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Abstract 
 

The use of graphene and conductive polyaniline nanomaterials in 

the field of electrochemistry is increasing due to their excellent 

conductivity, rapid electron transfer and high specific surface area. 

However, these properties are strongly dependent on the 

preparation processes. To accelerate the development of advanced 

electrochemical sensors for the simultaneous detection of trace 

amounts of heavy metal ions, two facile and green methods are 

proposed to improve their performance in this thesis. The first one 

was dedicated to make graphene-carbon nanotube hybrid 

nanocomposites. The introduction of carbon nanotubes not only 

greatly enhances the conductivity of graphene but also suppresses, 

to some degree, the aggregation between graphene nanosheets. 

Another method proposed in this thesis work was to synthesize a 

phytic acid doped polyaniline nanofiber based nanocomposite. The 

synergistic contribution from polyaniline nanofibers and phytic acid 

enhances the accumulation efficiency and the charge transfer rate of 

metal ions during the differential pulse anodic stripping 

voltammetry analysis. The above-mentioned nanocomposite 

modified electrodes were all successfully applied to real samples for 

the simultaneous detection of Cd2+ and Pb2+ with good recovery 

rates. Meanwhile, corrosion protection is another important branch 

in the field of electrochemistry. In this direction, an active alkyd-

polyaniline composite coating with self-healing functionality was 

prepared. The polyaniline used in this thesis was doped with p-

toluene sulfonic acid, which was employed to increase the 

conductivity of polyaniline, and 1 wt.% of as-prepared polyaniline 

nanoparticles were found to offer an effective conductive network 

for anticorrosion. Finally, the reasons that such low loading levels of 

nanomaterials can result in significantly reinforced properties in 

nanocomposites were studied with combined atomic force 
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microscopy (AFM) techniques. The results demonstrated that the 

interphase for a 40-nm-sized silica particle could extend to 55–70 

nm in poly(ethyl methacrylate) (PEMA) and poly(isobutyl 

methacrylate) (PiBMA) polymer matrix, and the interphase 

exhibited a gradient distribution in surface nanomechanical 

properties.  

 

Keywords: Electrochemical sensor; nanocomposite; graphene; 

carbon nanotubes; phytic acid; polyaniline; corrosion protection; 

silica nanoparticles; atomic force microscopy; interphase 
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Sammanfattning 
 

Grafen och ledande polyanilin nanomaterial finner allt fler 

tillämpningar inom elektrokemiområdet på grund av dess utmärkta 

ledningsförmåga, snabba elektronöverföringshastighet och stora 

specifika yta. Emellertid påverkas dessa egenskaper väsentligt av 

framställningsprocessen. I min avhandling föreslås två rättframma 

och ”gröna” metoder för att förbättra egenskaperna och därigenom 

påskynda utvecklingen av avancerade elektrokemiska sensorer för 

samtidig detektion av spårmängder av tungmetalljoner. Den första 

metoden bygger på att tillverka hybrid nanokompositer av grafen 

och kolnanorör. Kolnanorören förbättrar inte enbart grafens 

konduktivitet utan motverkar även i viss mån aggregering av grafen. 

Den andra metoden som föreslås i den här avhandlingen bygger på 

syntes av fytinsyra-dopade polyanilin nanofiber-baserade 

nanokompositer. De synergistiska bidragen från polyanilin 

nanofibrer och fytinsyra ökar ackumulationseffektiviteten och 

laddningsöverföringshastigheten för metaljoner vid pulsad anodisk 

stripping voltametrianalys. De ovan nämnda 

nanokompositmodifierade elektroderna användes med framgång för 

samtidig detektion av Cd2+ och Pb2+. I ett annat forskningsprojekt 

tillverkades en aktiv alkyd-polyanilin kompositbeläggning med 

självläkande egenskaper för korrosionsskyddstillämpningar. Den 

polyanilin som användes i det här projektet var dopad med p-toluen 

sulfonsyra, vilket ökar ledningsförmågan hos polyanilin. Endast 1 

wt.% av de tillverkade polyanilin nanopartiklarna behövdes för att 

uppnå ett effektivt ledande nätverk med korrosionsskyddande 

egenskaper. Anledningen till att en så pass liten mängd 

nanopartiklar kan ge väsentlig förstärkning av nanokompositer 

undersöktes med atomkraftmikroskopimetoder (AFM). Resultaten 

visar att interfasen runt en 40 nm stor kiseldioxid partikel kan ha en 

utsträckning av 55–70 nm i en matris bestående av poly(etyl 
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metakrylat) (PEMA) och poly(isobutyl meakrylat) (PiBMA), och 

interfasens nanomekaniska egenskaper beror på avståndet från 

partikeln.  

 

Nyckelord: Elektrokemisk sensor, nanokomposit, grafen, kol 

nanorör, fytinsyra, polyanilin, korrosionsskydd, kiseldioxid 

nanopartikel, atomkraftmikroskop, interfas 
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Summary of papers 
 

In Paper I a green and facile method was developed for 

preparation of a new type of hybrid nanocomposite material, which 

was composed of one-dimensional multi-walled carbon nanotubes 

(MWCNTs) and two-dimensional graphene oxide (GO) sheets. After 

electrochemical reduction, the as-prepared graphene-MWCNTs 

nanomaterials were demonstrated to be a practical sensor material 

for the detection of heavy metal ions using differential pulse anodic 

stripping voltammetry (DPASV), showing excellent sensitivity and 

simultaneous detection performance. The linear calibration plots for 

Pb2+ and Cd2+ were in the range of 0.5–30 μg L−1. The detection 

limits were determined to be 0.2 μg L−1 (signal to noise, S/N = 3) for 

Pb2+ and 0.1 μg L−1 (S/N = 3) for Cd2+ in the case of a deposition time 

of 180 s. This method was also successfully applied to the detection 

of Cd2+ and Pb2+ in real electroplating effluent samples containing 

significant amounts of surface-active impurities. 

In Paper II an environmentally friendly material, phytic acid, was 

incorporated into polyaniline (PANI) nanofibers using the “doping-

dedoping-redoping” method. The as-prepared one-dimensional 

nanocomposite showed better conductivity and more facile electron 

transfer rate than the traditionally used bulk PANI or inorganic acid 

doped PANI nanomaterials. The nanocomposite was evaluated as a 

new electrode material for simultaneous detection of trace amounts 

of Cd2+ and Pb2+ using DPASV. The synergistic contribution from 

one-dimensional PANI nanofibers and phytic acid enhances the 

accumulation efficiency and the charge transfer rate of metal ions 

during the DPASV analysis. Good linear relationships were obtained 

for Cd2+ in the range of 0.05–60 mg L-1, with the detection limit (S/N 

= 3) of 0.02 mg L-1, and for Pb2+ in the range of 0.1–60 mg L-1, with 

the detection limit (S/N = 3) of 0.05 mg L-1. The proposed method 

was also applied to real samples. 



x 

For corrosion protection with self-healing properties, an active 

alkyd-polyaniline composite coating was described in Paper III. The 

PANI used here was doped with p-toluene sulfonic acid, and it was 

employed to increase the conductivity of PANI. Just 1 wt.% of as-

prepared PANI nanoparticles were found to offer an effective 

conductive network for anticorrosion. This study focused on a 

fundamental understanding of the anticorrosion mechanism of the 

“smart” coating for carbon steel. Combined electrochemical and AFM 

measurements demonstrated that the improved stability and 

corrosion protection by such a low loading level of PANI in the 

polymer matrix were due to the redox property, which leads to steel 

passivation. 

In Paper IV intermodulation atomic force microscopy (ImAFM) 

was employed to directly measure the local mechanical properties of 

a PDMS-silica nanocomposite. The data analysis was carried out 

without inferring any contact mechanics model. Analysis of energy 

dissipation with ImAFM showed a lowering of the viscous response 

due to the presence of the hydrophobic silica nanoparticles in the 

PDMS matrix. The enhanced elastic response was also evident from 

the in-phase stiffness of the matrix, which was found increased by a 

factor of 1.5 in presence of the nanoparticles. Furthermore, analysis 

of dissipation energy and stiffness in the immediate vicinity of the 

nanoparticles provided an estimate of the interphase thickness. 

Because the local stiffness varied significantly near the nanoparticle, 

AFM height images contained artifacts that must be corrected in 

order to reveal the true surface topography. Without such a 

correction, the AFM height images erroneously show that the stiff 

particles protrude from the surface, whereas corrected images show 

that they are actually embedded in the matrix and likely covered 

with a thin layer of polymer. 

In Paper V two AFM force methods, i.e., quantitative imaging and 

force mapping spectroscopy, were used to directly measure the 



xi 

nanomechanical properties of the interphase in a poly(ethyl 

methacrylate)-poly(isobutyl methacrylate) (PEMA-PiBMA) polymer 

nanocomposite with high concentration of hydrophobized silica 

nanoparticles over a controlled temperature range. The results 

indicated that the interphase for a 40-nm-sized particle could extend 

to 55–70 nm, and the interphase region exhibited a gradient 

distribution in mechanical properties. The analysis of the local glass 

transition temperature (Tg) of the interphase and polymer matrix 

provides evidence for reduced stiffness of the polymer matrix in 

presence of high nanoparticle concentrations.  
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Chapter 1 Introduction 
 

Sensors are widely used in our everyday life, for example, a 

mercury-based glass thermometer or an oxygen sensor in a car 

detecting the gasoline/oxygen ratio. In electronics, a sensor is a 

device that detects some type of input in the physical environment 

and provides a corresponding output. Commonly measured inputs 

are temperature, moisture, pressure, light, motion, flow, heat, sound, 

and so on. Various outputs could be provided by the sensors, 

typically they constitute an electrical signal due to its easy reception, 

transmission and processing. Therefore, most modern sensors 

convert non-electrical parameters into signals that can be detected 

electrically. 

Sensors can be classified in many different ways, for example, i) 

according to their applications (such as biosensors, image, humidity, 

or viscosity sensors), ii) based on the materials used (for instance, 

zirconium oxide, magnetic iron oxide, graphene, fiberoptic, ceria 

nanoparticle, conducting polymer sensors), iii) according to physical 

and chemical transduction principles (mechanical, electrical, 

magnetic, thermo-optical effects etc.) or by other possible 

classification criteria.1 Electrochemical sensors, which are the 

fundament for one of the most important instrumental analysis 

methods, are based on the electrochemical transduction principle. 

This technology, which is specially considered in this thesis, 

provides sensitive, inexpensive, portable and selective devices. 

 

1.1 Electrochemical sensor 

 

1.1.1 Principles 

 

In the broadest definition, electrochemistry is the subject that 

studies and explores the mutual conversion between electrical 
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energy and chemical energy. This conversion involves transfer of 

electric charges between electrodes and electrolytes, that is, redox 

reactions take place at interfaces (such as gas/liquid, liquid/solid, 

liquid/liquid interfaces). Electrochemical sensors are devices or 

instruments that determine the concentration or composition of 

specific chemical substances by measuring changes in potential, 

current or resistance due to the presence of the analytes. 

Electrochemical sensors have many favorable properties. They 

consume very little power to operate and are easy to miniaturize.2 

Therefore, they are extensively used in many stationary and 

portable devices for the determination of electroactive substances. 

In this thesis work, for example, toxic heavy metal ions in aqueous 

solution were monitored using an electrochemical method. 

 

1.1.2 Configurations 

 

There are different ways to configure electrochemical sensors, 

depending on the final intended usage. Typically, an electrochemical 

sensor is a three-electrode system and consists of a working 

electrode, a reference electrode and a counter electrode separated 

by the supporting electrolyte. The reference electrode is introduced 

to measure the electrode potentials for the electrochemical 

reactions, and it should display a highly stable electrode potential. 

Generally employed reference electrodes are, for instance, the 

standard hydrogen electrode (SHE), the saturated calomel electrode 

(SCE) and the silver chloride electrode (Ag/AgCl). In this thesis, a 

KCl-saturated SCE was used as the reference electrode, and all 

potentials were measured relative to this electrode. The counter 

electrode is also called the auxiliary electrode. It is connected with 

the working electrode in series to form the current circuit, and 

usually made of an electrochemically inert and low-resistance 

material that does not exhibit any polarization properties over the 
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applied electrochemical window. Commonly used materials for the 

auxiliary electrode include platinum, gold and carbon. A platinum 

plate was used as the counter electrode in this thesis work. 

The working electrode plays a pivotal role since it is here the 

electron-transfer reactions that are expected in the analysis occur. 

Therefore, working electrodes should also show ideal polarization 

character over the applied potential window. Traditional materials 

based working electrodes include: i) mercury and inert metal 

(platinum and gold etc.) electrodes, ii) some metal oxides such as 

indium tin oxide electrode, and iii) the allotropic forms of carbon 

electrodes, e.g., graphite, carbon paste, carbon fiber or glassy carbon 

electrodes (GCE). However, the above-mentioned electrodes have 

not been able to meet the ever-increasing requirements for the 

analysis of complex samples. 

Recently, solid electrodes modified with nanostructured materials 

have been proposed to accelerate the development of advanced 

sensors.3 Various excellent properties have been achieved by these 

sensor systems due to the favorable properties of the nanomaterials 

used. A comprehensive review of the contemporary nanomaterials 

goes beyond the purpose of this thesis. However, several useful 

nanomaterials are described in section 1.2. 

 

1.1.3 Analytical technique: differential pulse anodic stripping 

voltammetry 

 

For an integrated electrochemical sensor system, except for the 

three-electrode elements, the signal processing technique employed 

is also important since the detection sensitivity and selectivity are 

closely affected by the processing technique used. Common 

electrochemical methods include, for instance, cyclic voltammetry 

(CV), pulse voltammetry, chronoamperometry, chronocoulometry, 

chronopotentiometry and electrogravimetry. Among these 
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techniques, pulse voltammetry is often preferred due to its high 

sensitivity when the background current of the electrode is large or 

the modified electrode film is very thin. Based on the way the 

voltage from the outside is imposed, pulse voltammetry can be 

classified into normal pulse voltammetry (NPV) and differential 

pulse voltammetry (DPV). The difference is that a series of ever-

increasing voltage pulses are superimposed on a constant initial 

potential in the former, while in DPV a series of voltage pulses with 

constant amplitude (2~100 mV) are superimposed on a linear 

sweep potential. The current values are sampled when the potential 

is changed and the current difference is plotted as a function of 

potential. Currently, DPV is one of the most sensitive techniques of 

all voltammetric methods, and the detection limit can be as low as 

about 10-8 mol L-1. 

To further increase the detection sensitivity, anodic stripping 

voltammetry (ASV) is introduced for quantitative analysis of some 

specific chemicals in aqueous solution such as heavy metal ions. In 

this thesis work, differential pulse anodic stripping voltammetry 

(DPASV) was used. Before the current vs. potential plot is sampled, 

i.e., before the stripping step, there is a preconcentration step in 

DPASV. Specifically, the species of interest is first deposited on the 

working electrode by simple adsorption or electrochemical 

enrichment before being stripped from the electrode. In the 

stripping step, the heavy metals are oxidized and the working 

electrode performs as an anode, explaining the name anodic 

stripping voltammetry. By combination of the two electrochemical 

steps, DPASV permits to reach an excellent detection limit as low as 

10-10 mol L-1. 

In anodic stripping voltammetric analysis, the working electrode 

performs a pivotal role since it undertakes the responsibility not 

only for the effective preconcentration of metal ions in a suitable 

potential region but also for the adequate stripping ability. The 
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previously employed mercury based electrodes provide high 

detection sensitivity owing to liquid mercury’s ability to form alloys 

with many metals, but mercury now become restricted due to health 

considerations.4,5 Alternatively, environmentally friendly electrodes 

like gold,6 bismuth,7 or stannum film8 etc., and chemically modified 

electrodes have shown great potential in substituting the mercury 

electrodes.9,10 A variety of advanced materials has been employed to 

modify the electrodes including carbon nanotubes,11 graphene,12 

organic polymers,13,14 and corresponding nanocomposites.15,16 The 

fundamental principle in designing these detection platforms is to i) 

enrich the electrostatic adsorption active sites by introducing 

specific binding groups, and ii) accelerate the electron transfer rate 

at the electrode surface by enhancing the conductivity of the 

modified materials, thus increasing the overall preconcentration 

efficiency. 

 

1.2 Electrode materials 

 

1.2.1 Carbon nanomaterials: carbon nanotubes and graphene 

 

Carbon nanotubes (CNTs) and graphene are two allotropic forms 

of carbon, where carbon atoms are in the sp2-hybridization state.11 

CNTs are one-dimensional nanomaterials with nanoscale diameters, 

but the lengths could range from a few nanometers to several 

centimeters. CNTs are produced in large batch by, for instance, 

floating catalyst chemical vapor deposition or laser evaporation.17,18 

The as-prepared CNTs have excellent electrical conductivity, 

mechanical and photophysical properties. However, the primary 

drawback of CNTs is that there are only a few functional groups 

(such as –COOH, –C=O and –OH) on their surfaces, making CNTs 

highly hydrophobic. For this reason, although with a high 

conductivity, unmodified CNTs are unable to chelate metal ions in 
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aqueous phase and do not work as good electrode materials for ASV 

electroanalytical purposes. 

It is generally believed that graphene, a one-atom-thick layer of 

graphite, possesses excellent conductivity, high electron transfer 

rate and very large specific surface area. However, these properties 

are strongly dependent on the preparation process of graphene 

sheets. In fact, the material obtained by the reduction of graphene 

oxide (rGO) sheets by the well-known Hummers method,19 has 

much lower electrical conductivity and specific surface area than 

theoretically expected.20 This is owing to excessive defects 

originating from the chemical oxidation process and the clustering 

caused by significant π–π interaction. Instead, the main advantage of 

the as-prepared rGO is its strong hydrophilicity originating from 

some preserved surface functional groups, which enables metal ions 

to strongly adsorb to rGO. 

Seeing that rGO and CNTs have their own advantages and 

disadvantages, we utilized two-dimensional graphene oxide (GO) 

nanosheets and single-dimensional multi-walled carbon nanotubes 

(MWCNTs) to fabricate a type of graphene-MWCNTs (G-MWCNTs) 

hybrid nanocomposites with excellent conductivity and good water 

solubility. In this way, the effective combination of two carbon 

nanostructures can not only make full use of the respective 

advantages, but also counteract the deficiencies of the two building 

blocks. In this thesis work, a simple and green method was 

developed to fabricate three-dimensional G-MWCNTs 

nanocomposites. Thus, hydrophilic GO components interact with 

CNTs through π–π interaction, increasing the dispersibility of CNTs 

in water. At the same time, the presence of the CNTs components 

not only greatly enhances the conductivity of the nanocomposites 

but also to some degree suppresses the aggregation of GO 

nanosheets. Moreover, the hydrophilic hybrid nanocomposites are 

able to adsorb heavy metal ions from aqueous solution due to their 
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unusual structure and high amount of chelating groups, which make 

them ideal sensing nanomaterials suitable for electrochemical 

detection and preconcentration of trace amounts of heavy metal 

ions. 

 

 
Figure 1.1. From graphite to graphene to carbon nanotube. 

 

1.2.2 Conducting polymers: polyaniline 

 

Before Heeger, MacDiarmid and Shirakawa reported that the 

conductivity of polyacetylene significantly increases upon doping 

with oxidized iodine in 1977, organic polymers had been regarded 

as insulators.21 In year 2000, the discovery of conductive polymers 

was awarded the Nobel Prize. Since then, significant efforts have 

been made to develop new conducting polymers and to identify new 

properties and applications of those materials. Nowadays, 

conducting polymers are found in a variety of applications and 

devices, such as organic light-emitting diodes (OLED), antistatic 

shielding, electrochromism, organic solar cells, supercapacitors, 

corrosion protection and electrochemical sensors. Typical 

conducting polymers are shown in Figure 1.2. 
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Figure 1.2. Examples of conducting polymers: polyacetylene; 
polyphenylene vinylene; polyphenyl sulfide; polyaniline; 
polypyrrole. 
 

Polyaniline (PANI) is one of the most promising conducting 

polymers and many studies have been focused on PANI due to its 

inexpensiveness, easy synthesis, environmental stability, and 

reversible redox properties.22,23 As an electrochemical sensor 

material, PANI provides abundant electron active sites for binding 

e.g. toxic chemicals, rapid electron transfer, and tunable conductivity 

by simple acid-base reactions with different dopants or by 

incorporating other electro-conductive materials, such as carbon 

nanotubes, graphene and metal nanoparticles.15,16,23,24 Recently, 

versatile strategies have been explored to modify PANI for 

increasing the detection sensitivity towards heavy metal ions. For 

example, Philips et al. reported a cyano group containing PANI 

derivative for simultaneous detection of Pb2+ and Cd2+ using DPASV, 

and low detection limits, 0.255 µg L-1 for Cd2+ and 0.165 µg L-1 for 

Pb2+, were obtained.13 Su et al. employed a thiolated PANI-multi-

walled CNTs nanocomposite for DPASV determination of Pb2+ and 

Cd2+, with ultra-low detection limits of 0.04 and 0.01 µg L-1, 

respectively.25 In another recent study reported by Terbouche et al., 

humic acid-PANI composite modified cavity microelectrodes were 

used for detecting Ni2+ and Cd2+ via square wave voltammetry, and 

the limit of detection was 1.35 µg L-1 for Cd2+.26 More recently, 
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Ruecha et al. developed a graphene-PANI nanocomposite electrode 

for simultaneous detection of Zn2+, Cd2+ and Pb2+, with limits of 

detection of 0.1 μg L-1 for both Cd2+ and Pb2+ with a linear response 

range of 1–300 μg L-1.15 The progresses made in such sensors are 

due to two factors. First, the increased binding strength of the 

chelating groups compared to pure PANI, i.e., the cyano or thiol 

groups, or the large number of carboxyl and hydroxyl groups 

present in humic acid and rGO. Second, the increased conductivity 

achieved by using CNTs or graphene. However, the cyano and thiol 

dopants employed cannot be considered as being environmentally 

benign. 

In this thesis work, phytic acid was incorporated in PANI 

nanofiber nanocomposites, and a glassy carbon electrode modified 

by the resulting nanocomposite was adopted for simultaneous 

detection of Cd2+ and Pb2+ using DPASV. Phytic acid, also known as 

inositol hexaphosphate, is a multivalent organic acid with six 

phosphoric acid groups (–PO3H2), each attached to one carbon of a 

cyclohexane (Figure 1.3). The ionizable –PO3H2 group can form 

complexes with heavy metal ions.27 It has been reported that phytic 

acid and its salts can be used to remove pollutants such as Cu2+, Zn2+ 

and Cd2+.28 In addition, phytic acid is a “green” material mainly 

extracted from plants, and it possesses various important properties, 

including nontoxicity, high chelating ability, and low cost.29 However, 

phytic acid based materials have seldom been reported for detecting 

heavy metal ions, since phytic acid is very soluble in water and 

cannot form stable and repeatable films on the commonly used 

electrodes, e.g., glassy carbon and gold electrodes. To overcome this 

limitation, PANI was employed as an immobilization matrix for 

phytic acid in this thesis work. 

The nanostructured PANI offers higher specific surface area, 

better conductivity, and more active sites for adsorbing metal ions 

than its traditional bulk counterpart. The –PO3H2 groups in phytic 
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acid are expected to further enhance the accumulation efficiency of 

heavy metal ions. In general, the synergistic contribution from PANI 

nanofibers and phytic acid makes the new material a capable 

candidate for the determination of trace amounts of heavy metal 

ions. 

 

 
Figure 1.3. The molecular structure of phytic acid. 

 

1.2.3 Silica nanoparticles 

 

Silica nanoparticles have a variety of applications in chemical 

sensors due to its porous structure and high specific surface area. In 

those applications, mono-dispersed and well-defined silica particles, 

usually prepared by sol-gel methods, are used as carriers for 

immobilizing other nanomaterials, e.g., magnetic nanoparticles and 

quantum dots. Another crucial application for silica particles is their 

use as reinforcing fillers. Such particles can be obtained 

commercially, and they are commonly made by flame pyrolysis of 

silicon tetrachloride. Under normal conditions, silica nanoparticles 

demonstrate good chemical stability and resistance to mechanical 

stress. The use of silica as reinforcing fillers allows improvement of 

the mechanical properties of a soft polymer matrix and 

improvement of corrosion protection.30 
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1.3 Electrochemical applications of nanocomposites 

 

1.3.1 Detection of heavy metal ions 

 

Heavy metals are natural constituents of the earth and have been 

widely used in industry for a few decades.31 However, the 

environmental pollution caused by the indiscriminating handling of 

heavy metals has received global attention in recent years.32,33 

Among them, Cd2+ and Pb2+ are two highly toxic and persistent 

pollutants even at very low concentrations. They display 

bioaccumulation and are hard to remove from human body.4,34,35 

Therefore, to assess and control the unwanted daily dietary intake of 

heavy metal ions, it is critically important to develop novel analytical 

materials and devices for sensitive, rapid and real-time detection of 

trace levels of heavy metal ions. 

Various sensitive methods, for instance, atomic absorption 

spectroscopy, plasma atomic emission spectroscopy, 

spectrophotometry, X-ray and nuclear magnetic resonance, have 

been used for the detection of Cd2+ and Pb2+, but they usually 

require expensive equipment and complicated sample 

preparations.36,37 By comparison, electrochemical nanomaterial-

modified sensors have intrinsic advantages of simple operation, low 

cost, less sample consumption, high sensitivity, portable 

instrumentation and simultaneous determination capability. 

 

1.3.2 Corrosion protection by PANI-alkyd nanocomposite 

 

Corrosion of metals is a natural process that arises from the 

chemical and/or electrochemical reactions of metals. To control and 

retard corrosion in order to prolong material lifetimes and even 

avoid disasters is crucially important. Organic coatings are widely 

used for protection of metals by simply providing a physical 
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separation of the metal from ambient environment. However, due to 

the presence of pores and defects in the coatings, penetration of 

water or different kinds of ions can occur, leading to the corrosive 

agents eventually reaching the interface between metal and polymer. 

Also, defects due to aging or scratches generated by external forces 

are inevitable. To have long-term durability and reliability, the idea 

of ‘self-healing’ by incorporating electro-active components into the 

polymer matrix that counteracts the corrosion reactions has been 

proposed.38 Recently, conducting polymers such as PANI have been 

successfully used as such electro-active additives to ameliorate the 

protection performances.39 It has been reported that PANI could 

create a passivating oxidized thin layer at the interface between 

metal and polymer to protect the metal from further corrosion 

attack. 

In this thesis work, a composite alkyd coating with 1 wt.% p-

toluene sulfonic acid (PTSA) doped PANI was prepared. Improved 

corrosion protection and strong self-healing ability were obtained 

both in air and in 3 wt.% NaCl solution by such a low concentration 

of PANI. 

 

1.4 Why nanomaterials? 

 

Polymeric nanocomposites containing, e.g., carbon nanotubes,40 

graphene,41 carbon black42 and silica nanoparticles43,44 as fillers 

often display dramatically improved mechanical properties 

compared to the conventional microcomposites or the pure polymer 

matrix, even at low loading content. Experiments and numerical 

modeling have concluded that this “nano effect” at constant additive 

volume is due to the dramatic increase in the total interfacial area as 

the size of the additive decreases.45,46 
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1.4.1 Interphase and interface in polymeric composites 

 

The interfacial region, also called the interphase, is a transitional 

volume between filler and bulk matrix, which differs in its chemical 

and physical properties compared to the bulk matrix due to 

polymer-filler interactions. The properties of the interphase are 

crucial in nanocomposites not only due to its different 

physicochemical properties compared to the bulk matrix. This 

region is also responsible for the loads transfer from the matrix to 

the particles. The thickness of the interphase is very small, from a 

few nm to less than 1 µm. 

 

 
Figure 1.4. The interface is a surface formed by a common 
boundary between particle and the polymer matrix. The interphase 
is a finite region from the interface to the polymer matrix where the 
material properties are different from those of the polymer matrix. 

 

1.4.2 Characterization of the interphase by AFM 

 

Understanding the properties of the interphase is crucial in 

designing the desired properties of the nanocomposites.47-49 Several 

techniques such as the rubber process analyzer and nuclear 

magnetic resonance, as well as theoretical calculations, have 

demonstrated the existence of the matrix-filler interphase.42,46,50 

However, it is still a challenge to directly measure the mechanical 
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response of the interphase around an individual nano-sized particle 

due to its small dimension. With the above-mentioned methods, it is 

impossible to distinguish nanomechanical differences between the 

polymer matrix and the interphase and to directly measure the 

elastic and viscous response of the interphase.51 Thus, detailed 

characterization of the properties of the interphase between 

individual nanoparticles and the polymer matrix is a nontrivial task. 

In my thesis work I addressed this issue by employing three 

different AFM operational modes. 

It is now a generally accepted concept that nanocomposites with 

low loading levels of inorganic nanoparticles in a polymer matrix 

can have significantly different properties compared with the 

corresponding polymer without nanoparticles, or with micro-sized 

particles of the same composition.52-54 Numerical modeling methods 

combined with experimental studies have shown that this “nano 

effect” is due to the strong increase in the total volume of the 

interphase as the size of the filler is decreased at a constant total 

volume fraction of particles.45,55,56 The properties and structure of 

the interphase, especially the dimension of this region around the 

nanoparticles, are crucial in determining the global mechanical 

properties of the nanocomposite, since the interphase can become 

the dominating volume when the particles are nanometer-sized.57 

For example, for a given 1 vol% of spherical particles, a 1 nm thick 

interphase around 1 nm diameter particles shares 26% of the total 

volume of polymer, whereas it only takes up 0.06% of the total 

volume of polymer when the particles are 100 nm in diameter. This 

is a consequence of the huge specific surface area of a uniform 

dispersion of nanoparticles. 
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Chapter 2 Materials and methods 
 

2.1 Synthesis of GO-MWCNTs nanocomposite 

 

MWCNTs (purity: >95 wt.%; outer diameter: 20–30 nm; length: 

0.5–2 μm, from Chengdu Organic Chemicals Co. Ltd.) were treated 

with mixed acids (concentrated HNO3 : H2SO4, 1:3) prior to use for 

about 4 h, followed by filtering, rinsing and drying. A MWCNTs 

dispersion (1.0 mg mL-1) was obtained by ultra-sonication (1 h) of 

acidified MWCNTs. Further, a GO nanosheets dispersion (1.0 mg mL-

1) was obtained by ultra-sonication (1 h) of graphite oxides, which 

were synthesized from natural graphite (325 mesh, Alfa Aesar) 

according to a modified Hummer’s method.58 The as-prepared GO 

dispersion is homogeneous and brown in color (Figure 2.1). Then, 

the MWCNTs (10 mL) and GO (10 mL) dispersions were mixed, and 

the mixture was further treated by ultra-sonication (2 h). Next, 

excessive MWCNTs were removed by centrifugation at 5000 rpm 

and the unreacted GO was separated at 12500 rpm. Finally, the 

obtained sediment, i.e., the GO-MWCNTs nanocomposite, was 

collected and dried at 50 °C in a vacuum oven. This nanocomposite 

can form stable dispersions in water without sediment for several 

months. 

 

 
Figure 2.1. Schematic diagram illustrating the synthesis of GO-
MWCNT hybrid nanomaterials. 
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2.2 Fabrication of graphene-MWCNTs modified working 

electrodes 

 

The GO-MWCNTs dispersion (0.5 mg mL−1) was obtained by ultra-

sonic treatment (1 h) of as-prepared GO-MWCNTs nanocomposite. 

Nafion, a sulfonated tetrafluoroethylene based fluoropolymer-

copolymer (5 wt.% in lower aliphatic alcohols, Sigma-Aldrich), was 

diluted to 1 wt.% by ethanol. Prior to use, a GCE was polished 

carefully with 1.0 μm, 0.3 μm and 0.05 μm alumina slurry 

respectively, and washed ultrasonically with water, ethanol and 

ultrapure water in sequence. Then, the GCE was scanned between 0 

and 2.0 V in 0.5 mol L-1 H2SO4 at 100 mV s-1 for 50 cycles to remove 

possible contaminants. Next, the GO-MWCNTs dispersion (5 μL) was 

cast on the electrode surface, and dried under an infrared lamp. 

Finally, Nafion solution (5 μL) was cast to improve film stability and 

anion-resistant permselectivity. Thus, the GO-MWCNTs/Nafion/GCE 

was obtained. For comparison, GO/GCE, and MWCNTs/GCE were 

prepared using the same procedures. 

 

 
Figure 2.2. Procedure for the preparation of the 
graphene/MWCNTs/Nafion composite modified GCE electrode. 

 

2.3 Synthesis of the phytic acid-polyaniline 

nanocomposite 

 

Aniline (Aldrich) was freshly distilled over zinc dust to eliminate 

the oxidation impurities. The phytic acid-polyaniline (PA-PANI) 

nanocomposite was prepared using a “doping-dedoping-redoping” 
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method.59-61 First, H2SO4 doped PANI nanofibers (H2SO4-PANI) were 

synthesized according to the so-called rapid mixing polymerization 

method,62 followed by thorough dialysis. Second, H2SO4-PANI was 

dedoped by immersing in a NH3·H2O solution (3%) for 12 h and the 

emeraldine base form of PANI (EB-PANI) was obtained. Finally, the 

EB-PANI was redoped in a phytic acid solution (0.05 mol L-1) for 3 h 

under ultra-sonication to reach the maximum conductivity. This 

intermediate product was then sequentially dialyzed, filtered and 

dried in a vacuum chamber at 50 °C, forming the final PA-PANI 

product. Stable dispersions of H2SO4-PANI and PA-PANI solutions 

were obtained by ultrasonically dispersing the corresponding 

products in H2SO4 solution (0.01 mol L-1) for 30 min. The procedures 

are shown in Figure 2.3. 

 

 
Figure 2.3. A schematic diagram showing the synthesis of phytic 
acid doped polyaniline nanofibers using the “doping-dedoping-
redoping” method. X- represents the counter ions in H2SO4 or phytic 
acid. 

 

2.4 Fabrication of the phytic acid-polyaniline 

nanocomposite modified electrodes 

 

Prior to use, the GCE was polished successively with the same 

steps as in section 2.2. Then, 5 μL of the PA-PANI solution (0.2 mg 
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mL-1) was cast on the GCE surface, and dried under an infrared lamp. 

Next, 5 μL of Nafion solution was cast on the electrode, forming the 

Nafion/PA-PANI/GCE. For comparison, Nafion/H2SO4-PANI/GCE 

electrodes were prepared using the same procedures. 

 

2.5 Synthesis of the PDMS-silica nanocomposite 

 

A PDMS-based polymer coating was prepared using hydroxyl 

terminated PDMS [Rhodosil Huile 48V, Bluestar Silicones with a 

weight-average molecular weight, Mw, of circa 80000 g/mol and a 

dynamic viscosity of 20 kg/(m·s) at 25 ˚C] as the prepolymer. Curing 

was achieved using the curing agent (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)-trimethoxysilane (Fluorochem Ltd.). The 

preparation steps are shown in Figure 2.4. 

 

 
Figure 2.4. Preparation steps of PDMS coatings with and without 
silica nanoparticles. 
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The PDMS coating with 20 wt.% hydrophobic silica particles was 

prepared as follows. First, the hydrophobic silica nanoparticles 

(Aerosil R 972, Evonik, primary diameter of 16 nm) were suspended 

in xylene (95%, Sigma-Aldrich) and ultrasonically mixed. Next, the 

PDMS prepolymer was added into the particle dispersion, and the 

mixture was left to stir for 15 h using an impeller set to 85 rpm. 

Then, the curing agent was dissolved in methanol (99.8%, Sigma-

Aldrich) and added to the mixture. Next, the catalyst dibutyltin 

diacetate (technical grade, Sigma-Aldrich) dissolved in 1 mL xylene 

was added. The uncured composite was quickly spin-coated onto 

silicon wafer substrates, which previously had been cut to size and 

cleaned with Piranha solution (H2SO4 : H2O2, 7 : 3) at 80 ˚C and Milli-

Q water successively. The coated silicon wafer was cured at 80% 

relative humidity (20 ˚C) for one week. The pure PDMS coating 

without silica particles was prepared using the same steps except 

that xylene without silica particles was added to the PDMS base. The 

thickness of the PDMS coating is influenced by the spin coating 

speed and the viscosity of the PDMS prepolymer,63 and the resulting 

thickness in our experiments was about 50–70 μm. 

A schematic illustration of the curing reaction is shown in Figure 

2.5. The polymerization proceeds via two steps: hydrolysis of the 

alkoxide groups on the curing agent followed by the water 

producing condensation reaction with the hydroxyl terminated 

PDMS.64 
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Figure 2.5. A schematic view of the curing reaction and the silicone 
network formed. 

 

2.6 Synthesis of PEMA-PiBMA nanocomposite with 

hydrophobized silica nanoparticles 

 

The polymer matrix used in this thesis is a quick curing acrylic 

resin system (ViaFix Struers), poly(ethyl methacrylate) (PEMA) 

white powder mixed with isobutyl methacrylate (iBMA) colorless 

liquid. The curing reaction of the system marked as PEMA-iBMA was 

achieved using benzoyl peroxide as the initiator and N,N-dimethyl-

p-toluidine as the polymerization accelerator. The pure PEMA 

polymer used was analyzed by size exclusion chromatography (SEC) 

using tetrahydrofunan as the solvent, and had a Mw of circa 190 

kg/mol. Other information about this acrylic resin system is 

available in Reference.65,66 Silica nanoparticles (> 99%, US Research 

Nanomaterials) with a primary particle diameter of 20–30 nm were 

used as fillers in the nanocomposite samples. For particle 

functionalization, dimethyldichlorosilane (> 99.5%, Sigma-Aldrich) 
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was used. The silanization process that renders the particle surface 

hydrophobic has been reported in a previous study.67  

Two types of samples were prepared, i.e., pure PEMA-PiBMA thin 

films without particles and PEMA-PiBMA thin films with 15 vol% 

hydrophobized silica nanoparticles. The nanocomposite sample was 

made as follows: First, the silica nanoparticles (0.21 g) were 

ultrasonically dispersed into chloroform (99%, Sigma-Aldrich) for 1 

h. Next, PEMA powder (2.2 g) was added into the particle sol and the 

mixture was continued to ultrasonic vibrate for 2 h. The mixture 

was put into a vacuum chamber at room temperature to remove 

part of the solvent, but in order to decrease the viscosity and obtain 

a smooth spin coating thin film, a small amount of solvent remained 

after this step. Finally, the iBMA liquid (1.8 g) was added and stirred 

quickly for 2 min. The mixture was quickly spin-coated at 1000 rpm 

for 60 s onto silicon wafer substrates that previously had been cut to 

size and cleaned with Piranha solution (H2SO4 : H2O2, 7 : 3) at 80 °C 

and Milli-Q water successively. The coated silicon wafer was cured 

in a vacuum chamber at 50 °C for 48 h. The pure polymer sample 

without silica particles was prepared using the same steps except 

that the PEMA polymer was dispersed into chloroform directly. The 

resulting samples are transparent and the thickness of the films 

used in our experiments was typically 50 μm. 

A schematic of the polymerization reaction is illustrated in Figure 

2.6. Polymerization of iBMA monomer in the presence of PEMA 

polymer is a free radical polymerization reaction,68 which contains 

four steps as shown in Figure 2.6. 

(a) Initiation 

 
(b) Propagation 
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(c) Termination  

 
The sample consists of two individual polymers:  

-E-E-E-E-E- and -B-B-B-B- 

where E represents ethyl methacrylate units, and B isobutyl 

methacrylate units. The structure of PEMA is:  

 
(d) Chain transfer 

The final polymer is a block copolymer of the type:  

-E-E-E-E-E-B-B-B-B- 

 
Figure 2.6. A schematic view of the polymerization reaction of the 
polymer matrix, poly(ethyl methacrylate) (PEMA)–poly(isobutyl 
methacrylate) (PiBMA) copolymer. 
 

In the first step, the radical initiator, benzoyl peroxide, undergoes 

homolytic cleavage. In the propagation phase, the benzoyl radical 

(X• in Figure 2.6) adds to the double bond of ethylene, generating a 
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new organic radical. Successive ethylene molecules add to the 

growing polymer until termination occurs when two radicals 

combine. In Figure 2.6, the growing PiBMA polymer is terminated by 

a benzoyl radical, but in an alternative termination step two growing 

PiBMA radicals could also condense or be terminated via other 

reactions. In the chain transfer reaction, the added PEMA polymer 

still contains reactive free radicals, as a result, a block copolymer is 

formed. The propagation reaction and the chain transfer reaction 

are competitive. The produced polymer can be viewed as consisting 

of a tangle of “interpenetrating” polymer chains.68 The PiBMA 

produced by radical polymerization is an amorphous thermoplastic 

with typical glass transition temperature, Tg, of approximately 

50 °C.69,70 The Tg of PEMA is around 65 °C.69,71 
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Chapter 3 Techniques 
 

3.1 TEM and SEM 

 

Transmission electron microscopy (TEM) is a powerful technique 

for material science, in which a high-energy beam of electrons is 

transmitted through an ultra-thin sample. The interactions between 

the electrons and the sample is used to investigate features such as 

the crystal structure, the dispersion of nanoparticles in 

nanocomposites and the microstructures within biological tissues. 

In Paper I, a JEOL JEM-1011 TEM with an accelerating voltage of 

100 kV was used to characterize the morphology of the synthesized 

GO-MWCNTs thin layer. 

Scanning electron microscopy (SEM) creates an image of a sample 

by scanning a focused beam of high-energy electrons. The electrons 

interact with the sample, generating a variety of signals that contain 

information about the surface morphology and chemical 

composition. In Paper II, SEM (Hitachi, JEOL JSM-6700F) with an 

accelerating voltage of 5 kV was employed to characterize the 

topography of as-prepared PANI nanofibers. Specimens of PANI are 

electrically conductive; no coating was deposited on the sample 

surface. 

 

3.2 EDS analysis 

 

Energy dispersive spectroscopy (EDS) is one of the most 

commonly used elemental analysis techniques. It involves the 

generation of an X-ray spectrum detecting elements from atomic 

number 4 to 92, which takes advantage of the principle that each 

element has a unique atomic structure providing different element 

peaks or distribution. In Paper II, the incorporation of phytic acid 

into the PANI chains was evidenced using EDS equipped on a SEM. 
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3.3 Raman spectroscopy 

 

Raman spectroscopy is a fast and convenient nondestructive 

technique to identify the ordered and disordered structure of 

carbon. In Paper I, the electronic structure of carbon materials 

(MWCNTs, graphene oxide and GO-MWCNTs) was characterized 

with Raman spectroscopy. The Raman spectra of carbon materials 

have been demonstrated to show characteristic peaks at 1350 cm-1 

(D band), 1580 cm-1 (G band) and 2700 cm-1 (2D band).72 The D 

band is the defect peak near 1350 cm-1, which reflects the 

randomness of graphite layers, such as the amorphous carbon or 

specific vibrations at the edges that can break the symmetry rule. 

The G band located at 1580 cm-1 is usually assigned to the 

characteristic band of E2g phonon of sp2 carbon atoms, indicating the 

extent of crystallization and symmetry of carbon based materials. 

The 2D band (also called as G’ band) at around 2700 cm-1 derives 

from two-phonon inelastic scattering.72 

 

3.4 FT-IR spectroscopy 

 

Fourier transform infrared spectroscopy (FT-IR) is used to obtain 

an infrared absorption or emission spectrum of a sample. This 

technique is widely used in polymer science, organic synthesis, 

pharmaceutical industry and food analysis. The infrared-rays cover 

the wavenumber range from about 12800 to 10 cm-1. In Paper II 

and Paper III, FT-IR was employed to study the chemical 

compositions of as-prepared PANI based nanocomposites. 

 

3.5 Open-circuit potential, OCP 

 

Open-circuit potential (OCP) measurements are widely used to 

study corrosion processes. OCP refers to the difference of electrical 
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potential between two electrode terminals when detached from a 

circuit at zero current. For a coating/metal system, the corrosion 

reaction at open-circuit conditions takes place due to the local 

formation of anodes and cathodes on the metal surface. OCP is 

important since a metal with lower OCP normally will degrade faster 

in the electrolyte than a metal with higher OCP. In Paper III, the 

change of OCP vs. exposure time was used to evaluate the long-term 

protective properties by the composite coating. 

 

3.6 Atomic force microscopy, AFM 

 

3.6.1 Tapping mode 

 

Tapping mode AFM, also known as amplitude modulation atomic 

force microscopy (AM-AFM), is currently the dominant dynamic 

AFM technique. It allows characterization of topography and it also 

provides some information on surface mechanical properties via the 

phase image. A cantilever is excited near its resonance frequency, 

and during the oscillation it intermittently contacts the sample 

surface. The amplitude of the oscillation is thereby reduced, and the 

amplitude-reduction is kept constant by the feedback system to 

provide a topographic image. The phase difference between the 

driving voltage and the cantilever response is also recorded, 

providing a phase image that is affected by material properties such 

as surface viscoelasticity and tip-sample adhesion. The main 

drawback of the tapping mode technique is that it is practically 

impossible to correlate the measured phase, which gives a measure 

of cantilever energy dissipation, to quantitative mechanical 

properties of the surface. The value of the phase shift is influenced 

by experimental parameters such as amplitude setpoint and tapping 

frequency, and it depends in a complex way on the tip-surface 

interactions. 
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Rectangular cantilevers with nominal dimensions of 125 μm in 

length and 40 μm in width (BudgetSensors Tap300Al-G, spring 

constant of about 40 N/m, tip radius < 10 nm as specified by the 

manufacturer) were used to perform the tapping mode experiments 

in Paper IV. 

 

3.6.2 Intermodulation AFM 

 

Intermodulation AFM (ImAFM) is a newly developed multi-

frequency dynamic AFM technique, which has been described in 

detail in the literature.73 The key feature is that the cantilever is 

simultaneously excited with two frequencies (f1 and f2) close to the 

resonance frequency. When the cantilever motion is perturbed by 

the non-linear tip-surface interaction, the two drive frequencies will 

mix and new frequencies (fIMP), known as intermodulation products 

(IMP), near the resonance appear in the response. These 

intermodulation products occur at specific values of frequency given 

by: 

𝑓IMP = 𝑚𝑓1 + 𝑛𝑓2                                                                            (3.1) 

where m and n are integers (positive or negative), and |n| + |m| is the 

order of the intermodulation product.74 

The intermodulation products, measured with a lock-in amplifier, 

contain information on tip-surface interactions and thereby surface 

mechanical properties.75,76 The amplitude and phase of each 

intermodulation product is recorded at every image pixel in real 

time while scanning.  

The multi-frequency intermodulation response can be directly 

transformed into two force-quadrature curves which display the 

integrated forces over each single oscillation cycle of amplitude A. 

This integral force is resolved as two components: one is in-phase 
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with the cantilever oscillation, FI(A), and the other is quadrature to 

the oscillation (in-phase with the velocity), FQ(A). (This is similar to 

the splitting of the complex impedance into its real and imaginary 

part, and the splitting of an oscillatory rheological response into a 

storage modulus and a loss modulus.) The conservative part of the 

tip-surface interaction is a function of the tip position only, as in 

contact mechanics. In this case, the force vs. tip position curve can be 

directly reconstructed (i.e. without invoking any model) from FI(A) 

using the inverse Abel transform.73 Such a force curve would 

correspond to that measured by quasi-static methods typically used 

in AFM force curve analysis. 

 

 
Figure 3.1. FI(A) and FQ(A) curves reconstructed for the tip-surface 
interaction on the polymer matrix (red) and over an embedded silica 
particle (blue) as measured with ImAFM. A* 

m and A
* 
p  correspond to 

the amplitudes at maximum attractive force on the FI(A) curve, and 
can be viewed as the tip-surface contact point. Note that a net 
attractive FI(A) has positive sign and a net repulsive one negative 
sign. 

 

The dissipated energy, Edis, is the work done by the tip-surface 

force for each oscillation cycle. It can directly be obtained from the 

following relation. 

𝐸dis(𝐴) =  −2𝜋𝐴 ∙ 𝐹Q(𝐴)                                                                    (3.2) 



30 

Paper IV is particularly focused on the energy dissipated at the 

maximum of the FI(A) curve, occurring at the amplitude A = A* 

(Figure 3.1).73,77 
 

ImAFM measurements were performed on the Bruker Dimension 

Icon AFM connected to a multi-frequency lock-in amplifier 

(Intermodulation Products AB, Sweden), which generates the drive 

signals and records the intermodulation spectra. The IMP software 

suite (Version 1.1, Intermodulation Products AB) and in-house 

written scripts incorporated within the IMP software suit were used 

to analyze the data. All experiments were performed in ambient air. 

The same type of cantilevers as used in tapping mode was used to 

perform ImAFM experiments. The spring constant of each cantilever 

was determined with the non-invasive thermal noise method, where 

the calibration can be traced back to one noise spectrum, as 

implemented in the ImAFM Software Suite (Intermodulation 

Products AB, Sweden).78,79 

 

3.6.3 Force mapping and QI AFM 

 

In force mapping measurements, a force curve is recorded at 

every image pixel keeping the maximum vertical cantilever 

deflection constant, whereby building a map of the tip-sample 

interaction. By analyzing the force curves measured at each pixel, 

various surface mechanical properties can be extracted. Quantitative 

Imaging mode (QI AFM), similar to force mapping mode, allows 

simultaneous collection of data on surface morphology and 

mechanical properties at a controllable vertical force without 

applying any significant lateral force.80 The main difference between 

QI and force mapping lies in the algorithm of the tip motion and the 

force curve collection rate (333 Hz in QI mode and 20 Hz in force 

mapping mode were used in this thesis). Slope or stiffness, tip-
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sample adhesion force and work of adhesion can be determined 

directly from the force curves without using any models (Figure 3.2). 

The linear fitting region for slope/stiffness on the approach curve 

is illustrated in the inset of Figure 3.2 on an expanded scale. The 

slope/stiffness value is calculated by (Δy/Δx), where Δy is the 

change of cantilever vertical deflection in nm and Δx is the change in 

separation distance in μm, thus the resulting unit of the 

slope/stiffness is nm/μm. The fitting region along the x-axis (Δx) 

used in my thesis was from final contact and 5 nm out. The 

maximum adhesion force is determined by the minimum point on 

the retract force curve, and the work of adhesion is calculated by the 

area enclosed by the retract force curve and the x-axis (shaded 

region in the main figure of Figure 3.2). 

 

 
Figure 3.2. A schematic illustration of the analysis of the force 
curves in the QI and force mapping spectroscopy AFM modes (the 
numbers on the axes are shown as an illustration). The linear fitting 
region for slope/stiffness on the approach curve is illustrated in the 
inset on an expanded scale. The maximum adhesion force is 
determined by the minimum point on the retract force curve. Work 
of adhesion is calculated from the area enclosed by the retract force 
curve and the x-axis (shaded region in the main figure). 
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In Paper V, a JPK NanoWizard®  3 AFM (JPK Instruments AG, 

Berlin, Germany) was used to perform QI and force mapping 

spectroscopy measurements. All experiments were performed in air. 

The temperature was controlled via the JPK High Temperature 

Heating Stage (HCS™). The actual temperature on the sample surface 

was measured using a temperature sensor (Digital precision 

thermometer, TD 10, with a probe, TKS 200; VWR Collection). A 

second order polynomial-flattening algorithm was employed to 

remove surface tilt from height images. In order to quantify the 

measured force, the exact value of the spring constant was 

determined by the Sader method.81,82 
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Chapter 4 Key results and discussions 
 

The overall aims of this thesis work are to synthesize 

nanomaterials based composites and explore their applications in 

electrochemical sensors and for corrosion protection. In the Section 

4.1 I focus on the synthesized graphene-MWCNTs nanocomposite 

and its application. In Section 4.2 the synthesized phytic acid-PANI 

nanocomposite and its application are investigated. Next, the alkyd-

PANI composite coating is discussed in Section 4.3. Finally, in 

Section 4.4 the local surface mechanical properties of 

nanocomposites are discussed. 

 

4.1 Electrochemical application of synthesized 

graphene-MWCNTs nanocomposites 

 

4.1.1 Morphology, molecular and electronic structures 

 

The morphology of the synthesized GO-MWCNTs was 

characterized by TEM. Figure 4.1a shows that MWCNTs nanofibers, 

with the length of about 0.5–2 m, are well dispersed on the GO 

nanolayers. At the same time, the GO nanolayers exhibit large and 

unfolded planar structures. 

The molecular and electronic structures of the nanomaterials 

were characterized with UV-vis spectroscopy and Raman 

spectroscopy, respectively. UV-vis results of as-prepared MWCNTs, 

GO and GO-MWCNTs are displayed in Figure 4.1b. i) GO is observed 

to exhibit two peaks: a strong peak at around 220–230 nm and a 

shoulder peak at 300 nm, which are assigned to the –* transition 

of C–C bonds and n–* transition of carbonyl groups, respectively. ii) 

MWCNTs exhibit a broad and weak –* transition peak at 225 nm, 

which is due to a small proportion of water-soluble MWCNTs, since 

the hydrophilicity of MWCNTs has increased after acid treatment. 
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Figure 4.1. (a) A low magnification TEM image of GO-MWCNTs. The 
arrows point to the MWCNTs. (b) UV-Vis absorption spectra of GO 
(dotted line), MWCNTs (dashed line) and GO-MWCNTs (solid line) 
dispersions. (c) Comparison of Raman spectra of MWCNTs, GO and 
GO-MWCNTs. They are scaled to have the same height of the D peak 
at about 1350 cm-1. (d) Magnification of D band and G band in the 
wavenumber range from 1200 cm-1 to 1700 cm-1. 

 

iii) Compared with GO and MWCNTs, a new peak at 205 nm is 

observed for the GO-MWCNTs nanocomposite, which is assigned to 

the – covalent interaction between the GO nanosheets and the 

sidewalls of MWCNTs via the –conjugated aromatic rings on both 

GO and MWCNTs. 

The full and locally expanded Raman spectra of MWCNTs, GO and 

GO-MWCNTs are shown in Figure 4.1(c, d). The Raman spectrum of 

MWCNTs exhibits a strong D band at 1321.0 cm-1, a moderate G 

band at 1574.7 cm-1, and a weak 2D band at 2648.6 cm-1. The Raman 

spectrum of GO shows similar intensity peaks of the D band and G 
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band. Compared with MWCNTs, the intensity of G band for GO is 

much stronger. However, the Raman spectrum of GO shows a much 

weaker and broadened 2D peak than that of MWCNTs, suggesting 

that considerable defects exist in the as-synthesized GO films. Strong 

D and G bands are observed for GO-MWCNTs; however, the peak 

positions of D and G bands are located at lower frequency relative to 

that of GO, i.e., the D and G band peaks are red-shifted. From Figure 

4.1d, it is observed that the D band is red-shifted by 1.1 cm-1, 

meanwhile, the G band is red-shifted by 11.4 cm-1. Particularly, the 

2D band disappears in the GO-MWCNTs hybrid nanomaterials, 

revealing that i) new structural defects were formed in the GO-

MWCNTs nanocomposite and ii) the combination of one-

dimensional CNTs with two-dimensional graphene to a certain 

extent produced three-dimensional carbon networks. 

Furthermore, the ratios of the peak area of the D band to that of 

the G band, i.e. ID/IG, are calculated for MWCNTs, GO and GO-

MWCNTs. The ratio of GO-MWCNTs (ID/IG = 1.2) is in between that 

found for GO (ID/IG = 1.1) and MWCNTs (ID/IG = 1.7), implying that 

GO and MWCNTs co-exist in the nanomaterials. Therefore, one can 

conclude that the GO-MWCNTs hybrid material was successfully 

fabricated. 

 

4.1.2 Electrochemical properties 

 

The electrochemical reduction properties of GO-MWCNTs 

nanocomposites and GO were investigated in a potential window 

from 0 V to –1.7 V using CV, and some data are shown in Figure 4.2. 

The onset potential for the electrochemical reduction of GO is –0.85 

V and the complete reduction of GO needs more than 10 

voltammetric cycles. In comparison, the onset potential for the 

electrochemical reduction of GO-MWCNTs nanocomposites is –0.45 

V, significantly less negative than that of the GO. In addition, the 
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complete electrochemical reduction of GO-MWCNTs needs just three 

voltammetric cycles. The results illustrate the good conductivity of 

CNTs promotes the reduction of GO. CNTs may act as conducting 

wires that connect the different GO sheets and accelerate the 

electron transfer rate from one GO sheet to another, thereby making 

it more easy to reduce the GO components in the hybrid 

nanocomposite. 

 

 
Figure 4.2. The first 10 cyclic voltammograms (CVs) at a scan rate of 
50 mV s-1 for the electrochemical reduction of GO-MWCNTs 
modified GCE (a) and GO modified GCE (b) in 0.1 M HAc-NaAc buffer 
solution (pH 4.5) saturated with nitrogen gas. The initial potential is 
0.0 V. 
 

The charge transfer rate at the electrode/solution interface was 

further studied by CV, comparing the charge-transfer rates at the 

bare GCE and GO-, MWCNTs- and G-MWCNTs-modified GCEs using 

the [Fe(CN)6]3-/4- couple as a redox probe. The results are shown in 

Figure 4.3. The cyclic voltammogram of a bare GCE, MWCNTs- and 

G-MWCNTs-modified electrodes all show quasi-reversible redox 

properties, as demonstrated by the peak potential differences (ΔEp) 

of about 80 mV and the ratios between anodic and cathodic peak 

currents of about 1:1, indicating that the GCE, MWCNTs- and G-

MWCNTs-modified electrodes were all good reaction interfaces for 
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the [Fe(CN)6]3-/4- couple. In addition, the anodic and cathodic peak 

currents were the highest at the G-MWCNTs-modified electrode 

under the same conditions, i.e., the charge transfer at G-MWCNTs-

modified electrode was the most rapid, which is attributed to the 

synergistic effect of graphene and MWCNTs. For the GO-modified 

GCE, both the anodic and cathodic peak currents were lowered 

significantly due to the poor conductivity of GO. 

 

 
Figure 4.3. Cyclic voltammograms of modified and unmodified GCEs 
in 0.1 M KCl solution containing 5 mM K3Fe(CN)6 + 5 mM K4Fe(CN)6 
at a scan rate of 50 mV s-1. 

 

4.1.3 Electrochemical response to heavy metal ions 

 

To obtain the best electrochemical response for Pb2+ and Cd2+ ions, 

the detection conditions were first optimized. The influence of 

buffer solution pH on the stripping peak currents was investigated 

in the pH range from 3.5 to 5.5, and pH 4.5 was chosen as the 

optimal pH for analysis. The influence of the deposition potential on 

the stripping peak currents was studied in the range from –0.9 V to  

–1.5 V and a deposition potential of –1.4 V was selected. A 

deposition time of 180 s was selected as a compromise between 

practical measurement time and high sensitivity. 
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Figure 4.4. DPASV stripping signals for various concentrations (0.5, 
5.0, 7.0, 10, 15, 25, and 30 μg L-1 from bottom to top) of Pb2+ and 
Cd2+ ions on the bismuth and Nafion films modified 
G/MWCNTs/GCE. Inset shows the calibration curves of Pb2+ and 
Cd2+ ions. Supporting electrolyte: 0.1 M acetate buffer (pH 4.5) 
containing 500 μg L-1 Bi3+; deposition potential: –1.4 V; deposition 
time: 180 s; amplitude: 50 mV; increment potential: 5 mV; quiet 
time: 10 s. 

 

The detection results for different concentrations of Pb2+ and Cd2+ 

ions under these optimized conditions are shown in Figure 4.4. The 

resulting calibration plot (see inset) for Pb2+ is observed to be linear 

over the concentration range from 0.5 μg L−1 to 30 μg L−1. The 

equation of the calibration curve is Ip = 0.1914c + 1.6709 with the 

correlation coefficient of R = 0.978, where Ip is the stripping peak 

current (μA), and c is the concentration (μg L−1). The limit of 

detection is 0.2 μg L−1 (S/N = 3) in the case of a deposition time of 

180 s, which is lower than the recommended value of 10 μg L−1 for 

Pb2+ in drinking water given by the World Health Organization 

(WHO). Similarly, the calibration plot for Cd2+ ranges from 0.5 μg L−1 

to 30 μg L−1. The equation of the calibration curve is Ip = 0.2358c + 

2.0457 (R = 0.983). The limit of detection is 0.1 μg L−1 (S/N = 3) in 
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the case of a deposition time of 180 s. The guideline value is 3 μg L−1 

for Cd2+ in drinking water given by the WHO. 

 

4.2 Electrochemical application of synthesized phytic 

acid-PANI nanocomposite 

 

4.2.1 Morphology and molecular structure 

 

The morphology of the synthesized nanofibers was characterized 

using SEM and the results are shown in Figure 4.5. Well-defined 

nanofibered structures of the H2SO4-PANI are shown in a low-

magnification SEM picture (Figure 4.5a). The diameter of the fibers 

is about 40–60 nm and the length is 0.5–2 μm. A higher 

magnification SEM image shows that the H2SO4-PANI nanofibers are 

closely reticulated with each other, forming a continuous network 

(Figure 4.5b). The as-synthesized PA-PANI also keeps the expanded 

nanofibered structure shown in Figure 4.5(c, d), however, it displays 

a shorter length and a more porous network. This porous 

composition is due to the effect of phytic acid on the orientation of 

PANI chains. And the porous structure possesses higher specific 

surface area, thus offering a more advantageous geometry for 

interacting with the Cd2+ and Pb2+ ions during the ASV analysis. 

In addition, EDS spectra of H2SO4-PANI and PA-PANI nanofibers 

are shown in Figure 4.5e and Figure 4.5f, respectively. The EDS 

spectrum of H2SO4 doped PANI nanofibers demonstrates four typical 

peaks for C, N, O and S elements, respectively. In comparison, the 

EDS spectrum of phytic acid doped PANI shows peaks for C, N, O and 

P elements. The presence of the strong P peak at about 2 keV in 

Figure 4.5f certifies that phytic acid was successfully incorporated 

into the PANI framework. 
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Figure 4.5. (a, b) SEM images of H2SO4 doped polyaniline nanofibers 
and (c, d) phytic acid doped polyaniline nanofibers. (e, f) The 
corresponding EDS spectra of the two kinds of nanofibers. Note the 
P-peak at about 2 keV in panel f and the S-peak at 2.3 keV in panel e. 

 

The molecular structures of as-prepared PA-PANI and H2SO4-

PANI nanomaterials were investigated by FT-IR spectroscopy 

(Figure 4.6). The characteristic peaks for H2SO4-PANI nanofibers 

and the corresponding structures are summarized in Table 1. All the 

peaks together indicate that the protonated PANI nanofibers are in 

the emeraldine salt form. The peak at 1139 cm-1 was regarded as a 

characteristic peak showing the electron delocalization degree in 

PANI. 

Compared with H2SO4-PANI nanofibers, PA-PANI nanofibers 

demonstrate roughly identical peak intensity. However, the peak 

positions are red-shifted. For example, the C–N stretching vibration  
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Figure 4.6. FT-IR spectra of H2SO4 doped polyaniline nanofibers and 
phytic acid doped polyaniline nanofibers. 

 

 
Table 1 
FT-IR peaks for H2SO4 doped polyaniline nanofibers and the 
corresponding structures. 

 

Peaks (cm-1) Corresponding structures 

1566 C=C stretching vibrations of the quinoid ring (Q) 

1492 C=C stretching vibrations of the benzenoid ring (B) 

1298 C–N stretching vibrations of secondary aromatic amines 

1139 the in-plane aromatic C–H bending 

802 C–H bending vibrations of the 1, 4-disubstituted aromatic 
rings 506 

 

peak is red-shifted from 1298 cm-1 to 1304 cm-1 and the in-plane 

aromatic C–H bending vibration peak is red-shifted from 1139 cm-1 

to 1141 cm-1, which are due to the introduction of phytic acid. 

Furthermore, the relative peak intensity at 1141 cm-1 is increased, 

representing an increased conductivity of the PA-PANI nanofibers 
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since this peak is originating from the in-plane aromatic C–H 

bending. The integration of phytic acid into the PANI framework is 

also evidenced by comparing the absorption peaks i) at 1070 cm-1 

which is due to the vibration of P–OH bonds; ii) at 950 cm-1 and 822 

cm-1 which are assigned to the vibration of P–O–C bonds; and iii) the 

enhanced peak at 1245 cm-1 which is due to the vibration of P=O 

bonds. These peaks are all representative peaks for phytic acid. 

 

4.2.2 Electrochemical properties 

 

The charge transfer rate at the electrode/solution interface was 

studied by electrochemical impedance spectroscopy (EIS). Figure 

4.7 shows a set of Nyquist curves for bare GCE, H2SO4-PANI and PA-

PANI functionalized GCEs. Compared to the bare GCE, very small 

charge transfer resistances (Rct, small semicircle in the high 

frequency region) were observed on the H2SO4-PANI and PA-PANI 

 

 
Figure 4.7. A Nyquist diagram of electrochemical impedance 
spectra obtained at GCE, H2SO4-PANI/GCE, PA-PANI/GCE electrodes 
in a solution of 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 and 1.0 M KCl. 
Inset: an equivalent circuit describing the electrode-solution 
interface, where Rct is the ionic transfer resistance, Rs is the solution 
resistance, Q is the constant phase element, and W is the Warburg 
impedance of diffusion ions. 
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modified electrodes. A simple equivalent circuit was used to fit the 

spectra (see the inset). The simulated Rct values for the bare GCE, 

H2SO4-PANI/GCE and PA-PANI/GCE electrodes are 40.0 Ω·cm2, 9.55 

Ω·cm2 and 7.22 Ω·cm2, respectively, indicating that the PA-PANI 

nanocomposite reduces the energy barrier for the mass transfer 

most significantly, and increases the charge transfer rate at the 

electrode/electrolyte interface. 

 

4.2.3 Electrochemical response to heavy metal ions 

 

To reveal the detection performance of the nanocomposite upon 

exposure to metal ions, the DPASV curves for Nafion/H2SO4-PANI 

and Nafion/PA-PANI modified electrodes were determined in the 

same electrolyte containing 15 μg L-1 of both Cd2+ and Pb2+. The 

results are shown in Figure 4.8. It is obvious that increased stripping 

currents for both Cd2+ and Pb2+ were obtained on the PA-PANI  

 

 
Figure 4.8. DPASV curves of 15 μg L-1 of Cd2+ and Pb2+ at the 
Nafion/H2SO4-PANI/GCE and Nafion/PA-PANI/GCE electrodes. 
DPASV conditions: acetate buffer (pH 4.0) containing 400 μg L-1 Bi3+, 
deposition potential of –1.2 V, deposition time of 180 s, amplitude of 
50 mV, and quiet time of 20 s. 
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modified electrode. The enhanced current signal is due to i) the 

introduction of –PO3H2 groups, which is advantageous for the 

preconcentration of Cd2+ and Pb2+ ions, and ii) the enhanced 

conductivity, which is beneficial to the charge transfer of metal ions 

at the electrode/solution interface. In addition, the stripping peaks 

at PA-PANI modified GCE are slightly shifted to less negative 

potential, which is maybe due to the strong interaction between 

phytic acid and heavy metal ions. 

The detecting conditions were first optimized to obtain the best 

stripping responses for heavy metal ions by taking into account the 

overall measurement time and sensitivity. Under these optimized 

conditions (listed in the caption of Figure 4.8), the simultaneous 

detection of Cd2+ and Pb2+ was performed at the Nafion/PA-PANI 

modified electrode. The results are displayed in Figure 4.9. The 

stripping currents vs. potential were shown in a concentration range 

from 0.05 to 60 μg L-1 for Cd2+ and Pb2+ (Figure 4.9a). Well-resolved 

and sharp peaks were acquired. From Figure 4.9b, it is observed that 

the peak currents increased linearly with increasing metal ion 

concentrations. The calibration curve for Cd2+ was linear in the 

concentration range 0.05–60 μg L-1 and for Pb2+ it was linear in the 

concentration range 0.1–60 μg L-1. The corresponding linear 

equations for Cd2+ and Pb2+ were Ip = 0.9216c (Cd2+) – 0.6447 (R2 = 

0.992) and Ip = 0.6597c (Pb2+) – 0.1659 (R2 = 0.995), respectively. 

The detection limits were 0.02 μg L-1 and 0.05 μg L-1 for Cd2+ and 

Pb2+ (S/N = 3), respectively. These limits of detection are far below 

the guideline values in drinking water given by the WHO, i.e. 10 μg L-

1 for Pb2+ and 3 μg L-1 for Cd2+. Compared with the method proposed 

in section 4.1, the Nafion/PA-PANI modified electrode shows much 

lower limits of detection and wider detection ranges than those of 

Nafion/G-MWCNTs modified electrode. This is maybe due to the 

lower background current obtained here. 
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Figure 4.9. (a) DPASV stripping signals and (b) the calibration 
curves for different concentrations of Cd2+ and Pb2+ (0.05, 0.1, 0.5, 
1.0, 2.5, 5.0, 7.5, 10.0, 15.0, 20.0, 25.0, 30.0, 40.0, 50.0, 60.0 μg L-1 
from bottom to top) at the Nafion/PA-PANI/GCE electrode. DPASV 
conditions are the same with those displayed in Figure 4.8. 

 

The PA-PANI modified electrode was further employed to 

determine heavy metal ions in actual water samples taken from 

three different sources. All samples were filtered with a 0.22 µm 

membrane filter, followed by addition of a 0.1 mol L-1 acetate buffer 

solution (pH 4.0) containing 400 µg L-1 Bi3+ ions. The results 

obtained by standard addition method (1.0 µg L-1 of Cd2+ and Pb2+ 

were added) are reported in Table 2. Good recovery rates were 

gained for all three samples. 

 
Table 2 
Determination of Cd2+ and Pb2+ in actual water samples. 
 

Sample Recovery of Cd2+ (%) Recovery of Pb2+ (%) 

Tap water 

Waste water 

River water 

95.9 

103.2 

107.1 

105.2 

98.4 

94.6 
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4.3 Electrochemical application of the PANI-alkyd nano-

composite 

 

4.3.1 Morphology 

 

The morphology of the alkyd coatings was characterized with 

SEM and the results are shown in Figure 4.10. The SEM cross-section 

image of the alkyd coating without PANI (Figure 4.10a) shows a 

wave-like feature, which is due to the microtome cutting, and no 

particles or aggregates are observed. By comparison, the SEM 

images of the composite coating with PANI demonstrate different 

features (Figure 4.10b), a large 1 µm-sized PANI aggregate could be 

observed. In addition, a higher magnification SEM image of the 

composite coating in Figure 4.10c shows PANI nanoparticles 

distributed uniformly in the polymer matrix. 

 

 
Figure 4.10. SEM cross-section images of the alkyd coatings without 
(a) and with 1 wt.% PANI (b, c). The red arrows in panel c point 
towards PANI nanoparticles. 

 

4.3.2 Electrochemical evaluation of long-term anticorrosion 

performance 

 

The inserted images in Figure 4.11 show photos of the samples 

taken during immersion in 3 wt.% NaCl. The carbon steel coated 

with alkyd without PANI showed visible red rust over the entire 

exposed area after 4 days. This is due to the limited barrier-type of 

corrosion protection offered by the alkyd coating, and the 
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penetration of water and ions occurs readily. However, the carbon 

steel coated with the composite coating showed only a few small 

corrosion sites after 40 days’ exposure, which indicated significantly 

improved protective properties by the added PANI nanoparticles. 

These different performances were evaluated by the open-circuit 

potential (OCP) vs. time of exposure tests in 3 wt.% NaCl solution. 

For the composite coating, during the early stage of exposure, the 

OCP dropped to some extend for three times, but an increase was 

followed after each drop. However, for the reference sample, modest 

increase was repeated only two times. The considerably higher OCP 

value finally obtained on the composite sample suggests passivation 

of the carbon steel by the redox reaction of the PANI component. 

Therefore, the steel surface with defects becomes oxidized while the 

covered PANI is reduced, which is a self-healing effect provided by 

the PANI. 

 

 

 
Figure 4.11. Variations of the open-circuit potential (OCP) vs. time 
of exposure for the alkyd coatings without and with 1 wt.% PANI 
composite coating on carbon steel in 3 wt.% NaCl solution. Inserted 
images showing rust were taken after exposure to the solution. 
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4.4 AFM characterization of nanocomposites 

 

4.4.1 Morphology characterization of PDMS/hydrophobic silica 

nanocomposites: Tapping mode AFM  

 

Tapping mode AFM image of a pure PDMS sample is shown in 

Figure 4.12(a, b). The PDMS matrix appears relatively homogenous 

as observed in both the height (Figure 4.12a) and phase images 

(Figure 4.12b). The root mean square (rms) roughness calculated 

from the height picture is 0.8 ± 0.1 nm. In tapping mode AFM, the 

phase shift is usually interpreted as being related to the local energy 

dissipation, such as surface viscoelasticity and tip-sample 

adhesion.83 We note that with Bruker’s digital lock-in controller the 

drive phase is set to 90°, giving zero phase shift when the tip does 

not contact the surface.84 The average phase reported by the 

software for our PDMS sample is as low as 0.03°, which suggests 

high-energy dissipation. From the phase images, we note that the 

exact value of the phase is not the same all over the surface, which 

hints a local variation in surface properties. A measure of this 

heterogeneity can be obtained from the rms variation in the phase 

angle, which is found to be 1.8° for the image reported in Figure 

4.12b. 

Tapping mode height and phase contrast images of PDMS with 20 

wt.% silica nanoparticles are shown in Figure 4.12(c, d). As expected, 

the surface of the nanocomposite is significantly more 

heterogeneous than that of the pure PDMS. The calculated rms 

roughness in Figure 4.12c is 22 nm, i.e., significantly larger than the 

value below 1 nm observed for pure PDMS using tapping mode. The 

phase images of the PDMS-silica nanocomposite (Figure 4.12d) 

contain three distinguishable regions representing different 

material constituents: the relatively dark area (smallest phase) is 

the soft PDMS matrix, the white spots (largest phase) with different 
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shapes are attributed to the hard silica nanoparticles, and yellow 

areas (intermediate phase) are the PDMS matrix stiffened by the 

presence of the particles. The hard silica particles found on the 

surface give an increase in phase angle (about 30°) compared to that 

found for the soft PDMS matrix. However, the phase shift on the 

particles is smaller than that observed for a silicon wafer,84 which is 

due to the response of the soft PDMS matrix in which the 

nanoparticles are imbedded. The yellow zones seem to be more 

abundant in regions with high density of silica particles, suggesting 

an effect of matrix-nanoparticle interactions. 

 

 
Figure 4.12. Height (a, c) and phase contrast (b, d) images of a pure 
PDMS and PDMS with 20 wt.% hydrophobic silica nanoparticles 
spin-coated on silicon wafers recorded by Tapping mode™ AFM. The 
scan size was 2 μm × 2 μm. 
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4.4.2 Nanomechanical characterization of PDMS/hydrophobic 

silica nanocomposites 

 

4.4.2.1 Intermodulation AFM 

 

 
Figure 4.13. Maps of the energy dissipation (Edis) and the 
corresponding distribution histogram of the nanocomposite with 20 
wt.% hydrophobic silica nanoparticles in a PDMS matrix (a, b) and a 
pure PDMS sample (c, d). 

 

The energy dissipation map and the corresponding dissipation 

energy distribution histogram for the nanocomposite and pure 

PDMS are shown in Figure 4.13. The average energy dissipation has 

significantly decreased after adding the silica nanoparticles in 

comparison to the energy dissipation measured on pure PDMS, as 

seen by comparing Figure 4.13b and Figure 4.13d. This correlates 

qualitatively with previous studies on similar systems using other 

methods. For example, Fragiadakis et al. studied the glass transition 

and segmental dynamics in PDMS/silica nanocomposites and found 
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that the glass transition temperature increased 10 K compared to 

that of pure PDMS.85 For the nanocomposite, the dissipated energy 

is lower on top of the particles, 0–2 aJ, compared to 2–5 aJ on the 

matrix. Thus, as expected the energy dissipation is less on the stiffer 

areas. 

 

4.4.2.2 QI AFM and force mapping on PEMA-PiBMA/hydrophobic 

silica nanocomposites 

 

 
Figure 4.14. QI AFM images of the PEMA-PiBMA polymer matrix 
without added particles showing height (left column), 
slope/stiffness (middle column) and adhesion force (right column). 
The scan size is 2 μm × 2 μm for all the images. The images were 
collected at 23 °C (first row), 46 °C (middle row) and 63 °C (bottom 
row). 

 

QI images of the PEMA-PiBMA layer in absence of hydrophobic 

silica nanoparticles are shown in Figure 4.14, including height, 

slope/stiffness and adhesion force maps over an area of 2 μm × 2 μm. 
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The height images demonstrate uniform and homogeneous surface 

topography throughout the scan area. With increasing temperature, 

the roughness of the surface increases somewhat, presumably due 

to uneven thermal expansion. As expected, the surface stiffness, as 

determined by the slope, is found to decease with increasing 

temperature. The adhesion force maps are similar at all investigated 

temperatures. 

 

 
Figure 4.15. QI images of the nanocomposite layer showing height 
(left column), slope/stiffness (middle column) and adhesion force 
(right column). The scan size is around 500 nm × 500 nm for all 
images. From top to bottom the different rows correspond to images 
recorded at 23, 40 and 63 °C. The scan areas are not exactly the 
same due to some drift, but the particles marked by the dashed line 
are observed in all images. 

 

QI images of the PEMA-PiBMA/hydrophobized silica 

nanocomposite are presented in Figure 4.15 over an area of around 

500 nm × 500 nm. Images recorded on heating at 23, 40 and 63 °C 

are shown. Nanoparticles and their small aggregates can be seen in 
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the images reported in Figure 4.15. The nanoparticles have higher 

stiffness and lower adhesion force to the probing tip compared with 

the polymer matrix. We note that the two individual particles 

marked with the white dashed line gradually move together with 

increasing temperature. This is especially clear in the stiffness and 

adhesion force maps. 

 

 
Figure 4.16. Plots of data extracted from QI images and force 
mapping images for slope/stiffness, adhesion force and work of 
adhesion (from data taken along the dashed white line marked in 
Figure 4.15) at different temperatures. Data collected at 23, 40, 56 
and 70 °C are shown. (a, b) Slope/stiffness, (c, d) adhesion force and 
(e, f) work of adhesion. Plots of adhesion force and work of adhesion 
at 23, 40 and 56 °C overlap each other and different offsets at 40 and 
56 °C are used for clarity. There is no offset for the data recorded at 
70 °C. 
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Data extracted for the slope/stiffness, adhesion force and work of 

adhesion along the white dashed line (shown in Figure 4.15) at 23, 

40, 56 and 70 °C are reported in Figure 4.16. The length of the 

selected line is around 280 nm and the diameter of the rightmost 

particle is around 40 nm as measured with AFM. Data obtained from 

QI mode and force mapping mode show the same trend with 

increasing temperature for the evaluated mechanical properties. 

The two nanoparticles can be clearly identified in the property maps 

of Figure 4.16 as they are distinguished by higher stiffness, lower 

adhesion force and work of adhesion compared with the polymer 

matrix. The temperature affects the surface interphase region and 

the surface of the polymer matrix differently, although both regions 

show a decrease in stiffness and increase in the work of adhesion 

with increasing temperature. Further, we note that the difference in 

mechanical properties recorded on particles and on the polymer 

matrix also becomes larger with increasing temperature. In 

particular, the work of adhesion recorded at 70 °C (Figure 4.16e and 

4.16f) is very different over the nanoparticles and the polymer 

matrix. 

 

4.4.3 Nanomechanical properties of the interphase found in the 

PEMA-PiBMA/hydrophobized silica nanocomposite 

 

From Figure 4.16 we also find that the stiffness of the interphase 

is higher than that of the polymer matrix, but lower than that on top 

of the nanoparticles. The results indicate that the interphase region 

exhibits a gradient in stiffness, being most stiff close to the particle 

and smoothly approaching the stiffness of the matrix as the distance 

from the particle is increased. This is due to a decreasing 

confinement effect on the polymer further away from the 

nanoparticle surface. The confinement is due to the attractive 

interaction between the hydrophobized silica nanoparticles and the 
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polymer matrix as well as the spatial hindrance by the presence of 

the nanoparticles, leading to reduction in the polymer chain 

mobility.86,87 

 

 
Figure 4.17. The temperature dependence of the thickness of the 
interphase region determined from QI and force mapping mode, 
respectively. 

 

The temperature dependence of the thickness of the interphase 

region determined from QI and force mapping is reported in Figure 

4.17. It is found to be 30–35 nm next to a 40-nm-diameter particle at 

23 °C. With increasing temperature, the thickness of this region first 

increases and then remains almost constant from 56 °C to 70 °C. The 

same trends can be observed in both QI and force mapping modes. 

This trend contrasts to the findings of Deng et al. and Wang et al., 

employing dynamics simulations, that suggest the interphase 

thickness should decrease with increasing temperature.88,89 This 

difference could possibly be due to the different nature of the 

nanocomposites and the different definitions of the interphase 

region used in this thesis and their simulations. First, the studies of 

Deng et al. and Wang et al. consider covalent highly cross-linked 

rubber or epoxy, and the chain mobility in the matrix is therefore 
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significantly restricted.88,89 In contrast, in this thesis a matrix 

consisting of linear polymers is employed, and the chains in the 

polymer matrix are more mobile than in the interphase region due 

to confinement effects of the nanoparticles. Second, in this thesis the 

interphase is defined by different mechanical properties compared 

to the bulk polymer matrix, and thus the thickness determined is 

influenced by the sensitivity of the technique used and the contrast 

between interphase and matrix properties. This contrast is 

increasing with increasing temperature, leading to a larger 

interphase thickness as judged from the surface mechanical 

properties evaluated by AFM methods. An artificial increase in 

interphase thickness could also occur if the tip-surface contact area 

increases as the polymer becomes softer with increasing 

temperature. 

At 56 °C, the surface interphase region reaches a thickness of 55–

70 nm. Despite an inherent uncertainty in the interphase thickness, 

these results support the existence of an interphase region with 

different properties from that of the matrix, as suggested in several 

previous works.57,90-93 Moreover, the volume of the interphase in a 

nanocomposite is huge and a reinforcing network could be formed 

even at a very low concentration. This is why nanomaterials often 

have better properties than their counterpart bulk material or 

composite materials with micro-sized particles. 
  



57 

Chapter 5 Conclusions and impact 
 

In this thesis work, novel electrochemical sensors to 

simultaneously detect Cd2+ and Pb2+ ions using DPASV have been 

developed. Further, for corrosion protection with self-healing 

functionality, an active alkyd-polyaniline composite coating was 

prepared. It was also investigated why low loading levels of 

nanoparticles can reinforce performance in nanocomposites. The 

main conclusions are summarized as follows. 

1. A G-MWCNTs nanocomposite was successfully fabricated via an 

environmentally benign method and its potential application in the 

simultaneous detection of Cd2+ and Pb2+ ions was demonstrated. The 

G-MWCNTs modified GCE electrode exhibited high sensitivity for the 

detection of trace amounts of Pb2+ and Cd2+ ions, with the lowest 

detection concentration of 0.5 g L-1 for Cd2+ and 0.5 g L-1 for Pb2+. 

The greatly enhanced detection sensitivity of the nanocomposite 

was due to the synergistic effect between the MWCNTs and 

graphene components in improving preconcentration efficiency of 

metal ions and accelerating electron transfer rates at the G-

MWCNTs/electrolyte interface.  

2. One dimensional phytic acid doped PANI nanocomposite was 

successfully synthesized by a facile method, which can be used as an 

ideal platform to simultaneously detect Cd2+ and Pb2+ ions using 

DPASV, with the detection limits (S/N = 3) of 0.02 µg L-1 and 0.05 µg 

L-1, respectively. Compared with the H2SO4 doped PANI nanofibers 

modified electrode, the enhanced detection sensitivity was assigned 

to the introduction of –PO3H2 groups, which was advantageous to 

the deposition of heavy metal ions, and the enhanced conductivity 

that is beneficial to the charge transfer reactions of metal ions. 

Therefore, the synergistic contribution of PANI nanofibers and 

phytic acid made the new electrode material a capable candidate for 

the detection of trace levels of heavy metal ions. The two 
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developments described under point 1 and 2 have the potential to 

allow accurate and rapid assessment of metal ion concentrations in 

water, which can have positive impact of both human health and the 

environment. 

3. An active alkyd composite coating with 1 wt.% PANI was used 

for long-term anticorrosion protection. The PANI used in this thesis 

was doped with p-toluene sulfonic acid, which was employed to 

increase the conductivity of PANI, and only 1 wt.% of as-prepared 

PANI nanoparticles were found to offer an effective corrosion 

protection. The OCP vs. time of exposure tests in 3 wt.% NaCl 

solution results confirmed the improved protection properties, 

which was due to the self-healing effect of the PANI, i.e., the steel 

surface with defects became oxidized while the covered PANI was 

reduced. This is important since the most efficient corrosion 

protection systems used today contain substance (e.g. Cr(VI)) that 

are dangerous to human health and the environment. Thus, my work 

suggests ways forward for achieving efficient corrosion protection 

using environmentally benign approaches. 

4. Several different AFM modes were used to characterize silica 

nanoparticles based nanocomposite with focus on the interphase 

between hydrophobic silica and the polymer matrix. The results 

demonstrated that the interphase for a 40-nm-sized silica particle 

could extend to 55–70 nm in the poly(ethyl methacrylate) (PEMA) 

and poly(isobutyl methacrylate) (PiBMA) polymer matrix, and the 

interphase exhibited a gradient distribution in surface 

nanomechanical properties. To understand how properties of 

nanocomposites are affected by particle-polymer interactions, as 

witnessed by the interphase properties, is of great importance for 

development of nanocomposites with tailored mechanical and 

functional properties. My work has demonstrated that AFM methods 

have great potential for evolving the understanding in this 

important area. 
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Chapter 6 Future work 
 

Research on development and application of nanomaterials and 

nanocomposites is currently one of the most active areas in 

electrochemical sensor science. Traditional materials based 

techniques are expected to be replaced by nanomaterials in the near 

future. This development requires advances in mainly two areas: i) 

the development of novel nanomaterials and ii) the engineering 

design for practical applications. Specifically, they are as follows. 

i) Despite of the two works already completed in this thesis and 

various previously reported works by others, there is still plenty of 

room for the improvement of graphene- or polyaniline-based 

nanocomposites. One idea could be to synthesize phytic acid doped 

rGO hybrid material and employ it as a detection platform for heavy 

metal ions, since rGO possesses good conductivity, high surface area 

and versatile reaction sites while phytic acids chelating groups 

increase the preconcentration efficiency for metal ions. Hopefully, 

phytic acid could also inhibit the aggregation of rGO. Another idea 

could be to prepare ternary complexes, e.g., phytic acid/ 

polyaniline/graphene composites. The three components are 

expected to provide synergistic effects for detecting heavy metal 

ions. Further, there is still demand for the design of selective 

electrodes for specific metal ions. In addition, it would be of great 

interesting to assess the potential applications for the above-

mentioned nanocomposites in corrosion protection for metals, e.g., 

carbon steel. 

ii) Although it is always claimed that an easy and simple method 

was proposed to prepare some kind of modified electrode, this is 

just the case referred to under laboratory analysis. Once realizing 

commercialization, end-customers with different background is 

likely to complain about the complicated procedures to prepare the 

modified electrodes. Therefore, the production method is of vital 
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importance. Screen-printed electrodes (SPE) are simple and cheap, 

and allow large-scale production with good reproducibility. Future 

work involving SPE combined with graphene- or polyaniline-based 

nanocomposites will be assured to enable fast, on-site or in-situ 

analysis of heavy metal ions. 

For the characterization of nanocomposites, especially for the 

study of interphase properties, future work to clarify the detailed 

nature of the interphase employing also other techniques that 

provide complementary information, e.g., nuclear magnetic 

resonance spectroscopy, is required. In addition, the combination of 

theoretical modeling based on molecular dynamics method and 

experimental measurements on the studies of mechanical properties 

of the nanocomposites is also highly desired. 
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