 

5-5a and Figure S 5-5a. The high binding affinity between DA and boronic acid affects 

the electrochemistry of the PANI backbone in different ways, and thus requires 

clarification (Nicolas, Fabre et al. 2001, Shoji and Freund 2001, Shoji and Freund 

2002). The developed biosensor in this work contains functional groups of boronic acid 

on the GC electrode surface, and the detection is based on formation an anionic DA-



215 
 

boronate ester complex (see Scheme 5-2a). It is believed that upon binding of DA to 

boronic acid receptor in PANI backbone, the electron withdrawing nature of boron 

atoms will be diminished due to formation of an anionic boronate complex. Instead, it 

leads to an increase in the electron donating ability of the boron in the boronate 

substituent groups. This electron donating ability in the PANI backbone, can stabilize 

its conductive, and electroactive configuration; namely, in the emeraldine form. Since 

the electrochemical activity of PABA electrodeposited on the electrode surface is 

enhanced in its conductive form, a considerable increase in peak current value is 

observed upon binding of more DA to the polymer backbone.  

5.5 Conclusion 

We fabricated a poly(anilineboronic acid)-based biosensor that could 

electrochemically detect dopamine biomolecules with high sensitivity, and high 

selectivity. This biosensor has much higher electrocatalytic activity towards dopamine 

biomolecules, than its interferents, e.g. ascorbic acid. The high sensing power of this 

approach was achieved by modifying the surface of a glassy carbon electrode with a 

thin layer of in situ electro-polymerized poly(anilineboronic acid)/DNA-coated carbon 

nanotubes/graphene nanocomposites. The DNA-wrapped carbon nanostructures in the 

poly(anilineboronic acid) nanocomposites increased the electrode effective surface area; 

and thus, enhanced the density of boronic acid receptors attached to the polyaniline 
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backbone, allowing the increased dopamine binding. The large increase in density of 

boronic acid receptors on the electrode surface is due to the more deposition of the 

poly(anilineboronic acid) nanocomposites on the electrode surface. The more 

electrodeposition of polymer is attributed to the non-covalent electrostatic 

interactions, and π-π stackings between DNA-functionalized carbon nanostructure-

modified electrode and anilineboronic acid monomers in the electrolyte solution during 

in situ electrochemical polymerization. The density of boronic acid functional groups 

for dopamine binding and the electrocatalytic activity of this biosensor towards 

dopamine biomolecules were further enhanced through coordinate covalent bonds 

between the electron-rich nitrogen atoms of doped graphene and the electron-poor 

orbitals of boron atoms in anilineboronic acid monomers. To our knowledge, this work 

is the first to report the synthesis of a highly exfoliated nitrogen-doped graphene 

hybridized with DNA-wrapped multi-walled carbon nanotubes, possessing an 

incredible dispersion state in aqueous solutions. The incorporation of such highly 

conductive, and well-dispersed carbon nanomaterials into polyconjugated structure of 

poly(anilineboronic acid) yielded a biosensor with numerous numbers of receptors for 

highly-sensitive and -selective detection of dopamine. The biosensor developed in this 

work has a limit of detection of 14nM with a very wide linear range; thus, could be 
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potentially used towards the unmet needs aimed at molecular diagnosis of neurological 

illnesses such as Parkinson’s disease. 

5.6 Supporting Information 

5.6.1 Experimental  

5.6.1.1 Filler suspensions film preparation for conductivity measurements 

To prepare the films of each filler suspensions, a vacuum-assisted filtration was 

implemented. Briefly, aqueous solutions contained 0.1mg mL-1 of the dispersed fillers 

were filtered through a 47mm Whatsman® membrane with pore size of 450nm. The 

obtained filler films were dried in a vacuum oven at 70°C. The electrical conductivity 

of the prepared films was then measured using a standard four-point probe method on 

a Loresta GP resistivity meter (MCP-T610 model, Mitsubishi 48 Chemical Co., 

Japan). 
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5.6.2 Results and discussion 

5.6.2.1 Electrochemical polymerization on modified electrodes  

 
Figure S 5-1: CV curves during electrochemical polymerization of 3-aminophenylboronic acid monomers on 

electrodes from the first cycle to the last (25st) cycle at (a) NEG-modified; (b) CNT-modified; (c) DNA-modified  
and (d) Bare GC electrodes. CV scan rate: 100mV s-1. 
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5.6.2.2 Cryo scanning electron microscopy images and physical observations 

The photos of vials for CNT, NEG, DNA-CNT, and DNA-CNT/NEG fillers 

dispersion in aqueous solution of water are observed in Figure S 5-3, after 90min 

sonication and standing for three months. The NEG, DNA-CNT, and DNA-

CNT/NEG filler suspensions remained well-dispersed in aqueous solution even after 

three months, no aggregation or precipitation of carbon nanomaterials were observed 

for these samples. In contrast to the afore-mentioned filler suspensions, no stable 

suspension of CNT in water could be prepared. Such physical observations suggested 

the best dispersion state for DNA-CNT and DNA-CNT/NEG systems, which is in 

good agreement with cryo-SEM images, conductivity and CV measurements. 

 

 
Figure S 5-2: SEM images of NEG dispersion in aqueous solution of water. (a) low magnification, (b) and 

(c) higher magnification images. 
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Figure S 5-3: Photographs of vials for (a) CNT; (b) NEG; (c) DNA-CNT; and (d) DNA-
CNT/NEG dispersed in aqueous solution of water after 90min sonication and standing for 3 

months. 

5.6.2.3 Conductivity of the prepared films using different filler suspensions 

Table S 5-1 shows the electrical conductivity of the prepared films using the 

aqueous filler suspensions. As observed, the electrochemical synthesis of highly 

exfoliated N-doped graphene in the presence of (NH4)2SO4 salt solution resulted in 

graphene sheets with an excellent conductivity of 284S cm-1. The obtained conductivity 

is comparable to the pristine graphene; whereas, the N-doped graphene synthesized in 

this work also keeps a stable dispersion state in aqueous media. DNA-CNT prepared 

films fairly showed a higher conductivity of about 304S cm-1. Regarding the hybrid 

structure of DNA-CNT/NEG, this value considerably increased to 357S cm-1 that is 

about six times higher than the prepared films of pristine CNT. 
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Table S 5-1: Electrical conductivity of prepared films using different dispersed fillers in aqueous 
solutions of water. 

 

Prepared Films CNT NEG DNA-CNT DNA-CNT/NEG 

Electrical Conductivity (S cm-1) 59 284 304 357 
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5.6.2.4 Detection of dopamine in the presence of excess ascorbic acid using 

cyclic voltammetry 
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Figure S 5-4: CV curves of PABA composites electrodeposited on the GC electrode surface in PBS solution 
(pH7.4), in the presence of 500μM DA and 500mM AA. (a) DNA-CNT/NEG/PABA-modified; (b) DNA-

CNT/PABA-modified; (c) NEG/PABA-modified; (d) CNT/PABA-modified; (e) DNA/PABA-modified and (f) 
Bare GC/PABA electrodes. CV scan rate: 100mV s-1. 

5.6.2.5 Determination of dopamine biosensor sensitivity using differential 

pulse voltammetry 

 

Figure S 5-5: (a) DPV curves of PABA nanocomposites electrodeposited on the GC electrode modified with 
DNA-CNT in PBS solution (pH7.4) for different concentrations of DA. (b) The relation between DPV current 

and DA concentrations. (c) The linear relationship between DPV current and DA concentrations. DPV 
setting: scan rate 10mV s-1; step time 50ms; pulse amplitude 5mV; and pulse period of 0.5s. 
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6.1 Abstract 

A high-performance poly (aniline boronic acid) nanocomposite electrode containing 

DNA-functionalized carbon nanotubes and nitrogen-doped graphene was 

electrochemically fabricated  and employed for highly sensitive and selective detection 

of dopamine. The covalent anchoring between  boronic acid receptors on the electrode 

surface and diols of dopamine in the electrolyte solution changed the electrochemical 

properties of polyaniline backbone, which was exploited as a transduction mechanism 

for non-oxidative, sensitive and selective detection of dopamine. The electrodeposited 

polymer on the electrode substrate with boronic acid functionalities demonstrated 

minimal affinity towards dopamine interferents; e.g. ascorbic acid. This minimal 

affinity is because of very weak interactions of boronic acid diols with diols of ascorbic 

acid. For detection of dopamine biomolecules in a physiologically-relevant environment 

cyclic voltammetry and differential pulse voltammetry were employed. The separation 

of the oxidation peak potentials of dopamine and ascorbic acid  is measured to be 

300mV for poly (aniline boronic acid) nanocomposites containing DNA-functionalized 

carbon nanotubes and nitrogen-doped graphene. The optimal mass ratio of DNA-

functionalized carbon nanotubes to nitrogen-doped graphene was investigated to be 

1:3. This high resolution in voltammetry peaks allows selectively determining of 

dopamine. The detection limit of dopamine is measured to be as low as 6nM for this 
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specific nanocomposite electrode. Besides its high sensitivity and selectivity, the 

dopamine sensor we fabricated demonstrates very high stability and repeatability with 

a standard error calculated for n = 5 to be 5.23%. 

6.2 Introduction 

Dopamine (DA) is one the most significant neurotransmitters playing an important 

role in human beings central nervous systems (Heien, Khan et al. 2005). Some 

neurological illnesses such as Parkinson's disease, Alzheimer’s, and Schizophrenia are 

always pertained to abnormal concentrations of DA (Grace 1991, Weinberger and 

Lipska 1995, Nikolaus, Antke et al. 2009). The development of techniques with high 

sensitivity and selectivity for quantitative determination of DA is of critical 

importance for diagnosis of such neurological disorders, although it is very complicated 

due to the very low concentrations of DA in the extracellular fluids of central nervous 

system (10-100nM). On the other hand, the concentration of ascorbic acid (AA), the 

most severe interferent for accurate detection of DA is several orders of magnitude 

greater than DA (100-fold to 1000-fold) (Zetterström, Sharp et al. 1983). 

Some analytical methods have been implemented for DA detection including high-

performance liquid chromatography (Rao, Rujikarn et al. 1989), spectrophotometry 

(Guo, Zhang et al. 2009), liquid chromatography-electrospray tandem mass 

spectrometry (El‐Beqqali, Kussak et al. 2007), and capillary electrophoresis 
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(Vuorensola, Sirén et al. 2003, Sun, Niu et al. 2008). Some authors also proposed very 

sensitive methods for DA detection, e.g. a novel acoustic method for highly sensitive 

detection of DA where the limit of detection (LOD) is reported to be 50pM 

(Šnejdárková, Poturnayová et al. 2010). However, these approaches are considered 

very complicated, expensive, and time-consuming which usually require some specific 

equipment for their operations. So, the development of techniques which are cheap, 

simple and fast-responsive for DA detection are more desirable. 

DA can be easily oxidized at the surface of unmodified electrodes in conventional 

electrochemical approaches. The methods based on electrochemical oxidation of DA 

have long been used for DA detection (Wightman, May et al. 1988, Troyer, Heien et 

al. 2002, Phillips, Stuber et al. 2003, Venton and Wightman 2003). However, there are 

some problems associated with these techniques such as fouling of the electrode surface 

due to oxidized products of DA, and co-oxidation from interferents. Thus, it is 

critically important to develop electrochemical techniques which are considered cheap, 

simple, and rapid for specific, sensitive and selective detection of neurotransmitter DA. 

Carbon nanostructures including carbon nanotubes (CNT) and graphene are 

promising candidates for sensing and biosensing approaches, because of their high 

surface area, remarkable electronic and electrocatalytic properties. Moreover, the 

chemical functionalities, and physical stability of the carbon nanomaterials can be 
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quite easily tailored. It has been reported that a CNT network microfluidic flow 

electrode could detect DA biomolecules with very high sensitivity (Sansuk, Bitziou et 

al. 2012). Graphene nanomaterials have also obtained great attention for potential 

applications in electrochemical sensors. Lots of reports are available on electrode 

surface modifications using graphene for sensing applications (Kang, Wang et al. 2009, 

Sun, Lee et al. 2011, Liu, Yan et al. 2012, Xing, Liu et al. 2012). It is well known that 

the electrocatalytic activity and dispersion properties of graphene can be quite easily 

modified by changing their atomic structure through doping with heteroatoms 

including phosphorous and nitrogen functional groups. Among the studied dopants, 

nitrogen has received the most attraction due to the nearness of its atomic radius to 

carbon (Wang, Maiyalagan et al. 2012). Electrochemically-exfoliated nitrogen-doped 

graphene (NEG) has shown very similar characteristics to parent graphene in many 

aspects such as their outstanding electrocatalytic and electrical properties, although it 

shows much better dispersion state than parent graphene in aqueous media. It has 

been used for many electrochemical applications including sensors (Sheng, Zheng et 

al. 2012), lithium batteries (Reddy, Srivastava et al. 2010), and oxygen reduction 

applications (Lai, Potts et al. 2012). 

Conducting polymers can be controllably deposited on a substrate surface via the 

application of a potential,  positive enough to oxidize and electrochemically polymerize 
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their respective monomers. The deposition of a very thin layer of  conducting polymers 

on the surface of an electrode can tremendously increase the electrode effective surface 

area; with the advantage of incorporating some specific reactive functional groups on 

the electrode surface without sacrificing the conductive property of the electrode. 

Polyaniline (PANI) and its derivatives have been one of the most outstanding 

polymers among other conducting polymers due to their superior conductivity, 

electrochemical reversibility, environmentally-friendly qualities, and the ease of 

production through both chemical and electrochemical approaches (Ma, Ali et al. 2006, 

Ma, Ali et al. 2006, Cheung, Chiu et al. 2009). Poly (aniline boronic acid) (PABA) is 

one of the PANI derivatives that has attracted a remarkable attention for biosensing 

applications (Cambre and Sumerlin 2011). The presence of boronic acid functional 

groups on PANI backbone leads to the enhancement of its biomolecular sensing. In 

this work, novel and high-performance PABA nanocomposites have been fabricated 

through in situ electrochemical polymerization on the surface of glassy carbon (GC) 

electrodes modified with different carbon nanomaterials including CNT, NEG, 

DNA_CNT, DNA_CNT_NEG, CNT_NEG. The functionalization of CNT with 

single stranded deoxy ribonucleic acids (ss-DNA) containing 30 units of thymine 

nitrogenous base could prevent the aggregation of CNT by electrostatic repulsive 

interactions between them, which leads to a high dispersibility of CNT in aqueous 
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media and in monomer solution. We also synthesized a highly exfoliated nitrogen-

doped graphene which demonstrates very stable dispersion in aqueous media, besides 

its comparable electrical conductivity with parent graphene. We combined the 

outstanding properties of these chemicals together to fabricate a high-performance 

biosensor which provides the following features: ease of fabrication and facile-

operation, fast-responsive, high stability and repeatability (ability of continuous 

usage), very high sensitivity and selectivity towards DA biomolecules with the minimal 

affinity towards DA interferents such as AA, and very low detection limit for DA, i.e. 

LOD = 6nM for GC electrode modified with nanocomposites of 

PABA_DNA_CNT_NEG (DNA_CNT to NEG optimal mass ratio: 1_3). 

6.3 Methodology 

Reagents and Chemicals: Single stranded deoxy ribonucleic acids containing 30 

units of thymine nitrogenous base was purchased from Integrated DNA Technologies 

Inc., San Diego, California. 3-amino phenylboronic acid hemisulfate salt, dopamine 

hydrochloride, L-ascorbic acid, potassium fluoride, sulfuric acid, and all other reagents 

were purchased from Sigma-Aldrich Inc., Oakville, Ontario. All the reagents were of 

analytical grade and were used as received. Ultrapure water (19MΩ) was used to 

prepare all solutions and was used for rinsing and cleaning all the samples and 

electrodes.  
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Synthesis and Preparation of Carbon Nanotubes, and Nitrogen-doped Graphene 

Suspensions: CNT was synthesized using chemical vapor deposition (CVD), at 

synthesis temperature of 650°C, and synthesis time of 2h. The average length and 

diameter of synthesized CNT are about 1.5μm and 9nm, respectively. More details for 

synthesis of CNT and its characterization could be found in our previous paper 

(Zamani Keteklahijani, Arjmand et al. 2017). For the synthesis of exfoliated, partially-

oxidized NEG an electrochemical approach was implemented in which an Agilent 

power supply was used as a power source. The relevant electrolyte solution was 

prepared as follows: in a 150mL beaker: 1.32g of (NH4)2SO4 salt was dissolved in 100mL 

of DI water to prepare 0.1M solution of (NH4)2SO4. A platinum wire and graphite plate 

(5cm2) were used as cathode and anode electrodes, respectively. The distance between 

the electrodes is considered to be 2cm. We kept the cell potential at a constant voltage 

of 10V. After the electrochemical exfoliation of graphite happened, the resultant 

product was filtered and washed with DI water using a vacuum filtration setup via 

HTTP membrane. Then, about 100mL of an inorganic salt having a different 

composition was poured in the electrolytic cell. Thereafter, the experiment started and 

continued at the constant voltage of 10V until the current dropped to 0A. The 

obtained product was sonicated and dispersed in DI water using a bath sonicator for 

about 1h. Afterwards, it was centrifuged at 1000rpm to separate the large unexfoliated 
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particles. Further information on synthesis and physical characterization of the 

synthesized nitrogen-doped graphene could be found in our recent work (Sharif, 

Zeraati et al. 2019). 

For dispersion of the synthesized multi-walled CNT in an aqueous solution using 

ss-DNA, the bundled CNT were first dispersed into water using the protocol described 

by Zheng et al. (Zheng, Jagota et al. 2003). Briefly, 1mg of the as-synthesized CNT 

was suspended in 1mL aqueous solution of ss-DNA, containing 1mg mL-1 ss-DNA in 

0.1M NaCl. The prepared suspension was maintained in an ice-water bath and 

sonicated for 90min.  

A 1mg mL-1 suspension of the synthesized NEG was prepared by 90min sonication 

in water, giving a well-dispersed suspension of NEG in water. 1mg mL-1 suspension of 

DNA_CNT_NEG was also prepared by sonication in water (different mass ratios of 

3_1, 1_1, and 3_1 were studied for DNA-CNT to NEG). The same condition was 

used to obtain 1mg mL-1 aqueous suspensions of CNT, ss-DNA, and CNT_NEG 

(different mass ratios of 3_1, 1_1, and 3_1 were studied for CNT to NEG)  in water 

as control experiments.  

Electrochemical Measurements: The GC electrode (3mm OD) was first polished 

with micron-sized alumina powders, then rinsed thoroughly with water, and sonicated 

in ethanol, and subsequently dried with nitrogen stream. The clean, dry GC electrodes 
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were separately modified with 4μL of each of the prepared filler suspensions, then 

dried at room temperature to obtain GC_DNA, GC_CNT, GC_NEG, 

GC_DNA_CNT, GC_DNA_CNT_NEG, and GC_CNT_NEG (with different mass 

ratios) electrodes. A bare GC electrode was also used for the control experiment. 

Electrochemical polymerization of 3-aminophenylboronic acid on each of the 

modified GC electrodes, and all other electrochemical measurements were carried out 

at a Metrohm-Autolab BOOSTER20A electrochemical station using a Nova 2.0 

software. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

experiments were carried out at a conventional three-electrode station, with each of 

the modified GC electrodes as the working, a platinum wire as the counter electrode, 

and Ag/AgCl as the reference electrode. In this work, all the potentials are quoted in 

terms of reference electrode scale.  

CV measurements were taken from -0.2 to 1V at scan rate of 100mV s-1 for 

electrochemical polymerization, and from -0.6 to 0.8V applying the same scan rate for 

DA detection. The experimental conditions for DPV measurements were set up to be: 

scan rate 10mV s-1; step time 50ms; pulse amplitude 5mV; and pulse period of 0.5s. 

All solutions were freshly prepared and kept in dark vials at 0-4°C to avoid oxidation 

of DA. 
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X-ray Photoelectron Spectroscopy: In order to investigate the elemental 

composition of the synthesized CNT and NEG, X-ray photoelectron spectroscopy 

(XPS) was carried out on a Thermofisher Scientific K-Alpha XPS spectrometer 

(Thermofisher Scientific, E. Grinstead, UK). 

6.4 Results and Discussion 

6.4.1 In Situ Electrochemical Polymerization of Anilineboronic Acid 

Monomers on Modified Glassy Carbon Electrodes 

Each of the GC electrodes was first coated with a thin layer of different filler 

suspensions (GC_DNA, GC_CNT, GC_NEG, GC_DNA_CNT, 

GC_DNA_CNT_NEG (with different ratios of 1_3, 1_1, 3_1), GC_CNT_NEG 

with different ratios of 1_3, 1_1, 3_1). PABA was then electrodeposited on the 

surface of the modified GC electrode by sweeping the electrochemical potential from 

−0.1 to 1.0 V (versus Ag/AgCl) in a monomer solution containing 0.05M 3-

aminophenylboronic acid monomers, 0.04M potassium fluoride, and 0.5M sulfuric acid. 

It is observed in Figure 6-1 (also see Figure S 6-1), that continuous potential cycling 

results in more deposition of the polymer on the surface of the modified GC electrode.  
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To clearly compare and read the initial (onset) potentials of electrochemical 

polymerization as well as the electrochemical current, the first cycles of electrochemical 

polymerization for differently-modified GC electrodes is demonstrated in Figure 6-1f. 

For each specimen, the large oxidation/anodic peak during the first cycle of 

electrochemical polymerization confirms the initiation of polymerization of ABA 

monomers on the GC electrode surface. The onset potential of electrochemical 

polymerization on bare GC electrode is about 750mV, while this potential for 

GC_CNT decreases to around 400mV and drops to about -50mV for GC_DNA_CNT, 

and GC_DNA_CNT_NEG systems. This means that ABA monomers are 

polymerized much faster on GC_DNA_CNT and GC_DNA_CNT_NEG electrodes, 

due to a negative shift of about 800mV in the initial potential of polymerization. The 

initial potentials of polymerization have been indicated by purple arrow  for 

DNA_CNT_NEG_1_3 and light-blue arrow for bare GC in Figure 6-1f. The 

maximum current observed during the first cycle for GC_DNA_CNT_NEG_1_3  

system (~3.45mA) is about 69 times higher than bare GC electrode (0.05mV), which 

shows that electrochemical polymerization of ABA monomers has been facilitated on 

Figure 6-1: CV curves during electrochemical polymerization of 3-aminophenylboronic acid monomers on electrode 
surface from the first cycle to the last (25st) cycle for (a) DNA_CNT-modified; (b) DNA_CNT_NEG_3_1-modified; (c) 
DNA_CNT_NEG_1_1-modified; (d)  DNA_CNT_NEG_1_3-modified; (e) NEG-modified GC electrodes. The (f) first 
cycle; and (g) last (25st) cycle of the electrochemical polymerization for each modified and unmodified GC electrode. CV 

scan rate: 100mV s-1. 
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the former electrode. The improvement in maximum current is also considerable for 

GC_DNA_CNT, GC_DNA_CNT_NEG_1_1, and GC_DNA_CNT_NEG_3_1 

electrodes, which is about 64, 52 and 53 times higher than bare GC electrode, 

respectively. 

As mentioned, the electrochemical polymerization occurred more readily on GC 

electrodes modified with DNA-functionalized carbon nanostructures, indicated 

through a negative shift of about 800mV in initial potential of electrochemical 

polymerization compared to the bare GC electrode. We attribute the negative shift in 

initial potential of electrochemical polymerization to the anchoring of ABA monomers 

by some of the fillers used in this work. It is known that the onset of PANI chains 

propagation demands overcoming an energy barrier corresponding to an oxidation 

potential of 1.05V (Sapurina and Shishov 2012) . It is believed that there are some 

molecular interactions between ABA monomers and DNA molecules, possibly through 

a dative bond between an NH2 group in DNA and the boronic acid groups in ABA 

monomers, or through some electrostatic interactions between the polyanionic chains 

(phosphate groups) of DNA and positive charges of ABA monomers (Recksiedler, 

Deore et al. 2006). These interfacial interactions result in the 

preconcentration/nucleation of ABA monomers along the filler length, which 

moderates the energy barriers for onset of PANI chains propagation; thus, facilitates 
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the polymerization. However, our results show that DNA does not play the major role 

in the ease of polymerization, because we did not observe a drop at the onset potential 

of electrochemical polymerization for GC_DNA electrode compared to other electrodes 

modified with DNA-functionalized carbon nanostructures. Moreover, as observed in 

Figure 6-1f the maximum current during the last cycle of electrochemical 

polymerization for GC_DNA is about 690 times lower than 

GC_DNA_CNT_NEG_1_3. This shows that parent DNA could not facilitate the 

polymerization by itself, which proves that the mentioned molecular interactions 

between parent DNA and ABA monomers are fairly weak. Therefore, the contribution 

from parent DNA in increasing electrochemical polymerization rate is insignificant. 

Instead, we believe that non-covalent π-π interactions between highly-graphitized 

nanostructures of carbon (CNT and NEG) and phenyl groups of ABA monomers play 

the major role in nucleation of ABA monomers on the electrode surface, which lowers 

the onset potential of polymerization and results in formation of PABA polymers with 

higher conjugation length and higher conductivity.  

As observed in Figure S 6-1, we performed some control experiments using different 

ratios of CNT to NEG (3_1, 1_1, 1_3) in the absence of DNA biomolecules to find 

out more about the role on DNA in the structure of the used fillers. As seen in Figure 

S 6-1b and S 6-1h, at lower concentrations of NEG, e.g. GC_CNT_NEG_3_1, we 
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obtained a lower maximum current during the last cycle of electrochemical 

polymerization. This is due to an inferior filler dispersion state in 

GC_CNT_NEG_3_1 which occurs due to the aggregation of unmodified CNT. On 

the other hand, for the counterpart of GC_CNT_NEG_3_1 containing DNA 

biomolecules (GC_DNA_CNT_NEG_3_1) it is observed in Figure 6-1b and Figure 

6-1g that the maximum current is competing with two other systems containing 

GC_DNA_CNT_NEG_1_1, and GC_DNA_CNT_NEG_1_3. So, we contend that 

although parent DNA might not be successful enough in nucleation/anchoring of ABA 

monomers, its role in dispersion of CNT cannot be ignored. It is observed in Figure 6-

1b and 6-1g that even at high concentrations of CNT for GC_DNA_CNT_NEG_3_1 

electrode, we could obtain a high amount of PABA electrodeposited on the surface of 

electrode. Therefore, we conclude that the prerequisite to have effective interactions 

between fillers and monomers, and to increase the electrodeposition of polymer during 

in situ electrochemical polymerization is the decent dispersion state of fillers, which 

has been already investigated in our previous studies (Keteklahijani, Sharif et al. 2019). 

 So far, we explained our thoughts behind the ease of electrochemical 

polymerization for GC electrodes modified with DNA-functionalized carbon 

nanostructures, which was validated through a negative shift in onset potential of 

polymerization. Electrochemical polymerization of PABA in the presence of different 
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fillers in Figure 6-1 reveals some information about the redox peak potentials of PANI 

backbone. It is observed in Figure 6-1 that the redox peak potentials of PANI is shifted 

positively for its first and second transformations for all systems containing carbon 

nanostructures. This is more considerable for GC_NEG, 

GC_DNA_CNT_NEG_1_1, and GC_DNA_CNT_NEG_1_3 electrodes where we 

observe 100mV and 300mV upshift in redox peak potentials of PANI for its first and 

second transformations, respectively. We found that the position of these two peaks is 

more upshifted for systems containing higher concentrations of nitrogen-doped 

graphene. The increase in redox peak potential means that the deposited PABA on 

the GC electrode surface requires more energy to be oxidized. During CV 

measurements PANI backbone undergoes some conformational changes within its 

structure. We believe that the presence of bulky and massive structures such as DNA-

functionalized carbon nanostructures within PANI structure makes its conformational 

rotations difficult, resulting in more required energy and more positive potential for 

its redox reactions. For systems containing higher concentrations of nitrogen-doped 

graphene this effect is more significant due to more bulky structure of NEG; e.g. the 

second transformation of PANI backbone happens at 900mV for 

GC_DNA_CNT_NEG_1_3, while it is about 600mV for GC_DNA_CNT. 
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Figure 6-1h demonstrates the CV curves during the last (25st) cycle for each GC 

electrode, which clearly displays the maximum current for this cycle. The higher 

maximum current during the last cycle shows the higher amount of polymer 

electrodeposited on the electrode surface, with higher conjugated length and higher 

conductivity. As seen in Figure 6-1h, the maximum current observed for 

GC_DNA_CNT electrode is little bit higher than all other systems containing 

DNA_CNT_NEG. This observation is attributed to the structure of nitrogen-doped 

graphene used in this work containing some oxygen- and nitrogen- defective sites. 

Although this feature makes nitrogen-doped graphene to have a decent dispersion state 

in aqueous media, it diminishes some of the non-covalent π-π interactions between 

DNA_CNT_NEG fillers and phenyl groups of ABA monomers. Consequently, the 

electrodeposition of PABA attributed to such interactions decreases. We believe that 

the maximum current during electrochemical polymerization is corresponded to 

deposition of PABA chains due to the non-covalent π-π interactions. Since we have 

less phenyl rings in NEG, it shows less non-covalent π-π interactions with ABA 

monomers. Thus, the number of polyconjugated chains for DNA_CNT_NEG systems 

decreases and consequently lowers the maximum current during electrochemical 

polymerization. However, as seen in Scheme 6-1a the synthesized nitrogen-doped 

graphene in this work contains some nitrogen-containing defective sites, including 
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32.45% pyridinic, 20.25% pyrrolic, and 47.3% graphitic nitrogen out of its total 2.5% 

nitrogen (Keteklahijani, Sharif et al. 2019). It is known that the graphitic nitrogen 

atoms are electron donors and may increase the electrical conductivity of graphite 

structure (Xing, Ju et al. 2016). Therefore, it is expected that some dative bonds are 

established between non-bonding electrons of nitrogen in graphene, and free orbitals 

of boron atoms in ABA monomers. This might result in an effective interfacial 

interaction between fillers and ABA monomers for electrodes modified with 

DNA_CNT_NEG. Since, the frequency of such interactions is lower than phenyl-

phenyl interactions they could result in PABA chains with lower conjugation length 

(PABA polymer chains shown in red in Scheme 6-1b). We believe that the presence 

of the dative bonds between DNA_CNT_NEG fillers and monomers can increase the 

number of boronic acid functional groups on the electrode surface (Scheme 6-1b) 

compared to electrodes modified with DNA_CNT (Scheme 6-1c). This might finally 

affect the sensitivity of the fabricated biosensors during detection process.  
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Scheme 6-1: (a) Different available molecular interactions between DNA-functionalized 
CNT_NEG and ABA monomers. GC electrode modified with (b) PABA_DNA_CNT_NEG and 

(c) PABA_DNA_CNT. (Not to scale) 

6.4.2 Electrochemical Behavior of Dopamine, and Ascorbic Acid, on 

Electrodes modified with Poly (anilineboronic acid) Nanocomposite 

Films 

As observed in Scheme 6-1b and 6-1c, the modified GC electrodes with poly 

(anilineboronic acid) nanocomposites have functional groups of boronic acid as 
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dopamine selective receptors. Figure 6-2 depicts the results of CV responses to 500μM 

DA and 500mM AA, using differently-modified GC electrodes. The peak observed 

around E ≈ 400-500mV (shown in yellow in Figure 6-2), is the characteristic peak of 

DA. It is clear that DA redox current on GC_PABA electrodes modified with 

DNA_CNT, and DNA_CNT_NEG systems are much higher than other systems 

particularly for GC_PABA_DNA_CNT_NEG_1_3, e.g. the redox current of DA 

peak for GC_PABA_DNA_CNT_NEG_1_3 (3.5mA) is about three times higher 

than GC_PABA_CNT (1.28mA) and 1000 times higher than bare GC_PABA 

electrode (0.0032mA). This shows higher electrocatalytic activity of the 

aforementioned biosensor for DA detection compared to other systems. This might be 

due to the deposition of some extra chains of PABA with lower conjugation length 

(shown in red in Scheme 6-1b) on the surface of this electrode which increases the 

density of boronic acid receptors for DA detection. 
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Figure 6-2: CV curves of PABA nanocomposites electrodeposited on the GC electrode in PBS 
solution (pH = 7.4), in the presence of 500μM DA, and 500mM AA. CV scan rate: 100mV s-1. 

The other small characteristic peak at E ≈ 200-300mV is corresponded to AA 

(shown in green in Figure 6-2). One of the major problems experienced for detection 

of DA is the interference of AA, since they are oxidized at a similar potential and AA 

is present in vivo at a concentration of 100- to 1000-fold higher than that of DA 

(Zetterström, Sharp et al. 1983). In our work, although the concentration of AA was 

selected to be 1000-fold higher than DA, a dominant signal is observed for 

characteristic peak of DA. This shows the low affinity of the fabricated biosensor 

towards AA biomolecules, and confirms its high selectivity towards DA biomolecules. 

A separated peak of DA and AA is also observed for systems containing DNA_CNT, 

and DNA_CNT_NEG. It is observed that the peak-to-peak separation between DA 

and AA is big enough (ΔE ≈ 300mV ) to distinguish these two chemicals from each 

other.  The ΔE observed here is comparable to some previous reports (Xu, Jarjes et 
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al. 2018), and much better than other works in this area (Lane and Hubbard 1976, 

Tse, McCreery et al. 1976, Liu, Yan et al. 2012, Li, Yang et al. 2013).  

As mentioned in previous section, for PABA_CNT_NEG_3_1, 

PABA_CNT_NEG_1_1, and PABA_CNT_NEG_1_3, due to the absence of DNA 

biomolecules we have agglomeration of CNT nanostructures. As a result, less 

anchoring of ABA monomers happens during electrochemical polymerization, resulting 

in less deposition of PABA polymer chains on the electrode surface, which is clearly 

observed in Figure S 6-1h. This confirms the outstanding role of DNA for dispersion 

of CNT, as well as its synergistic effect in nucleation of ABA monomers. This 

observation is also confirmed in Figure S 6-3, where GC electrode modified with 

PABA_CNT_NEG_1_3 shows no sensitivity for detection of DA biomolecules. 

While for the same sensor with DNA biomolecules, i.e. 

PABA_DNA_CNT_NEG_1_3 (Figure 6-2) we can observe characteristic peak of 

DA. 

In this work we developed an electrochemical biosensor using PABA 

nanocomposites that does not rely on oxidation or reduction of DA by itself. Its major 

mechanism for elimination of AA relies on its boronic acid functional groups with very 

low affinity towards AA. The approach used in this paper is called a non-oxidative 

detection method. Since our biosensor does not rely on oxidation or reduction of DA 
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for detection, the observed characteristic peak for DA is dislocated compared to the 

oxidative methods reported in this area. DA characteristic peak in this work has a 

positive shift of about 300mV compared to oxidative methods (Liu, Yan et al. 2012, 

Qian, Yu et al. 2013). 

The mechanism of DA detection using our biosensor is observed in Scheme 6-2. 

We believe that during the detection procedure, some covalent anchoring happens 

between boronic acid moieties of PABA nanocomposites and DA diols. As a result of 

this anchoring the massive and bulky structure of  anionic DA-boronate ester complex 

will be formed, which requires a higher energy and potential for its electrochemical 

redox reactions (Strawbridge, Green et al. 2000, DiCesare, Pinto et al. 2002). 

Consequently, DA detection happens at a potential positive enough of the values for 

DA and AA oxidation in oxidative approaches which  allows resolution in voltammetry 

for simultaneous detection of DA and AA. On the other, since this covalent anchoring 

might not happen between diols of boronic acid functional groups and diols of AA a 

less defined peak/or no peak is observed for this biomolecule. 
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Scheme 6-2: Detection of dopamine biomolecules on the surface of GC electrodes modified 
with (a) PABA_DNA_CNT_NEG and (b) PABA_DNA_CNT. (Not to scale) 

6.4.3 Determination of Sensitivity, Stability and Repeatability for Poly 

(anilineboronic acid) Nanocomposites Electrodes Made up of DNA-

functionalized Carbon Nanostructures Using Differential Pulse 

Voltammetry 

Differential pulse voltammetry (DPV) is used to determine the sensitivity and limit 

of detection (LOD) for sensors, because it provides a decent peak resolution and higher 

current sensitivity. Herein, DPV was used for quantitative analysis of DA instead of 

CV. Figure 6-3 shows DPV curves for different concentrations of DA on GC electrodes 

modified with PABA_DNA_CNT_NEG (3_1, 1_1, 1_3) which showed higher 
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affinity toward DA within CV experiments (The results for PABA_DNA_CNT is 

found in our previous work (Keteklahijani, Sharif et al. 2019)). As seen in Figure 6-3, 

there is an increase in characteristic peak current of DA as we go to higher 

concentrations of DA. Upon binding of DA to boronic acid receptors in PABA 

nanocomposites, the electron withdrawing nature of boron atoms will be diminished 

due to formation of an anionic boronate ester complex (see Scheme 6-2). Instead, we 

may observe an increase in its electron donating ability in the boronate ester 

substituent groups. This quality of PANI backbone can stabilize its conductive, and 

electroactive configuration, i.e. the emeraldine salt state. Due to formation of more 

emeraldine salt state the electrochemical activity of PABA electrodeposited on the 

electrode surface is enhanced; thus, the characteristics peak of DA  shows an increase 

in its intensity upon more binding of DA to the polymer backbone.  

In Figure 6-3g, Figure 6-3h, and Figure 6-3i  an extended linear range with a DA 

concentration in the range of 7-1000nM is observed for 

GC_PABA_DNA_CNT_NEG_1_3 electrode, while this range shrinks to 20-

1000nM for GC_PABA_DNA_CNT_NEG_3_1, and to 10-200nM for GC_ 

PABA_DNA_CNT_NEG_1_1. For the nanocomposite electrode with the highest 

concentration of nitrogen-doped graphene (GC_PABA_DNA_CNT_NEG_1_3) the 

linear relation has a regression equation of Ipa(μA)= 15.6 + 25.6 CDA(μM) with a 
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correlation coefficient of 0.9996, where Ipa is the anodic peak current, and CDA is the 

concentration of DA. When the signal to noise ratio is 3 (S/N=3), a detection limit as 

low as 6.0nM is observed for this system (Figure 6-3i). Compared to the 

GC_PABA_DNA_CNT_NEG_3_1 electrode (LOD = 14nM), and 

GC_PABA_DNA_CNT (LOD = 90nM), the detection limit of 

GC_PABA_DNA_CNT_NEG_1_3 system is much better which shows the greater 

sensitivity of the aforementioned sensor towards DA biomolecules. We do believe that 

this electrode, which has higher concentration of nitrogen-doped graphene in its 

nanocomposite, contains some extra chains of PABA (although with lower conjugation 

length, as shown in Scheme 6-1b) which increases the density of boronic acid functional 

groups on the GC electrode surface. The more availability of DA receptors might be 

the reason for improvement in LOD of GC_PABA_DNA_CNT_NEG_1_3 system. 

This result shows that the prepared sensor is more sensitive, and has a lower detection 

limit towards DA, which provides an attractive perspective for its wide-range 

applications (Weng, Xue et al. 2005, Cheng, Qiu et al. 2012, Sheng, Zheng et al. 2012, 

Gao, Cai et al. 2013, Wang, Xu et al. 2014, Yang and Li 2014, VanDersarl, Mercanzini 

et al. 2015, Vinoth, Wu et al. 2015, Wiench, González et al. 2018, Xu, Jarjes et al. 

2018). 
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Figure 6-3: DPV curves of (a) PABA_DNA_CNT_NEG_3_1; (b) PABA_DNA_CNT_NEG_1_3; and (c) 
PABA_DNA_CNT_NEG_1_3  in PBS solution (pH = 7.4) with different concentrations of DA. The relation between 
DPV current and DA concentrations for (d) PABA_DNA_CNT_NEG_3_1; (e) PABA_DNA_CNT_NEG_1_1; and 
(f) PABA_DNA_CNT_NEG_1_3. The linear relationship between the DPV current changes and DA concentrations 
for (g) PABA_DNA_CNT_NEG_3_1; (h) PABA_DNA_CNT_NEG_1_1; (i) PABA_DNA_CNT_NEG_1_3. (j) 
DPV curves of PABA_DNA_CNT_NEG_3_1 after 12 days of storage. DPV setting: scan rate 10mV s-1; step time 

50ms; pulse amplitude 5mV; and pulse period of 0.5s. 

Meanwhile, the repeatability of all modified GC electrodes was also investigated. 

We prepared five separate modified electrodes with the same composition of PABA 

nanocomposites (e.g. five separate electrodes of GC_PABA_DNA_CNT_NEG_1_3 

were prepared). Then, we used them to measure different concentrations of DA with 

DPV. The DPV current response remained almost constant and the standard error 

was calculated to be 12.5, 7.88, and 5.23% for GC_PABA_DNA_CNT_NEG_3_1, 

GC_PABA_DNA_CNT_NEG_1_1, and GC_PABA_DNA_CNT_NEG_1_3, 

respectively. These results indicate that the fabricated electrodes, particularly 

GC_PABA_DNA_CNT_NEG_1_3, demonstrate very acceptable fabrication 

repeatability, besides their limit of detection 

 We also investigated the stability of the modified electrodes. According to the 

method proposed by Qian et al. (Qian, Yu et al. 2013), the nanocomposite electrode 

modified with GC_PABA_DNA_CNT_NEG_1_3 was stored for about 12 days, 

then we performed DPV measurements. The current signals have been measured which 

showed about 7.7% decrease relative to the initial response for 
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GC_PABA_DNA_CNT_NEG_1_3 electrode while testing 350µM concentration of 

DA. This result indicates the excellent stability and repeatability of the fabricated 

biosensor. It is also found that after 12 days storage of 

GC_PABA_DNA_CNT_NEG_1_3, DA characteristic peak moves to lower 

detection potentials (from E ≈ 450mV to E ≈ 420 mV) (see Figure 6-3j). We believe 

that after 12 days of storage,  some amount of polymer might have been peeled off the 

electrode surface because of human errors . Subsequently,  due to less functionalities 

available for DA binding lower amount of PABA-DA-boronate ester complex is formed 

which requires lower energy for its conformational changes.  

6.5 Conclusion 

We found that electrodeposited poly (anilineboronic acid) nanocomposites 

containing DNA-functionalized carbon nanotubes and nitrogen-doped graphene on a 

glassy carbon electrode substrate improves the sensitivity and decreases the detection 

limit of dopamine biosensors to about 6nM. The fabricated nanocomposite electrode 

showed very high specificity towards dopamine biomolecules even in the presence of 

large excess ascorbic acid. Moreover, we found that the DNA-wrapped carbon 

nanotubes and nitrogen-doped graphene in the electrochemically-coated 

nanocomposite not only enhanced the electrochemical activity of the composite 

towards dopamine biomolecules, but they also increased the density of boronic acid 
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functional groups for dopamine binding. The favorable covalent anchoring between 

dopamine diols and boronic acid moieties of electrodeposited polymer enhanced the 

absorption of dopamine biomolecules towards the electrode surface and eliminated the 

interference of ascorbic acid. The sensitivity of the sensor along with its improved 

selectivity, stability and repeatability paves the way for its potential applications in 

diagnosis of neurological illnesses such as Parkinson’s disease. 
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6.6 Supporting Information 

6.6.1 Results and Discussion 

6.6.2 In Situ Electrochemical Polymerization of Anilineboronic Acid 

Monomers on Modified Glassy Carbon Electrodes 
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Figure S 6-1: CV curves during electrochemical polymerization of 3-aminophenylboronic acid monomers on electrodes 

from the first cycle to the last (25st) cycle for (a)CNT-modified; (b) CNT_NEG_3_1-modified; (c) CNT_NEG_1_1-
modified; (d)  CNT_NEG_1_3-modified; (e) DNA-modified GC electrodes; and (f) bare GC electrode. The (g) first cycle; 

and (h) last (25st) cycle of the electrochemical polymerization for each modified and unmodified GC electrode. CV scan rate: 
100mV s-1. 
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6.6.3 Electrochemical Behavior of Dopamine and Ascorbic Acid on Electrodes 

modified with Poly (anilineboronic acid) Nanocomposite Films 
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Figure S 6-2: CV curves of PABA composites, and neat PABA electrodeposited on GC electrode surface in PBS 
solution (pH7.4), in the presence of 500μM DA and 500mM AA. (a) PABA_DNA_CNT-modified; (b) 

PABA_DNA_CNT_NEG_3_1-modified; (c) PABA_DNA_CNT_NEG_1_1-modified; (d) 
PABA_DNA_CNT_NEG_1_1-modified; (e) PABA_NEG-modified; (f) PABA_CNT-modified (g) 

PABA_CNT_NEG_3_1-modified; (h) PABA_CNT_NEG_1_1-modified; (i) PABA_CNT_NEG_1_3-modified; 
(j) PABA_DNA-modified; and (k) Bare GC_PABA electrodes. CV scan rate: 100mV s-1. 

 

 
 

Figure S 6-3: CV curves of PABA nanocomposites, and neat PABA electrodeposited on the GC 
electrode in PBS solution (pH7.4), in the presence of 500μM DA, 500mM AA. CV scan rate: 100mV s-1. 

6.7 Acknowledgement 

Cryo-SEM images were obtained with the help of Dr. Chris DeBuhr in the 

Instrumentation Facility for Analytical Electron Microscopy at University of Calgary. 

This work was supported by Natural Sciences and Engineering Research Council of 

Canada Discovery Grant 05503-2015, and Alberta Innovates Technology Futures.  

 

 

 



264 
 

Chapter 7 

Conclusions and Future Work 

7 Conclusions and Future Work 

7.1 Conclusions 

In this thesis, biosensors with the ability to detect dopamine (DA) 

neurotransmitter with high sensitivity, selectivity, stability, repeatability, wide linear 

range, and low limit of detection have been fabricated. The crucial factor in 

development of any biosensor is the systematically analytical work of sensor design 

and fabrication followed by a cautious characterization of the materials making the 

sensor structure, as well as the sensor performance. Herein, the strength of combining 

different knowledge from different scientific fields has been exploited during the 

fabrication of the biosensors where electrochemistry, bioscience, nanotechnology, and 

polymer science have been joined together.  

In this section we summarize our efforts in electrochemical detection of DA with 

high sensitivity and selectivity by modifying the electrode surface with a thin layer of 

in situ polymerized conducting polymer nanocomposite containing single stranded 

deoxyribonucleic acid (ss-DNA)-functionalized nanostructures of carbon nanotubes 

(CNT) and highly exfoliated nitrogen-doped graphene (NEG). To accomplish this 

purpose, we synthesized the essential materials for fabrication of this sensor from the 
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scratch to be able to control and gain the best performance out of this sensor. Based 

on our attempts for synthesis and fabrication of this biosensor, and analytical valuation 

of its structure and performance, our main contributions for this fabrication will be 

briefly explained in this section. 

7.1.1 Optimization of Carbon Nanotubes Synthesis Condition by means of 

Chemical Vapor Deposition Method 

To synthesize CNT, a conventional chemical vapor deposition (CVD) technique 

was used at different  synthesis temperatures (550, 650, 750 and 850°C) using cobalt 

catalyst. Changing the synthesis temperature is one of the most useful methods to 

alter the structural properties of CVD-grown CNT, such as diameter, length, and 

graphitization degree (Lee, Park et al. 2001, Chai, Zein et al. 2007, Veziri, Pilatos et 

al. 2008, Chizari, Vena et al. 2014). Moreover, it is known that among the available 

transition metallic catalysts, the presence of cobalt catalyst in CVD synthesis of CNT 

is of critical importance to produce turbostratic and highly crystalline CNT (Cheung, 

Kurtz et al. 2002, Dupuis 2005). Given the forgoing notes, in this paper, we studied 

the effect of different synthesis temperatures on the geometrical and structural 

properties of CNT grown over cobalt nanoparticles. It was found that CNT synthesized 

at 650°C demonstrated superior graphitized structure, improved electrical 

performance, and decent morphological properties compared to their counterparts. We 
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inspected the underlying reasons by means of various characterization techniques, 

where the most significant results are as follows. Thermo-gravimetric analysis (TGA) 

demonstrated that the synthesis temperature of 650°C leads to superior carbon purity 

and CNT quality. Raman spectroscopy demonstrated a more graphitized structure for 

CNT synthesized at 650°C, and much smaller number of defective structures. 

Transmission- and scanning- electron microscopy (TEM, and SEM) obviously 

demonstrated that synthesis temperature dramatically affected CNT morphology. A 

low population density of CNT synthesized at 550°C indicates the poor catalytic 

activity of cobalt catalyst at 550°C, established by observation of a considerable 

amount of catalyst particles either unreacted or covered by amorphous carbon in SEM 

images. In contrast, a uniform appearance of CNT synthesized at temperature of 650°C 

confirms the sufficient energy available for synthesis of the desired carbon 

nanomaterials under this condition. At higher synthesis temperatures (750°C and 

850°C), the presence of giant clusters of catalyst authenticates the hypothesis of 

coalescence and sintering of catalytic particles at elevated temperatures, which 

resulted in synthesis of CNT with depraved performance. A thorough structural 

analysis of the synthesized CNT such as carbon purity, electrical conductivity, and 

more graphitized and homogenous structure led us to this conclusion that 650°C is the 

optimum temperature using our CVD set-up providing sufficient energy for the 
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synthesis of CNT with minimum catalyst sintering. Hence, we exploited the CNT 

synthesized at 650°C toward the development of an electrochemical biosensor for 

detection of neurotransmitter DA. 

7.1.2 Obtaining a Well-dispersed Suspension of Carbon Nanomaterials in 

Aqueous Solutions 

Poor dispersability and high aggregation affinity of carbon nanostructures in both 

aqueous and non-aqueous media makes it very challenging for their use in practical 

applications. Direct electrochemical exfoliation of graphite in dilute acidic or neutral 

aqueous electrolytes offers an easy, fast and environmentally friendly approach to 

produce high-quality graphene oxide. Exfoliation of graphite in acidic electrolytes 

introduces high numbers of oxygen-containing functional groups, while exfoliation in 

neutral aqueous electrolyte results in a lower yield of graphene oxide (GO) with a 

smaller lateral size (Cooper, Foreman et al. 1995, Parvez, Wu et al. 2014, Pei, Wei et 

al. 2018). Among these approaches, electrolytes contain aqueous inorganic salt can 

yield GO with high carbon to oxygen ratio and much lower defective sites. In our 

recent work, we electrochemically synthesized highly exfoliated nanosheets of graphene 

keeping a few functional groups of oxygen, along with some nitrogen-doped active sites 

incorporated in their structure (NEG) (Sharif, Zeraati et al. 2019). Ammonium sulfate 

((NH4)2SO4)) was used as an aqueous inorganic salt electrolyte to obtain the best GO 
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sheets with an outstanding dispersion state in aqueous medium (confirmed using cryo-

SEM images through the formation of a haphazard honeycomb structure of carbon 

nanostructures connected to each other); while achieving remarkable electrical 

conductivity (284S cm-1) as high as parent graphene to meet our demands for 

fabrication of electrochemical sensor of DA. The x-ray photoelectron spectroscopy 

(XPS) of the electrochemically synthesized nitrogen-doped graphene revealed some 

nitrogen-containing defective sites, including 32.45% pyridinic, 20.25% pyrrolic, and 

47.3% graphitic nitrogen out of its total 2.5% nitrogen.  

A good dispersion state of the synthesized CNT in aqueous media could also make 

it more feasible to achieve their entire outstanding properties in practical applications. 

Numerous techniques have been also reported for dispersion of CNT, such as polymer 

wrapping (Hur, Yoon et al. 2005, Pasquier, Unalan et al. 2005, Star, Tu et al. 2006), 

noncovalent adhesion of small molecules (Wu, Chen et al. 2004, Artukovic, Kaempgen 

et al. 2005), and acidic oxidation (Li, Hu et al. 2006) which introduce different surface 

functionalities to CNT structures. It was recently reported that ss-DNA could 

efficiently disperse bundled single-walled CNT in brine aqueous medium (Zheng, 

Jagota et al. 2003, Zheng, Jagota et al. 2003). The use of DNA for CNT surface 

modification offers several advantages of the defined length and sequence, and 

sophisticated chemistries for functionalization. It also delivers a method  for surface 
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functionalization of CNT without modifying it covalently. We exploited this approach 

and could successfully functionalize the surface of our CVD-grown multi-walled CNT 

synthesized at 650°C. Cryo-SEM observations confirmed that the parent CNT in 

aqueous suspension was mainly in the form of large agglomerates, while the connected 

path of CNT to each other proved the excellent dispersion state of DNA-functionalized 

CNT within aqueous media. 

7.1.3 Multiple Roles of DNA-functionalized Carbon Nanotubes and Nitrogen-

doped Graphene during In Situ Chemical Polymerization of Poly(aniline 

boronic acid) Nanocomposites 

Through in situ chemical polymerization of 3-aminophenylboronic acid monomers 

in the presence and absence of DNA-functionalized carbon nanostructures 

(DNA_CNT_NEG), nanocomposites of poly(anilineboronic acid) (PABA) were 

fabricated. The DNA_CNT_NEG acted as anchoring molecular templates during 

polymerization, and also increased the stability of the respective polymer 

nanocomposites after polymerization. This higher stability was attributed to the 

establishment of a conductive state of polyaniline; that is, emeraldine salt. The strong 

pre-dispersion of DNA_CNT_NEG in the ABA monomer solution increased the 

effective molecular interactions at the interfacial layer of the nanofillers and monomers. 

This resulted in fabrication of a highly-ordered and polyconjugated structure of PABA 
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nanocomposite with superior electrical conductivity (14300S m-1 at 3.0 wt.% filler 

content) compared to pure PABA (4×10-9S m-1) or polymer composites synthesized 

with neat CNT (1.75×10-4S m-1 at 3.0 wt.% filler content). Through multiple analysis 

techniques (UV-visible spectroscopy, fourier transform infrared spectroscopy, x-ray 

diffraction analysis, differential scanning calorimetry, thermo-gravimetric analysis), it 

was validated that by the use of DNA_CNT_NEG hybrid nanostructures for 

polymerization of ABA monomers, some molecular attractions are created at the 

interfacial layer during and after polymerization. This resulted in fabrication of PABA 

nanocomposites with highly polyconjugated, and ordered structure, which also 

demonstrated a very high thermal stability. Porosity and roughness of the polymer 

films were studied using scanning electron microscopy and Brunauer-Emmett-Teller 

(BET) surface area analysis which showed a higher porosity and surface roughness for 

PABA nanocomposites polymerized with DNA_CNT_NEG. 

7.1.4 Electrochemical Detection of Dopamine by Using Electrochemically-

polymerized Poly(aniline boronic acid) Composites 

In this section we summarize our efforts for application of PABA composites in 

electrochemical detection of DA. We fabricated the sensor by modifying the electrode 

surface with a very thin layer of PABA composites polymerized through in situ 

electrochemical polymerization of anilineboronic acid monomers in the presence and 
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absence of DNA-functionalized carbon nanostructures (DNA_CNT_NEG). We 

believe that in our detecting approach the direct oxidation of dopamine is avoided; 

thus, the associated problems reported in direct oxidation methods, such as electrode 

fouling and DA regeneration, were eliminated. The DNA-functionalized carbon 

nanostructures in the PABA nanocomposites not only significantly enhanced the 

electrochemical activity of the PABA in physiologically related solutions, they also 

improved the effective electrode surface area, and therefore the density and availability 

of boronic acid groups for binding neurotransmitter DA. These qualities considerably 

improved the sensitivity for detection of DA. We found that DA concentrations as low 

as 6nM were detected with differential pulse voltammetry (DPV), and the 

electrochemical current changes were linear in a very wide linear range of 0.007-1µM, 

along with a very high saturation limit. Optimization of the detection technique using 

different ratios of the used nanomaterials (DNA_CNT to NEG ratio) resulted in such 

a low detection limit. We also attained that ascorbic acid (AA) did not interfere with 

DA detection, because the use of PABA nanocomposites resulted in up-shift of DA 

characteristics peak signal and allowed resolution in voltammogram. Moreover, it was 

found that diols of boronic acid in PABA nanocomposites has no/minimal affinity to 

diols of AA. The sensitivity of the developed biosensor along with its improved 
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selectivity might allow for its potential use in the diagnosis of neurological disorders 

such as Parkinson's disease.  

7.1.5 Exploiting Boron Chemistry in Polyaniline Backbone for Fabrication of 

Polymer Nanocomposites for Dopamine Detection 

Boronic acids functional groups have recently gained tremendous attention as a 

substrate and structure blocks in organic synthesis chemistry (Hall 2006). The 

extraordinary benefit of employing PABA as building block of our biosensor, instead 

of the parent polyaniline (PANI) itself, is the presence of the boronic acid functional 

groups along the PANI backbone, which allows us to introduce different functionalities 

into the system to fit a wide variety of applications. The existence of the boronic acid 

groups dopes the PANI backbone and extends the conductivity and electrochemical 

activity of PANI into neutral pH which is critical for biosensor applications (Deore, 

Yu et al. 2004, Deore, Yu et al. 2005, Ma, Ali et al. 2006). In this thesis, we exploited 

the high affinity of PABA to DA biomolecules, along with its suitable conductivity 

and electroactivity in physiological pH environment to fabricate a biosensor with high 

sensitivity and selectivity for neurotransmitter DA detection in an attempt for 

diagnosis of Parkinson’s Disease (PD).  
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7.2 Future Work 

The work contained in this dissertation explores the fundamental application of 

PABA nanocomposites in situ polymerized in the presence of DNA-functionalized 

carbon nanostructure (DNA_CNT_NEG) for in vitro detection of DA as a 

catecholamine by voltammetry techniques. We believe that the foundation is now set 

for future in vivo testing and applications; however, some improvement in the 

fabrication of the respective nanocomposites can make it more suitable for practical 

applications in diagnosis of neurological disorders. 

7.2.1 Carbon Nanotubes Sorting Based on their Chirality and Length to 

Optimize the Performance of In Situ Polymerized Conducting Polymer 

Nanocomposites 

7.2.1.1 Chirality 

Theoretically, carbon nanotube is known as a hollow cylindrical tube shaped by 

rolling up a sheet of graphene which made up of hexagonally bonded sp2-hybridized 

carbon atoms. It is pretty well-known that the direction and magnitude of a roll-up 

vector, indicated by chiral indices (n, m), describing the chirality and diameter of the 

resulting CNT. These geometric parameters in turn determine the electronic band gap 

structures of a tube, which are the basis of the fascinating electronic and optical 

properties of the tubes. The chirally selective chemistry of single-walled CNT has been 
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demonstrated in several reports (Kavan, Rapta et al. 2000, Strano, Dyke et al. 2003, 

Banerjee and Wong 2004). However, this quality for multi-walled CNT, as well as the 

chiral selectivity of carbon nanotubes, either single-walled or multi-walled in the in 

situ polymerization of conducting polymer nanocomposites (even other polymer 

nanocomposites) has not been reported yet. This idea could potentially result in 

fabrication of conducting polymer nanocomposites with better performance in 

electronic devices such as biosensing platforms. 

7.2.1.2 Length 

It has been recently proved that the sensitivity-enhancement effect of single-walled 

CNT in amperometric biosensing approaches mainly depends on their average length 

distribution (Tasca, Gorton et al. 2008). It has been demonstrated that long CNT 

would increase the charge transport over large distances. Therefore, much higher 

sensitivity can be obtained using longer CNT if catalyst particles, amorphous graphite, 

and impurities in the synthesized CNT were removed. Although tremendous efforts 

has been made in CNT synthesis field, current synthesis technologies can make CNT 

with a mixture of metallic and semiconductor tubes. The development of methods to 

separate CNT based on their length, and removal of impurities might finally result in 

synthesis of highly-ordered and -conjugated structure of conducting polymers with 

exceptional properties in sensing of biomolecules. 
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7.2.2 Considering the Structure of Doped Graphene with Heteroatoms other 

than Nitrogen 

As mentioned so far, the electronic and electrocatalytic properties of the graphene 

can be tuned by introduction of heteroatoms within their atomic structure. Among 

the studied dopants, nitrogen has gained the most attention (Wang, Maiyalagan et al. 

2012). There have been tremendous progress to increase the electrocatalytic activity 

of doped graphene through co-doping of nitrogen with other heteroatoms such as sulfur 

(Liang, Jiao et al. 2012), boron (Zehtab Yazdi, Fei et al. 2015), and phosphorous 

(Zhang, Mahmood et al. 2013). The electronegativity of these heteroatoms may change 

the electroneutrality of graphene to form active sites for reactions (Zhang, Mahmood 

et al. 2013). These active sites may increase the electronic interactions during  in situ 

chemical and electrochemical polymerization of ABA monomers in the presence of 

doped graphene nanosheets, and thus enhance the templating role of graphene for 

anchoring of monomers. This could be beneficial for enhanced performance of DA 

biosensors applications. 

7.2.3 The Modification of the Electrode Surface by Nafion Membranes  

The elimination of the interferences for DA detection, such as AA can be obtained 

by means of a charge-discriminating membrane such as Nafion. Nafion tends to 

preferentially attract the positively charged DA biomolecules (pKa = 8.9) and repels 
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the negatively charged ascorbate (pKa = 4.2) at the electrode surfaces in physiological 

pH environment. Nafion as a perfluoro sulfonated, and a cation-exchange polymer, can 

reject the ascorbate and other anions; thus, provides a transportation channel for 

cations such as DA and accumulates them. Nafion is very biocompatible, and thus can 

be employed for the modification of PABA nanocomposite electrode surfaces in this 

work to further minimize the characteristic peaks of AA in our detection approach 

and to enhance the selectivity. 

7.2.4 Determination of Dopamine in Human Urine and Serum Samples 

It is known that there are some electroactive substances other than ascorbic acid 

present in the extracellular fluids of the caudate nucleus which can interfere the 

accurate detection of dopamine such as uric acid, homovanillic acid, dihydroxyphenyl 

acetic acid, etc. The utilization of the proposed method in real samples could be 

investigated by direct analysis of DA in human urine and serum samples, to find how 

robust this technique can function in the presence of other interferents. 
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Figure A-1: Copyright permission corresponding to Figures 2-1, 2-2, and 2-3 
used in Chapter 2 of this thesis. 
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Figure A-2: Copyright permission corresponding to manuscript “Cobalt Catalyst Grown 
Carbon Nanotube/Poly(Vinylidene Fluoride) Nanocomposites: Effect of Synthesis Temperature on 
Morphology, Electrical Conductivity and Electromagnetic Interference Shielding” used in Chapter 3 

of this thesis. 
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Figure A-3: Copyright permission corresponding to manuscript “Enhanced Sensitivity of Dopamine 
Biosensors: An Electrochemical Approach Based on Nanocomposite Electrodes Comprising Polyaniline, 

Nitrogen-Doped Graphene, and DNA-Functionalized Carbon Nanotubes” used in Chapter 5 of this 
thesis. 

 


