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Abstract

The electrochemical behavior of functionalized composite for surface engineering and its
application is described in this dissertation. The research work includes electropolymerization,
microwave synthesis, characterization, and examination of prepared materials. Corrosion is a
spontaneous procedure and unpreventable. The hexavalent chromate Cr® had been a promising
corrosion inhibitor and the very first application can be tracked back to 1915. However, due to the
negative impact on the environment and health, the use of the chromate compound had been
limited. Therefore, searching for alternative materials to replace the hexavalent chromate Cr®
becomes very important. Among the abundance of potential materials, conducting polymer attracts
attention because of its unique characteristics.

The electrodeposition of polypyrrole onto copper and aluminum alloy was achieved by
potentiostatic electropolymerization in the first section. In the first project, the passivation ability
of oxalic acid and sodium salicylate for copper was studied, and then the corrosion protection
efficiency. In addition, in order to improve the binding ability of the polypyrrole film, tannic acid
was introduced as the adhesion promoter into the electro- polymerization process. The effect of
tannic acid was demonstrated by promoting adhesion from 0B to 3B and improving the corrosion
protection efficiency by 30 %. A coating with good adhesion can prevent the delamination of the
protective layer and restrict the spread of the corrosive ions. The best result from each dopant was
incorporated with tannic acid for improving the adhesion and anti-corrosion performance. For the
second project, the aluminum alloy was investigated by the same process and intended to
investigate the effect of dopants that contains the sulfonate group for electropolymerization of

polypyrrole. The results illustrated that surfactant-liked dopants facilitated electrodeposition. In
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addition, the dopant with a larger chemical structure provided better protection efficiency. The
application of a spray paint topcoat to the entire system can result in even better protection
performance. This is because the topcoat acts as a barrier, effectively preventing the penetration
of aggressive ions.

In 2020, the outbreak of COVID-19 blows the whole world heavily. While people are
taking measures to protect themselves from getting infected by a virus, it is also essential to
improve the ability to detect the virus in people who may already be infected but are not showing
symptoms. Early detection of the virus can help to prevent the further spread of the virus by
allowing infected individuals to receive proper medical care and quarantine measures. This can
also help identify potential outbreaks and take appropriate measures to prevent them from
spreading further. So, improving the ability to detect the virus is an important aspect of managing
and controlling the spread of infectious diseases. The third project focused on the development of
a DNA biosensor for the detection of COVID-19. We utilized a hybrid material made from ZnS
and graphene, which was prepared using a non-equilibrium heating approach based on microwave
technology. The biosensor was then tested using synthetic DNA samples as well as standard
samples of the SARS-CoV-2 virus. The results of the study showed that the ZnS/G hybrid material
was highly effective in detecting low concentrations of the virus. The biosensor was also found to
be highly sensitive, meaning it could accurately detect even small amounts of the virus. The use
of microwave-based synthesis techniques allowed for the creation of a highly efficient biosensor
that could be used for early and accurate detection of COVID-19. This research has potential
implications for the development of improved methods for diagnosing and monitoring infectious

diseases.



Acknowledgments

Firstly, I would like to express my sincere gratitude to my advisor Dr. Xinyu Zhang for his
continuous support throughout my doctoral study, and for his patience, motivation, enthusiasm,
and immense knowledge. His advice helped me all along of my Ph.D. research.

I would like to acknowledge the insightful comments and encouragement provided
by my committee members Dr. Andrew Adamczyk, Dr. Tae-Sik Oh, Dr. Russell Mailen, and Dr.
Siyuan Dai in writing this dissertation.

I would like to thank Dr. Ruigang Wang and his students Yifan Wang and Zhen Wei for
helping with material characterization tests. [ am truly grateful to Dr. Amit Nautiyal and Dr. Shatila
Sarwar for their insight at every stage and for solving many challenges. Additionally, I would like
to extend my gratitude to my lab members Dr. Miaomiao Zhang, Dr. Haishun Du, and Dr. Yue
Liang for their help and support in the lab.

At last, I would like to express my sincere gratitude to my family and my friends who
supported me throughout the years. I would like to express my deepest gratitude to my parents.
My father, Dr. Hung-Chieh Lin, provides me with a warm and safe environment to grow. He
teaches me the principles of behaving and dealing with people. His passion and attitude toward the
work influenced me deeply. My mother, Chin-Lien Chung, gives me countless support while I

face difficulties which comforts my nervousness.



Table of Contents

AADSTIACE .ttt ettt b e h e bt et h e bttt e h e e bttt ehte bt et st e bt enteas 2
ACKNOWIEAZMENLS. ...\ttt e e e e 4
LSt OF TADBIES. ...ttt ettt et sat e et e bt et e e sat e et e snteebeen 10
LSt OF FI@UIES...utietieeiieiie ettt ettt ettt et e et e st e e bt esaeeebeeeabeesseassaeenseesnseenseesnseenseens 12
Chapter 1: INtrOAUCTION........cccuiiieiiieciee ettt e e et e e e et e e et e e e aeeessneeesnseeessseeennseeennns 17
| N0 g Lol 3§ Vg ) 14T 17
L.1.1. SUrface COatingS. ... .vouiintit ittt 18

1.1.2. Surface modification.............o.oiiiiii i 19

| \Y, (51 721 3T -1 1 10 £ TSRS 19
1.3, COTTOSION. ...ttt ettt ettt ettt et et b et e he et eat e s bt e bt e st e sbe et e eatesbe e bt enbesbeenbessnesaeensens 22
1.3.1. ThermOdYNamiC.......cccceeruieriiiriieiiieriieeieeieeetteeteeteeseteeseeseaeebeesnseesaeeseesnseenseennns 24
1.3.1.1. General chemical reaction.............cooeiiiiiiiiiiiii e 24

1.3.1.2. Thermodynamics for electrochemical reactions...................c..c...... 25

1.3.2. Kinetics: the COrroSion rates. ... .....o.euuiuiiniitiit it 28

1.3.3. The phenomena of the mass transport............ooeviiiiiiiiiii i, 32

1.4, Conducting POLYIMET........coiiiiiiiiiieiieie ettt ettt ettt e s sbe e e e aae e 34



1.4.1. Introduction of Conducting POIYMET..........ccceevuiiiriiiieriieeieeeeeee e 34

1.4.2. Synthesis of conducting POLYMET...........cooiiiiiiiiiiiiiiiiice e 36

1.4.3. Application in COTTOSION PrOtECHION. ....cuvvieeiireeireeriieerteeerereeeireeereeeereeesereeesnseeennns 37

1.4.3. 1. POLyaniline.........cccooeuieriiieiieie ettt 38

1.4.3.2. POLYPYITOLC. ..ceeiiiiieiiieiie ettt ettt s 41

1.4.4. Corrosion protection mechanisms of conducting polymer...........cccceevevveerreeenneenne. 45

1.5. Characterization for anti-corrosion PerfOrmance.............c.eerverrureriienieeniieeniieeieesieesreesseesaeens 47
L5 1. The Tafel TeSt. ... uee e 47

1.5.2. The Electrochemical Impedance Spectroscopy, EIS.............cooiiiiiiiiiiii. 48

L6, BIOSEIISOT. ...ttt ettt ettt e e e e 49
1.6.1. BIOSENSOT SEIUCTUTC. ... e ettt ettt ettt et et ettt e e e ieee 49

1.6.2. Classification 0f BI0SENSOT ......ccoeuuitiitii e 50

1.7. Microwave-initiated synthesis 0f NanOCOMPOSILE..........ooveueiuiiniiiiii i 52
1.7.1. Microwave heating chemistry............ooieiiiiiiiiii i e 52

1.7.2. The effect of “graphene” on microwave heating...................cocoviiiiiiiiinn... 53

1.8. Research motivation and ObJeCtIVES. .. ...vuuietiii i 53

Chapter 2: The synergetic effect of tannic acid as adhesion promoter in electrodeposition of

polypyrrole on copper for COrroSion ProteCtioN. ........ouiirientiti ettt eeeeeeneenan, 55



2 B 1315 (e 1o 11 (o715 (o) s DD 55

2.2, EXPErIMENtal. .. ..ot 57
22,1 MAterialS. . oot e 57
2.2.2. Preparation of copper electrode. .........ooviviiiiiiiii e 57
2.2.3. The passivation of the copper electrode..............cooiiiiiiiiiiiiiiiiiiiiii e, 58
2.2.4. The electrodeposition of conducting polymer ...............ccooviiiiiiiiiiiiiininn... 58
2.2.5. CharacteriZation. .. ......ouuet it 58
2.3. Result and diSCUSSION. ... .euunitt ittt 59
2.3.1. Passivation 0f the COPPET.......ooutitiiti e, 59
2.3.2. Electropolymerization of pyrrole on COpper.......c.vvvuiiiiiiiiiiiii i eiieaiaeannns 62
2.3.3. Adhesion property MeasuremMeNtS. ... ...uuuueeeeeeteetteanteaiteeaeeanaeeneeaneeanns 67
2.3.4. Characterization of the Coating............ooeiiiiiiiiiii e, 69
2.3.5. Corrosion protection after adding TA as adhesion promoter........................ ... 71
2.3.6. The comparison of protection efficiency...............ooooiiiiiiiiiiiiii e, 76
B 1) 1 T L ] 10 s U P 77



3.2, BXPerimental. ... ...ooiii e e 81

3.2.1. Reactants and Materials. ..........ooooiiniiiitii i, 81
3.2.2. Electrodeposition of PPy on AA2024 ... ..ot 82
3.2.3 Topcoat With SPray Paint.........c..eiuiiiniiiieiie e i neens 82
3.2.4. Characterization of PPy coating...............oooiiiiiiiiiiiii e 82
3.2.5. Electrochemical measurement of PPy coating...................ooooeiiiiiiiiiinin.. 82
3.3, Result and diSCUSSION. ... .. ceuein i 83

3 83
3.3.2. Characterization of the coating..............cooiiiiiiiii i e, 86
3.3.3. The corrosion protection of different dopants................ccoeeiiiiiiiiiii ... 87
3.3.4. The effect of electrodeposition time. ...........ooeviiiiiiiiiiiiiiiii e, 91
3.3.5. Topcoat with spray paint and its anti-corrosion performance........................... 96
R B 70} 1o L 15 T ) o P 103

Chapter 4: Ultrasensitive electrochemical biosensors based on ZnS/Graphene hybrid for rapid

deteCtion OF SAR S-COV -2 oo 104
A1 INEOAUCTION ..ttt e e e e e e e e e 104
Y 1 o Yo [0 o .y 107



LN B\ E:1 < o - | TP 107

4.2.2. Preparation of ZnS/graphene COmMpPOSItes .........ooveruierieniiiniiiiiiiaianieanannns 107
4.2.3. Preparation of detection electrodes. ..........o.vviiiiiiiiiiiii i 108
4.2.4. Nanocomposite-based DNA biosensor probe and target sequences.................... 108

4.2.5 Immobilization and hybridization of DNA ... 109

4.2.6 Materials charaCterization. ... ........o.ovuiuiiuiitine i e 109
4.2.7 Electrochemical measurements. ............ovueiiuiiuiiiiiiiiieie e eeeeeeenens 110
4.3. Results and diSCUSSION. .. .. .ttt 111
4.3.1. Optimizing the Precursor TatiO. ... .o.ueet et ettt ettt e ae e e e e 111
4.3.2. Characterization of the modified electrode...................ooia. 112
4.3.3. Detection of synthetic target DNA samples...........ccoovviiiiiiiiiiiiiiiiiieenn, 114
4.3.4. Detection of SARS-CoV-2 standard samples .............ccoiviiiiiiiiiiiiiinann.... 118

4.3.5. Investigating the detection of synthetic DNA samples by one-step hybridization...

........................................................................................................ 122
7073 To] 18 53 ) P 123
Chapter 5: Summary and oUtloOK. .........oooiiiiii e 125
RETCIENCE. . .. 129



List of Tables

Table 1.1. The list of standard reduction potential..................coiiiiiiiiiiiiiiiii i, 27
Table 1.2. The standard potential for metal and conducting polymer......................ooooiil. 45
Table 2.1. Tafel plot results for uncoated copper and PPy-coated copper samples.....................65
Table 2.2. Tafel plot results for PPy-coated sample with and without adding TA.................. 71
Table 2.3. EIS fitting data.........ooeiiiiii e e 76
Table 2.4. The comparison of corrosion protection efficiency with existing reports............... 77

Table 3.1. Tafel plot of PPy coatings in the 3.5 wt% NaCl with pTSA and 2NS as dopants......91

Table 3.2. Tafel plot of PPy coatings in the 3.5 wt% NaCl with pTSA and 2NS as dopants under

different COatiNg tIME. ... ..oouiitit it et et e 95

Table 3.3. Tafel plot of PPy topcoat with spray paint in the 3.5 wt% NaCl with pTSA and 2NS as

4 10 073315 98

Table 3.4. EIS fitting data for Pure AA2024-T3, 0.2M pTSA, and 0.1M 2NS with and without

tOPCOAt OF SPIAY PAINL. .. .ut ittt et e e et et e et e e e e 101

Table 4.1. Precursor mass ratios for different ZnS/graphene nanocomposites and their reaction

O €200 L] () 4P 108
Table 4.2. List of probe and target DNA SEqUENCES......couviiriiiiiieiieeiieiiieeieaaeeanns. 109
Table 4.3. Comparison of the designed biosensors for the detection of SARS-CoV-2............. 121

10



Table 4.4. Comparison of the designed biosensors for the detection of SARS-CoV-2

11



List of Figures

Figure 1.1. The corrosion cycle of Steel.........oo.oieiiiiiiiii e, 21

Figure 1.2. Types Of COTTOSION. .....uuiiit ittt et et etet e e e e e e enaas 23

Figure 1.3. (a) a point where the half reaction is under equilibrium, (b) illustration of cathodic and

ANOAIC POLATIZATION. ...\ttt ettt et e e et e et e e et e et e aaeaas 29
Figure 1.4. The Evan diagram of @ COITOSION PIOCESS. ... .cuueutiutitiitintentiitatiiiieteaeeeeneaen, 31
Figure 1.5. Pathway of a general electrode reaction..............c.ooiiiiiiiiiiiiii i, 32
Figure 1.6. Chemical structure of common conducting polymers..............ccoovviiiiiiiennennn.. 35
Figure 1.7. Chemical polymerization of polyaniline.................cooiiiiiiiiiiiiiiiiiinn. 36
Figure 1.8. Electrochemical polymerization of pyrrole...............ccooiiiiiiiiiiiiiiiiiii i, 37
Figure 1.9. The anti-corrosion mechanism of the polyaniline for iron............................... 39

Figure 1.10. The photographs of (a) un-coated and (b) PZN-coated copper electrodes (c) Tafel
plot for uncoated, polyaniline and polyaniline/ zeolite nanocomposite coated copper electrodes in

3.5 WE Y0 NACT SOLULION. . .+ e e ettt e 40

Figure 1.11. Water-droplet contact-angle test on (a) GPn-Cu, (b) Polyaniline-Cu, and (c) Bare-

12



Figure 1.13. SEM images of (a) PPy oxalic (b) PPy DS and (c) open circuit potential evolution

for iron coated with PPy film....... ... 43

Figure 1.14. Corrosion protection mechanism of the nanoparticles for (a) intact and, (b) defected

L1001 0] 1 PP 44
Figure 1.15. The mechanism of controlled inhibitor release.................coooiiiiiiiiiiinne. 47
Figure 1.16. The Tafel plot.......c.ooeiiiiii e e e e, 48
Figure 1.17. The EIS diagram..........c.oouiiiiiiiiii i e ee e 49
Figure 1.18. The application for bBioSENSOT. ........oviitii i, 51
Figure 1.19. The structure for blOSENSOT. ... .c.uiiuuit ittt e eeee e eanaens 51

Figure 2.1. The chemical structures of (a) oxalic acid, (b) sodium salicylate, and (¢) tannic acid..

Figure 2.2. The passivation of copper by using OA as dopant with various concentrations.......61

Figure 2.3. The passivation of copper by using SA as dopant with various concentrations...... 61

Figure 2.4. The i-t plots for electropolymerization of pyrrole on copper by using (a) OA, and (b)

SA as dopants with selected CONCENIratioNS. ..........vvuiiiiii it 63

Figure 2.5. The Tafel plots for (a) PPy/OA, and (b) PPy/SA in 3.5% NaCl solution.............. 66

Figure 2.6. The adhesion tests for the coatings of (a) PPy/OA (b) PPy/OA/TA (c) PPy/SA (d)

PPy S A T A 68

13



Figure 2.7. SEM images of PPy coatings with and without TA: (a) PPy/OA (b) PPy/OA/TA (c)

PPY/SA (A) PPY/SA/TA .o e, 70

Figure 2.8. The FT-IR spectra of the PPy coatings............c..cooiiiiiiiiiiiiiiiiiie, 70

Figure 2.9. The Tafel plots for (a) PPy/OA/TA, and (b) PPy/SA/TA at 1 mV:s-1 in 3.5% NaCl..72

Figure 2.10. The Nyquist plots for (a) PPy/OA/TA, and (b) PPy/SA/TA in 3.5% NaCl

70 1815 03 o 74
Figure 2.11. The equivalent circuit models for (a) uncoated (b) coated sample..................... 75
Figure 3.1. The chemical structure of three dopants used in the electrodeposition of PPy........ 81

Figure 3.2. The result of electrodeposition presented in the i-t curves with different dopants (a)

SA (b) PTSA and (C) 2N S . .o et et e 85

Figure 3.3. FT-IR spectrums of PPy/pTSA and PPy/2NS.......coiiiiii i, 86

Figure 3.4. SEM images of the PPy coating with different dopants (a-b) PPy/pTSA and (c-d)

PPY/2NS e, 87

Figure 3.5. The Tafel plots with different dopants (a) pTSA and (b) 2NS................ 90

Figure 3.6. The Tafel plots with different dopants (a) pTSA and (b) 2NS under 15, 30, and 60

minutes of depoSItioN tIME.......oviiiiiit et et e e e, 93

Figure 3.7. The result of Tafel plots with and without spray paint topcoat (- with topcoat; o without

103 01670 T2 1 Pt 97

Figure 3.8. The result of EIS plots without topcoat (- fitting data; o original data)................. 100

14



Figure 3.9. The result of EIS plots with topcoat (- fitting data; o original data).................... 100

Figure 3.10. The equivalent circuit models for (a) Pure AA2023-T3 (b) samples with

o0 Y2152 Y. 101

Figure 3.11. OCP vs time of all Samples.........oouoieiiiiiii e 102

Figure 4.1. (a) CVs of different electrodes in a solution containing 1.0 M KCI and 0.2
MK3[Fe(CN)6] as a redox probe at scan rate of 100 mVs—1. Zn(Ac)2-:2H20, graphene, and S
precursors have a mass ratio of 6:1:1, 4:1:1, 2:1:1, and 6:2:1, respectively. (b) CV curves of

different electrodes in a solution containing 1.0 M KCI and 02 M

KBIFQ(CIN)O]. .ottt et e 111

Figure 4.2. (a) SEM image and EDS spectrum; (b)-(e) the EDS elemental mapping; (f) XRD

pattern and (g) XPS spectrum of ZnS/graphene composite.........ccovvvvviriieiiniieinnnnnnn. 113

Figure 4.3. (a) DPV plots and (b) the regression calibration plots. [Note: probe and target DNA
samples are for S-gene]. (c) DPV plots and (d) the regression calibration plots. [Note: probe and

complementary DNA samples are for ORF 1b-gene]...........ccccooiiiiiiiiiiiii i 114

Figure 4.4. (a) DPV plots of synthetic samples. (b) Mis-matched sequences of pDNA and tDNA.

[Note: probe and target DNA samples are negative control].............c..cooiiiiiiinn.. 116

Figure 4.5. (a, b) DPV and calibration plots for the detection of SARS-CoV-2 standard using S-
probe. (c, d) DPV and calibration plots for the detection of SARS-CoV-2 standard solutions using
ORF  1lb-probe in a solution containing 1.0 M KCI and 02 M

KBIFEICN)G]. e 117

15



Figure 4.6. (a) Detection steps of synthetic DNA samples via one-step hybridization method. (b)
DPYV plots to detect S-gene by one-step method. [Note: probe and complementary DNA samples

N LS 10 G T ) ) 118

Figure 4.7. (a, b) DPV and calibration plots for the detection of SARS-CoV-2 standard using S-
probe. (c, d) DPV and calibration plots for the detection of SARS-CoV-2 standard solutions using

OREF Ib-probe in a solution containing 1.0 M KCl and 0.2 M K3[Fe(CN)g] ......oovevvieniinnnnnn. 120

Figure 4.8. (a) Detection steps of synthetic DNA samples via one-step hybridization method. (b)
DPV plots to detect S-gene by one-step method. [Note: probe and complementary DNA samples

ATC FOT S ZONC . L.ttt e 123

16



Chapter 1

Introduction

1.1. Surface engineering

The term “surface engineering” describes a broad variety of techniques intended to design and
alter the surface characteristics of components. Surface engineering improves the performance of
solid surface by applying thin film coating, surface functionalization and activation, and plasma
treatment. Surface engineering can be dated back to Thomas Edison in 1900 with the plating of
the gold films. Berghaus was one of the pioneers in the development of plasma and ion
modification of surfaces in 1938 to enhance surface characteristics and properties of vacuum
deposited coatings. The invention of the ion plating technique in the early 1960s marked a
significant advance in plasma-assisted coating deposition. After the early 1970s, thin film
deposition and plasma processing were developed, and the history of surface engineering is
strongly related to the history of physical vapor deposition (PVD) coatings and processes, plasma
processing, and chemical vapor deposition (CVD) techniques. Surface engineering techniques are
employed in the automotive, aerospace, power, electronic, biomedical, textile, petroleum,
petrochemical, chemical, steel, power, cement, machine tools, and related industries[1]. The

following are the desired properties or characteristics of surface-engineered components[2]:

® corrosion resistance through barrier or sacrificial protection
® oxidation and/or sulfidation resistance

® wear resistance

® mechanical properties

® clectronic or electrical properties

17



® thermal insulation

® aesthetic appearance

Surface coatings and surface modification are the two primary types of surface engineering
strategies that can be utilized to optimize surface properties and bulk materials. Surface coating is
the process of depositing a layer of molten, semi-molten, or chemical materials onto a substrate.
The main function of surface coating is to change and strengthen the surface properties rather than
reforming the material’s composition. On the other hand, the act of changing a material’s surface
by adding physical, chemical, or biological properties that are not already existing on the surface

1s known as a surface modification.

1.1.1. Surface coatings

Coatings can be applied to a substrate using a variety of commercially available procedures and
methods. For instance, PVD or CVD is used to deposit a thin film in semiconductors, flat panel
displays, and solar cells. Sputtering is a plasma-based deposition procedure that accelerates
energetic ions toward a target. Atoms are ejected (or sputtered) off the surface when the ions strike
the target. As the film is growing, these atoms move toward the substrate and combine with it. One
of the most versatile processes for applying protective coatings is thermal spraying. The heat
sources utilized in thermal spraying procedures are typically used to distinguish them. The four
most often utilized methods are wire arc spraying, plasma spraying, high velocity oxy-fuel
spraying (HVOF), and traditional combustion spraying. The most popular coating materials are
metals, polymers, and ceramics. Other techniques, such as Electroplating involves reducing the

cations of a metal using a direct electric current to produce a metal coating on a solid substrate.
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1.1.2. Surface modification

Shot peening is a cold forming modification procedure used to create a compressive residual stress
layer and alter the mechanical characteristics of metals and composites. Throughout the procedure,
a stream of round hardened steel shot or something similar is launched onto the surface. Ion
implantation is a method of surface modification in which ions are implanted into the substrate's
surface area. These procedures can increase the substrate material's hardness, wear resistance,
corrosion resistance, and fatigue resistance, extending the service life of the final product.

One of the most important methods of creating product distinction in terms of quality,
performance, and the life-cycle cost is surface engineering. It is impossible to ignore surface
properties in design since they have a significant impact on a component's usability and lifespan.
Environments in engineering are harsh. The surface of the component is often subjected to stress
as well as chemical and physical deterioration. In order to address these issues and increase the
service life and overall performance of the components, surface engineering can be used. In a

word, Surface Engineering technology offers practical answers to demanding applications.

1.2. Metals and alloys

The utilization of metal can be dated back to 9000 B.C. Since then, more and more metals were
found and be applied in daily life. The very first application of the metal is for good exchange and
jewelry. After a while, the application of the metals starts to revolve from ornaments to the tool.
Nowadays, the development of human society is mostly depending on the expansion of the metals
and its alloys. However, there is a drawback, among all the advantages, about the utilization of the
metals and its alloys—corrosion. Corrosion is a serious issue when applying the metals into human

society. The impacts of corrosion include finance, energy, and safety. A study from the National
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Association of Corrosion Engineers (NACE) in 2016 indicated that the global cost of corrosion is
approximately to be $2.5 trillion US dollars, which is equivalent to 3.4% of the global GDP[3].
Also, the impact of corrosion is wide, including infrastructure, utilities, production transportation,
and manufacturing. Once the failure occurs, the cost to humans and the environment would be
unable to estimate which further reveals that corrosion protection is vital. Fig 1.1. illustrates the
corrosion cycle of steel which is like many other metals. The life cycle of metal, which gives a
basic illustration of metal transformation from nature to practical application, can be divided into
four stages. The first stage is ore, native rock containing metals. Most of the native forms of metals
existing on the earth are metal oxide. After further treatment, the ore becomes original metal which
is the second stage. In this stage, the metal is basically pure with a little impurity and can be
introduced into higher technology and industries after being refined. However, because of the
thermodynamic process, the materials itself will start to degrade while using it, which is also
known as corrosion. This process is a spontaneous procedure and it’s unpreventable. So, the metals
and alloys will eventually deteriorate back to its original stage, ore and metal oxide. Since this
thermodynamic process can’t be prevented from happening, the only thing that can be done is

slowing down the rate of corrosion.
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Figure 1.1. The corrosion cycle of steel[4]

In the past, enormous techniques have been revealed for protecting metals from corrosion.
Basically, there are three main methods for corrosion protection—cathodic protection[5], anodic
protection[6], and inhibitor protection[7]. The main goal of cathodic and anodic protection is
varying the metal potential away from the corrosion potential and stay in the passive region. On
the other hand, inhibitor protection is creating a protective film or adsorption layer, which affects
the electrochemical reaction for the corrosion process. In practice, two or more protection methods
will be applied at the same time to obtain a better anti-corrosion performance. According to the
inhibitors, chromate, benzoates, and zinc salts are highly effective inhibitors and widely applied in
the industry and daily life for anti-corrosion purposes. However, with the increase of the awareness
of health and environment-friendly, these inhibitors are suspended or decreasingly used because

of the toxicity. In order to replace toxic inhibitors, scientists and engineers have been searching
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for new materials in the past decades. Among the abundance of potential materials, conducting
polymer attracts attention because of its unique characteristics. Hence, the research of conducting
polymer in corrosion protection becomes one of the new branches in the application of conducting

polymer.

1.3. Corrosion

Corrosion is a natural process that cannot be prevented depending on the thermodynamic. In other
words, metal tends to return to its original state. This tendency will lead to serious issues while
utilizing in transportation, industry, and construction. Meanwhile, the corrosion can be related to
the electrochemical process. There are many reasons that will lead to corrosion, e.g.
temperature[8][9], pH value of the surrounding environment[10][11], the velocity of flowing
material[12][13], oxygen[14], humidity[15], bacteria[16][17], and radiation[18][19], etc. For
instance, in the industry, the boiler operating at extremely high temperature will release corrosive
gas which further increases the rate and possibility of corrosion[20]. In another case, Bacteria and
microorganisms existing in nature will build a film over the metal surface changing the pH value
and oxygen ratio and creating organic acid which results in corrosion[21]. Since there have various
corrosion conditions, it can be divided into different types: uniform corrosion, galvanic corrosion,
crevice corrosion, pitting, intergranular corrosion, fretting, erosion corrosion, stress corrosion,
dealloying, corrosion fatigue, and exfoliation, see Fig 1.2. The mechanisms of formatting each
type of corrosion could be varied. In order to recognize the corrosion, it is vital to understand the

relationship between the thermodynamic and electrochemical reactions.
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Figure 1.2. Types of corrosion[22]

The basic corrosion process on the metal surface can be described. First, the metal oxidizes to form

metal ions: M - M™* + ne™. In order to make the charges balance, the electron e~ will combine

with oxygen and water to form hydroxide: 0, + 2H,0 + 4e~ — 40H™. The hydroxide will then

combine with metal ion becoming metal hydroxide M,,(OH),,. Taking zinc as an example,

assuming a zinc rod is placed in hydrochloride solution, zinc ion will release from the zinc rod and

the hydrochloride solution will give hydrogen and chloride. The chemical reactions are:

Zn - Zn*t + 2e”

HCl - H* +Cl”

The hydrogen will combine with electrons to create hydrogen gas. And, the zinc ion will form zinc

dichloride with chloride ion.

2H+ + 2e” - HZ(g)
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Zn?t + 2C1~ - ZnCl,

Complete reaction: Zn + 2HCl - ZnCl; + Hy(y)

From the equations above, the oxidation reaction is Zn — Zn?* + 2e~ and the reduction reaction

is 2H" + 2e™ - H, gy which gives an example that a complete reaction should include at least

two half-reactions. In the real case, for a corrosion process, the reaction would have one or more
oxidation reactions, the same situation for the reduction reaction. In the next few sections, the

thermodynamics, kinetics, and transport phenomena of the corrosion will be discussed.
1.3.1. Thermodynamic

1.3.1.1. General chemical reaction

For a general chemical reaction: ad + bB < cC + dD, the forward rate is R and the backward rate

is R. While two rates are equal, we can obtain an equilibrium constant K.
R =K, coct

R = K,CECE

_Ki _ Ccécf
T Kk, cick

K, (while R= ﬁ)

The relationship between activity constant (K,) and concentration constant (K¢) can be described
asa = f C, where a is activity, C is concentration, and f is the fugacity of activity coefficient.
When f = 1, the reaction is in the dilute or ideal case, and a = C. Then, we can replace the

equilibrium constant into Ka.

koK _géab g
o= = oes = KCwhile f = 1)
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Now, for a forward reaction: ad + bB — ¢C + dD, the change in free energy can be described as
AG = Gproquct — Greactant- While the free energy of the reactant is Greqcrant = alta + bug and
the free energy of the product is Gproguct = Cl¢ + dip. i is known as chemical potential which

can also present as
u=p°+RTIna
If replacing u intou,, up, 4 and p, , after rearranging, the AG will become
AG = Gproq — Greact = AG° + RT InK,

Where AG” = (CGZ + dG;) — (aG:l + bG;). From the equation, the relationship between the free
energy and the equilibrium constant is obtained. Three conditions of AG can be discussed.
At AG = 0, the rate of reduction and oxidation reaction are equal. This means that the reactions
happen at both directions and the rates are equal. While AG < 0, the reaction will spontaneously

occur and toward one direction. In contrast, the reaction won’t happen by itself while AG > 0.
1.3.1.2. Thermodynamics for electrochemical reactions

Before converting the chemical energy to electrical energy, the electrochemical reaction can help
to understand the basic concepts. Using zinc and copper as an example, the zinc plate is placed in
a 1M ZnSOs4 solution and copper plate in CuSOs. Without the salt bridge, both metals will have
redox reaction itself which are: Zn?* + 2e~ & Zn and Cu®* + 2e~ © Cu. When connecting two
metals with a voltmeter and salt bridge, the zinc plate will give an oxidation reaction and the copper
plate will have a reduction reaction. That is because of the standard reduction potential of the two
metals are different. Besides, the voltmeter will record 1.1V. In this case, the two reactions

represent the chemical energy, and the recorded potential is electrical energy. A good
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demonstration of chemical energy transfer to electrical energy is obtained. Therefore, the
relationship between these two energies can be described as nFE = —AG (the negative sign in free
energy is assumed that the reaction is spontaneous).

In the equation, n is the charge number, F is the Faraday constant and E"®” is the reversible
potential. After rearranging the equation, the potential can be written as

ETev = _—AG orE° = 4G
- nF  nF

To calculate the standard potential, it is much easier if checking the standard reduction potential
list in Table 1.1. Note that the form of reaction is always in the reduction form.

However, reactants and products are not always in the standard state for real applications.
Therefore, if combing the change of free energy,AG, and the standard potential, E’, the combined

equation is obtained, called the Nernst equation:

rev _ o RT [ T1(a0x)
E=E+ ln{n(ared)k}

nF

This equation describes the reversible potential E"¢” for a half-reaction while the species are not
in the standard state. In the dilute solution, the activity coefficient can be replaced by the
concentration of the species, a, = [A]. For instance, the potential of a general half-reaction, the

Nernst equation can be presented as:
aA+bB+ne” & cC+dD

[41#[B]P
[cl¢[p]4

0.059
n

a b
) log(%ﬁc[[g]] —) at room temperature

Ere = F'+in (B2 = B+ (
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Table 1.1. The list of standard reduction potential[23]

Standard Potentials at 25°C

Half Reaction Potential Half Reaction Potential
Fa=2a — 2F ~2.87 V 2H* + 2a= — Hp 0.000 V
O3 +2H = 2e~ — Og=Hz0 ~2.07 W Fe** -3a” — Fe —0.04 ¥
808" + %~ — 2805 +2.05 V PEEt - 28 — Pb 013V
PEOs + 4H" = S0§™ + %6~ — PS04 + 2H:0 .89V sl . 26" . Sn 014V
At e — A +1.69 v NEZ* - 26~ — Mi —0.23 v
Pt s2em . pRET +1.67 V W e L yET —0.28 v
2 HCIO = 2H* = 26~ — Clp = 2Hp0 +1.63V Co?* 226 — Co —0.28 V
Ce'*oam — Cet 181V In** -3¢~ — In —0.34 ¥
MnOF + BH™ = g~ — MnZ* = 4H0 FLE1V PBSO4 + 26~ — Pb - S0§- 096V
At i3e A +1.40 V Cd?t 206~ — Cd —0.40
Ol + 26~ — 201 +1.36 V O a8 — OFF —0.41V
Cra0%~ = 14H" = e~ — 203 + THa0 <133V Fe't =28~ — Fe —D.44 ¥
Op + 4H" + 46~ — 2Hp0 123V Zn** 22 — Zn —0.76 V
MnOz = 4H" = e~ — Mn2* = 2H0 121 M0 = B~ — Hp - 20H™ —0.83 ¥
PE*+ 26" — Pt +1.20 W o2t i0a — Cr 081V
Bry = 2e~ — 2B ~1.08 W Mr2* 226~ . Mn 118V
2Hg®t = 2e~ — Hght 092 v V3 Lpe . W 119V
CIO™ = HpD = 267 — CIF = 20H" -0.89 v ZnS-2e” — Zn -9 —1.44 ¥
Agt e — Ag ~0.80 W AR L 3am — Al ~1.66 V
Haf* +2e~ — 2Hg L0.7aV Mg* + 2~ — Mg D88V
Fa** +a~ — Fa?t +0.7F V Ma* + &~ — MNa 871V
MnOF = 2Hp0 = 38~ — MnQOg = 40H" +0.60 v Kf=e= — K a2V
Iz +2a” — 217 +0.54 Lit+ea — Li —9.05 v
Op + 2Hp0 = 48~ — 40H" ~0.40 W

Cu*+9¢- — Cu +0.34 W

_ B Mote: all izns are aguesus (ag), many neutral species are solids (s),
HgzClz = 287 — 2Hg + 2CI =027 W although some are liquids (), gases (g), and even agueous (ag). Us=e
ather sources for details on state. They were purposely left off hare to

AgCl=e” — Ag-CI Y save space and keep a cleaner looking tabla.
MOF = HoO = 26~ — MNOF + 20H <001 W
2H* + 28~ — Hz 0.000 V

Now, by calculating the E"¢”, the half-reaction can be predicted whether it reacts spontaneously

or not (when E"®" > 0 is spontaneous and E"®” < 0 is nonspontaneous).
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1.3.2. Kinetics: the corrosion rates

The previous section discussed the thermodynamics of the corrosion process. Also, the reaction
can be predicted whether it is a spontaneous reaction or not by calculating the free energy and the
potential. However, in the field of science and engineering, the corrosion rate is much more
important. Since the corrosion process is unpreventable, the corrosion industry puts more focuses
on decreasing the rate of corrosion. The corrosion rate can be measured by monitoring the mass
loss or by electrochemical detection. The method of recording the mass loss is not a convenient
way to apply, also the sensitivity of this method is quite low. In contrast, the electrochemical
determination gives a better result and quick examination. The definition of corrosion rate can be
described as the weight loss of a metal or alloy in a period while immersing in a corrosive
environment. A proper unit for corrosion rate is weight loss per unit area per unit time, which is
mg/cm?s!. Dividing by the density of the material will give a corrosion rate in the unit of thickness
lost per unit time, such as mm/yr. The corrosion rate in electrochemical detection is related to the

corrosion current density (i.,.), and the equation is:

— CMiCOTT

4 pnF

Where M is the molecular weight of the material (g/mol), p is the density of material (g/cm?), and
C is a constant. To calculate the corrosion rate, the corrosion current density is needed.
Firstly, consider an electrochemical half-reaction at equilibrium:

M?* +ze~ o M

The rate of both reactions is equal at equilibrium. No reactions are rest or inactive. This equal rate
of both directions at equilibrium is defined as the exchange current density, i,. Also, the electrode
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potential is equal to the reversible potential, E"¢Y, when the reaction rate is at equilibrium.
Therefore, a plot can represent the situation of equilibrium as a point in potential versus log current
density, Fig 1.3. (a). The exchange current density, iy, is zero at the equilibrium. However, when
applying a potential different than E"®Y to the reaction, the reaction will react toward one direction
and a net current can be obtained. The difference between the applied potential and reversible
potential is called overvoltage, n = E — E"®Y. The overvoltage will lead the reaction toward one
direction. When 1 > 0, the current is anodic for anodic polarization. In contrast, n < 0, the current
is cathodic for cathodic polarization, Fig 1.3. (b). The relationship between the current density and

the potential is given by the Butler-Volmer equation:

lpet = lg T 1¢

.. anF(E—ET¢) . —-(1-a)nF(E-E"®")] _ . anfFng| . —(1—a)nFnq
=l exp[ RT ] to€xp RT ] - loexp[ RT ] foexp [———1

(a) (b)

log i

Figure 1.3. (a) a point where the half reaction is under equilbrium, (b) illustration of cathodic and

anodic polarization
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where « is the charge transfer coefficient and the value of @ must between 0 and 1. Since the mass
transfer is faster than the electron transfer at the interface of electrode and bulk solution, the Butler-
Volmer equation can be developed. Also, for n > 0, the first term will dominates the second term.

Then, the Butler-Volmer equation can be simplified into:

anFn,
RT

lnet = Lp€XP [

Also, the equation can be rearranged to get the anodic Tafel equation:

i
Na = bglog ()
lo

b, = 2;’% is the anodic Tafel slope. For « = 0.5 andn =1, b, = 0.12V (or V/decade). This

calculation is only for single electron reaction. Similarly, while n < 0, the cathodic Tafel equation

is given as:

Ne = —bclog (%)
By using the Tafel equation, it is a better description of corrosion kinetics while the reaction at the
interface is controlled by the charge transfer.
Previously, the exchange current density i, for half-reaction has been obtained. However, a
complete corrosion process contains two half-reactions which are anodic reaction and cathodic
reaction. To obtain the corrosion current from the electrochemical process, two half-reactions need
to be put into consider at the same time. At the corrosion potential, the sum of oxidation current

I, and reduction current I, is zero.
Xla+2l.=0
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Fig 1.4. is the Evans diagram for corrosion process where two half-reactions are both presenting
in the diagram. The Tafel line for two different reactions, which are the hydrogen reaction and the
dissolution of metal, are showing on the diagram. In the Fig 1.4, each of them possesses the Tafel
line for the anodic and cathodic reaction. Besides, the corrosion potential E,,,,- and corrosion
current i, can be obtained from the cross point between the oxidation of metal and reduction of
hydrogen. The diagram reveals a possible electrochemical reaction for a metal in an acid solution
which cathodic reaction is mainly the hydrogen evolution. When divide by area, i = I /A, the

current density is obtained.

Yig + i, =0

The intersect point of the anodic line of metal dissolution and cathodic line of hydrogen evolution
is where the total oxidation and reduction current are equal. Hence, the corrosion current density

and the corrosion potential are obtained, the corrosion rate could be calculated as well.

corr

log i

o,

fo, Mo

Figure 1.4. The Evan diagram of a corrosion process
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1.3.3. The phenomena of the mass transport

The kinetic of an electrochemical reaction in the previous chapter can only utilize in the condition
that the concentration of the surface is equal to the concentration of the bulk solution which means
there is no concentration gradient between electrode and electrolyte. Under this situation, the
electron transfer is the rate-determining step, and the current follows the Butler-Volmer equation:

—(1—a)nF(E — E™")
RT

anF(E — E™®)
RT

Inet = lg i, =1igexp [ — ipexp [

On the other hand, while the rate-determining step is controlled by the mass transport, the

electrochemical reaction at the electrode surface follows the Nernst equation:

RT

rev _ [A]*[B]”
E =F +ﬁll’l< >

[C]¢[D]¢
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Figure 1.5. Pathway of a general electrode reaction[24]
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Therefore, if the rate-determining mechanism is mass transport, the current can be described by
another equation. The mass transport, which describes the movement of ions, can divide into three

mechanisms including:

1. Convection: hydrodynamic flow caused by the gradient of pressure, density, or
temperature. it can be expressed as J.onyi = CiVsor-

2. Diffusion: the movement of ion due to the gradient of concentration and can express as

aC;
Jairsi = —Di(3)-

3. Migration: the movement of ion due to potential gradient and can express as /pigr; =
4 b o 42
=7 Dici(Z)-

Where J; is the flux of the species i, ¢ is the concentration, vg,; is the solution velocity, D is the
diffusion coefficient, z is the charge, F is the faraday constant, ® is the potential, and u is the

electric mobility. When combining three equations, the combined equation becomes:

aCl' Zl'F dCD
Ji = Jeonw,i +Jaifr,i + Jmigri = —D; (a) + ﬁDici (a) + CiVsor1

In addition, the charge per mole of any ionic species is z;F(c/mol). Therefore, the current density

can be presented as:

z;
l_ZZlF]l——FZZl ( )+F2 ED”( )+Fchvsol

Depending on the condition and surrounding environment, the equation can be simplified into one
or two items. For example, if the electrochemical cell is placed in a stationary environment, then

without the flow rate, the convection item can be neglected. Also, while the concentration of the
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reactant is small than the concentration of the bulk solution, the migration mechanism will be
ignored. Therefore, it is important to clarify the actual mechanism in the system while studying

mass transport for the electrochemical process.
1.4. Conducting Polymer
1.4.1. Introduction of Conducting Polymer

Materials can be divided into four types: insulator, semiconductor, conductor, and superconductor
depending on the electrical properties. An insulator is a material whose conductivity is less than
10”7 S/cm. For a semiconductor, its conductivity is between 10 to 10 S/cm. And, the conductivity
of metal (conductor) is greater than 10° S/cm. In the organic polymers field, the polymers are
usually considered as an insulator, such as plastics. As an insulator, they cannot carry current.
However, the discovery of conductive polyacetylene doped with iodine breaks the rule and sets a
new chapter for these synthesis metals[25]. Numerous conducting polymers had been found since
that time. Some common conducting polymers include polyacetylene, polypyrrole, polyaniline,
poly (3, 4-ethylenedioxythiophene), polythiophene, poly (p-phenylene) and so on, see Fig 1.6. The
structure of the conducting polymer contains a conjugated backbone, which single and double
bonds are connected alternatively, coupled with atoms (e.g. N, S, etc.) providing p-orbitals for a
continuous orbital overlap which allow the polymer to be conductive. The overlapping m-orbitals
provides the path for charge carriers to move freely throughout the polymer backbone and generate
the conductivity. The conductivity can be influenced by many factors such as structure,

morphology, oxidation states and functional groups.
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Figure 1.6. Chemical structure of common conducting polymers
The key point of transition from insulator to metal is the doping process. Two different doping
processes include oxidation (p-typed doping) and reduction (n-typed doping) which can be written

as below (using polyacetylene as an example):
Oxidation (p-doping): [CH],, + 37x12 > [CHIXY + xI3
Reduction (n-doping): [CH],, + xNa - [CH]}:™ + xNa™*

From the chemical or electrochemical doping process, the conventional polymer can be converted
into conducting polymer. In addition, the conducting state can return to its insulating state by the

de-doping process which makes the conducting polymer more attractive to the science field.

35



1.4.2. Synthesis of conducting polymer

The method of synthesizing conducting polymer includes chemical oxidative polymerization,
electrochemical polymerization, photochemical polymerization, plasma polymerization, and
organic synthesis. Among all the polymerization processes, chemical oxidative polymerization and
electrochemical polymerization are the most studied and applied. For the chemical oxidative
polymerization, it generally includes two steps: oxidation of the monomer and polymer chain
growth. In the step of oxidation of the monomer, the oxidant extracts an electron from the monomer
to form cation radicals which will then combine the other monomer cation to form a dimer. The

polymer chain will keep growing until the reagents are consumed or reach equilibrium, Fig 1.7.
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Figure 1.7. Chemical polymerization of polyaniline[26]
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On the other hand, the electrochemical process is another major method to prepare the conducting
polymer. The reaction is initiated by applying a potential to form cation radical. By coupling two
cations radical, the dimer is formed and then keeps combining another monomer or dimer to
increase the polymer chain. The polymerization of polypyrrole mechanism is illustrated in Fig 1.8.
The preparation of the polypyrrole films in the first and second projects will be carried out using

the electrochemical process.
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)L M

C (A9,
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Figure 1.8. Electrochemical polymerization of pyrrole[27]
1.4.3. Application in corrosion protection

The very first application of conducting polymer in corrosion protection can be dated back to
80s[28][29]. In the past, the widely used technique in corrosion protection is an organic coating

containing three layers including pretreatment, primer, and topcoat. The first layer, pretreatment,
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is a conversion coating that improves the adhesion strength between the metal substrate and the
second layer, primer. The primer is the principal of the anti-corrosion provider. Generally, the
primer consists of either chromated or non-chromated pigments blending in a spray paint. Topcoat
act as a barrier to prevent the corrosive condition from the environment, such as climate or UV
light. As environmental awareness and concerns for human health continue to increase, the use of
chromate-containing primers is being restricted. This has led to an important focus within the
corrosion protection industry on the search for alternative materials to replace chromate. Since the
first reported publication of the conducting polymer in corrosion protection is revealed, conducting
polymer has been considered as a potential candidate in corrosion control coating. The mechanism
of the conducting polymer in corrosion protection had been investigated as well. Many metals and
alloys have been studied by using the conducting polymer as an anti-corrosion coating and

obtained good results.

1.4.3.1. Polyaniline

For the application of anti-corrosion, polyaniline has been investigated and applied in various
metals and alloys. Different dopants affect the structure, size, morphology, electrical properties of
the conducting polymer which also have a huge impact on the anti-corrosion performance. For
instance, hydrofluoric acid (HF) and camphorsulfonic acid (CSA) are used as dopants for
synthesizing polyaniline and compared with emeraldine base polyaniline and emeraldine salt
polyaniline[30]. Different coatings were obtained by dispersing the four different polyaniline
powders in spray paint and coated on the mild steel. It revealed that polyaniline doped with CSA
had higher coating pore resistance which reflects the barrier ability of a coating against electrolyte

solution and could provide better corrosion resistance against the corrosive environment.
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Similarly, another literature compared CSA and phenylphosphonic acid (PPA) doped polyaniline
blended with poly(methylmethacrylate) (PMMA) and coated on various metals such as Fe, An,
Cu, and Ni[31]. Both coatings showed the ability to passivate the metal surface. For the corrosion
inhibition property, PPA doped polyaniline showed a stronger passivation ability that anions are
released to form a second protective layer. To investigate the true passivation mechanism of the
conducting polymer, the method of the scanning reference electrode technique (SRET) was applied
to study the polyaniline coating on carbon steel and stainless steel[32][33]. The SRET can measure
the variation of potential (according to the current flow) over the surface of an electrochemically
active sample. The results showed that doped polyaniline coating exhibit anodic activity in the
defect area which hold the metal surface in the passive region. Fig 1.9. illustrates a good diagram

of the anti-corrosion mechanism of the polyaniline for iron.

PANI “anodizes” exposed Fe surface
Dopant complexes with iron to form “passive layer”

Figure 1.9. The anti-corrosion mechanism of the polyaniline for iron
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Despite various dopants, different strategies are also developed including copolymerization with
different compounds, multilayers, and nanocomposites, etc. M. Shabani-Nooshabadi and F.
Karimian-TTaheri generated a homogeneous polyaniline/zeolite nanocomposite (PZN) on the
copper substrate by electrochemical polymerization[34], Fig1.10. The corrosion rate of the PZN-
coated copper at low zeolite loading was significantly lower than the uncoated copper and pure
polyaniline coating. They concluded that the existing zeolite could increase the penetration

difficulty of the corrosive agents.
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Figure 1.10. The photographs of (a) un-coated and (b) PZN-coated copper electrodes (c) Tafel
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plot for uncoated, polyaniline and polyaniline/ zeolite nanocomposite coated copper electrodes in

3.5 wt.% NaCl solution

Different nanocomposites were studied and applied on aluminum alloy by M. Ates et al[35]. The
polyaniline was modified by TiO,, Ag, and Zn, and electrodeposited on Al1150. All additive
materials not only enhanced the electrical conductivity of the polyaniline but the corrosion
resistance. The presence of TiO2, Ag, and Zn can prevent oxygen and water from penetrating into
the alloy surface. Among those additives, the best protection nanocomposite coating was
polyaniline/Ag since it had the highest protection efficiency (PE=97.54%) and the lowest porosity
(P=0.080). Graphene and Graphene oxide has also been utilized in the synthesizing process to

obtain composite. For example, the graphene/polyaniline hybrid (GPn) was coated on copper and
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act as a barrier for the substrate[36]. The coated copper was tested in sodium chloride and sulfuric
acid, and it provided superior corrosion protection than pure polyaniline in both corrosive
solutions. An interesting result is that the contact angle of the GPn coating is increased which
prevents the water from penetration and prolongs the protection effect. In the field of corrosion

protection, hydrophobicity is also important, Fig 1.11.

[c)

Figure 1.11. Water-droplet contact-angle test on (a) GPn-Cu, (b) Polyaniline-Cu, and (c) Bare-

Cu

B. Ramezanzadeh et al. reported a new strategy for providing the zinc-rich epoxy coating (ZRC)
with enhanced cathodic and barrier protection by adding GO-polyaniline nanosheets[37]. The
polyaniline was synthesized on the graphene oxide surface through in-situ polymerization. In this
case, the GO-polyaniline nanosheets provided additional protection time up to 2000 hours due to
the porosity of ZRC coating that was filled by GO-polyaniline nanosheet which allowed the zinc
particles to stay much longer from oxidation. Through the literature, the polyaniline itself can
provide good corrosion protection by ennobling the metal surface. Also, making nanocomposite

and filled the composite into organic coating can further enhance the resistance of corrosion.

1.4.3.2. Polypyrrole
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Rather than polyaniline, another widely studied conducting polymer is polypyrrole. The research
of polypyrrole are basically like the polyaniline. Different dopants, copolymers, nanocomposites,
and blend with organic coatings are all been applied in investigating the corrosion protection
efficiency of polypyrrole. Different solvents (water, acetonitrile, and nitromethane) had been
studied for the preparation of the polypyrrole and its anti-corrosion performance[38]. The SEM
results indicated that the size of the conducting polymer is strongly affected by the polymerization
rate, Fig 1.12. The smallest and densest particles are obtained from the nitromethane solution
because of the slowest polymerization speed, it also possessed the highest corrosion protective
effect on stainless steel. Additionally, it is known that the dopants used in chemical and
electrochemical polymerization can strongly affect the conductivity and the morphology of the
conducting polymer and it affects the corrosion protection. M. Eslami et al. pointed out the

polypyrrole synthesized with sodium nitrate can provide longer protection time([39].

20kv  X10,000 1pm 05/JuLs 20kV  X10,000 1pm 05/JUuL/18 20kV  X10,000 1pm 05/JUL/M8

Figure 1.12. SEM of (a) SS/PPy-H20 (b) SS/PPy-ACN and (c) SS/PPy-CH3NO>
H. M. Hung et al. studied two dopants (10-camphorsilfonuc acid and sodium molybdate) in the
improvement of the corrosion protection for mild steel[40]. It turns out that the polypyrrole film
doped with both CSA and MnO4* ion could enhance the protection of the polypyrrole with self-
healing and barrier properties. Titanium was studied by covered with polypyrrole utilizing sodium

dodecyl benzene sulfonate (SDBS) and dopamine (DA) as dopants at the same time[41]. The
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doped-polypyrrole film showed a higher positive shift in corrosion potential and lower corrosion
rate, resulting in good corrosion protection. A.V. Syugaev et al. compared two different dopants—
oxalic acid and sodium dodecyl sulfate (SDS) for their protection efficiency[42]. The result turns
out that changing the dopant from oxalic acid to SDS can influence the morphology of the

polypyrrole and have a huge impact on the corrosion protection time, Fig 1.13.
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Figure 1.13. SEM images of (a) PPy oxalic (b) PPy DS and (c) open circuit potential evolution

for iron coated with PPy film

Just like polyaniline, despite pure polypyrrole, scientists keep looking for new strategies to
promote the ability of the conducting polymer in corrosion protection. Graphene and graphene
oxide is added into the epoxy coating with polypyrrole to accomplish synergistic anti-corrosion
properties[43][44]. Filling with graphene or graphene oxide will increase the penetration resistance
of the coating to prevent corrosive media from reaching the metal surface. In addition, R.
Mohammadkhani et al. utilized graphene oxide decorated by polypyrrole doped with zinc particles
for protecting the carbon steel[45]. The outcome revealed that the active inhibition and the barrier
property of the coating were affected. Moreover, the presence of zinc particles can interact with

the hydroxide to form an insoluble zinc hydroxide film which further prevents the dissolution of
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alloy. This coating showed a good protecting effect on intact and defected samples and the possible

/;y

@

mechanism is illustrated below, Fig 1.14.
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Figure 1.14. Corrosion protection mechanism of the nanoparticles for (a) intact and, (b) defected

samples

Besides polypyrrole and polyaniline, other conducting polymers are also been utilized in corrosion
protection, such as polythiophene[46][47][48] and poly(3,4-ethylenedioxythiophene)[49][50].
Briefly summarizing the application of conducting polymer, two approaches (chemical and
electrochemical polymerization) are widely used. Adding one or more materials in conducting
polymer, e.g. graphene, graphene oxide, or metal oxide, can further enhance the protection. On the
other hand, mixing the conducting polymer with a small amount into the organic coating is another

feasible method as well.
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1.4.4. Corrosion protection mechanisms of conducting polymer

After years of investigation, the protection mechanisms of conducting polymer can be simply
divided into four types, which are anodic protection mechanism, controlled inhibitor release
mechanism, an electric field, and barrier effect. In the anodic protection mechanism, due to the
redox nature of conducting polymer, the conducting polymer will reduce and create a passivation
condition for the oxidized metal. In table 2, the conducting polymer owns a higher oxidation state
compared to metals indicating the ability of the conducting polymer for stabilizing metal oxide

layer and keeping passivation[51].

Table 1.2. The standard potential for metal and conducting polymer

Redox couple Standard potential vs. SHE(V)

Mg/Mg?** -2.36
Al/AP* -1.66
Zn/Zn** -0.76
Fe/Fe* -0.44

Polypyrrole -0.1-0.3

Polyaniline 0.4-1.0

polythiophene 0.8-1.2

B. Wessling had demonstrated that the metal coating with polyaniline can shift the corrosion
potential into the direction of noble metal, and passivates the metal by forming a metal oxide layer
in NaCl solution[52][53]. R. GaSparac et al. investigated the mechanism of corrosion inhibition by
polyaniline in sulfuric acid solution[33]. They used the scanning reference electrode technique to
study the passivation of exposed stainless-steel regions and found that the polyaniline film can

heal the exposed region and keep it in the passive region. As a result of a galvanic coupling, the
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corroding metal and conducting polymer will have a redox reaction while the conducting polymer
will reduce, and the metal will oxidize. At the same time, the dopants will be release from the
conducting polymer. The released anion can stop or slow down the corrosion process, so called
the controlled inhibitors release mechanism. In this mechanism, the released anion will combine
the metal ion to form a metal complex and prevent the metal for further dissolution[54], see Fig
1.15. S. Souza et al. used acrylic as an organic coating blend with sulfonate-doped polyaniline to
test the anti-corrosion performance[55]. The results showed that the dopant anion and iron will
form a camphorsulfonate-iron complex as a second protective layer to passivate the metal surface.
J.E. Pereira da Silva et al. applied polyaniline with two different dopants, camphorsulfonic and
phenylphosphonic acid, blending with poly(methyl methacrylate) for the corrosion protection of
different metal[31]. It revealed that polyaniline doped with phenylphosphonic acid had better
protective coating performance. Another research also investigated the inhibitor mechanism by
using polypyrrole doped with two different dopants for iron[56]. It turned out that, in the defect
area, the release of the inhibitor appears from the coating and passivates the defect. A dense, low
porosity, the adherent coating film can prevent the corrosive ion from penetrating the coating layer
and reach the metal surface, further stop or slow down the corrosion reaction. While having a low

porosity coating, the transport rate of O, and H>O is lower. In addition, the reaction site of the
oxygen reduction will be move from the metal/coating interface to coating/electrolyte

interface[57]. On the other hand, while metal contact the conducting polymer, an electric field is

generated which the flow rate of electrons will be influenced and then the corrosion is decreased.

46



Figure 1.15. The mechanism of controlled inhibitor release

1.5. Characterization for anti-corrosion performance

Expect of the general SEM and TEM measurement to observe the morphology of the polymer,
there are other methods to evaluate the anti-corrosion performance of the polymer including the
Tafel test, Electrochemical Impedance Spectroscopy (EIS), salt spray test and the adhesive test,
etc. The Tafel test is measuring the corrosion potential and corrosion current of the coating
materials. The ESI test observes the interface behavior between two phases. For the salt spray test,
the coating will be scratched a cross and put into the corrosive median to test its anti-corrosion
ability. The adhesive ability between coating and substrate can be detected by the adhesive test
which follows the standard procedure. Furthermore, the simplest way is immersing the sample

directly into the corrosive meditate for a long period and then see the surface change.

1.5.1. The Tafel Test

In Fig 1.16. the theoretical current for the cathodic and anodic reaction is a straight line. However,
the real test result will show a curve line. To obtain corrosion current and corrosion potential,
extrapolating the straight line from each reaction to get a joint which is the value of corrosion
potential and corrosion current. Comparing the uncoated and coated sample, the corrosion

potential represents the performance of the corrosion resistance. With higher corrosion potential
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gives better corrosion protection. And, corrosion current could be used to calculate the corrosion
rate. Having a lower corrosion current indicates a slower corrosion rate which is more preferred.
Ea
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Figure 1.16. The Tafel plot

1.5.2. The Electrochemical Impedance Spectroscopy, EIS

This analytic technique is an effective way to describe the electrochemical system characteristic.
By applying the concept of diffusional impedance, the relationship of potential and current
controlled by mass transfer under the electrochemistry system can be described. The EIS is mostly
applied in anti-corrosion, batteries, capacitor, semiconductor, fuel cell, and biomedical. In the
corrosion protection, the resistance and diffusion ability between surface and coating can be
detected. The typical diagram is shown in Fig 1.17. The semicircle represents the resistance of the

charge transfer and the straight line with 45 degree represents the capacitance.
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1.6. Biosensor

A biosensor is a device that detects the presence of an analyte in a biological or chemical process
and produces signals corresponding to that concentration. Leland Charles Clark Jr. initially
described biosensors in 1962. He created the concept of exhibiting the biosensor's components
together with a strategy to integrate a bioreceptor with a transducer device[58]. Biosensors are used
in various industries, including the food safety[59], environmental monitoring[60], water
quality([61][62], drug discovery[63][64], toxic detection[65], the soil quality, etc., and they provide
higher stability and sensitivity when compared to conventional approaches. Figure 1.18. indicates

different areas of research where biosensors have been used.
1.6.1. Biosensor structure

A typical biosensor includes an analyte, bioreceptor, transducer, electronics, and display (Figure

1.19.).

Analyte: a substance of interest whose components are being identified or discovered (e.g.,

glucose, ammonia, alcohol, and lactose).
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Bioreceptor: a bioreceptor is a molecule that specifically recognizes the analyte. Examples of
biological receptors include enzymes, cells, aptamers, deoxyribonucleic acid (DNA), and
antibodies. Bio-recognition is the process of signal production (in the form of light, heat, pH,
charge or mass change, etc.) as a result of the interaction of the bioreceptor with the analyte.
Transducer: a device that transforms one type of energy into another. The transducer's function
in a biosensor is to convert a bio-recognition event into a measured signal. Signalization is the
term for this energy conversion process. Depending on the number of interactions between analyte
and bioreceptor, transducers produce optical or electrical signals.

Electronics: the transduced signal is processed and prepared for the display. The transducer's
electrical output signals are amplified and transformed to digital data. By the display unit, the
processed signals are quantified.

Display: The display unit is made up of a user interpretation system, such as a computer or printer,
that provides understandable figures or curves for the user to read. The output might be a
numerical, visual, tabular, or figure depending on the end-user requirement.

1.6.2. Classification of biosensor

Classification of biosensors depending on the diverse use of bioreceptors and transducers. The
main components of biosensor technology are bioreceptors. Bioreceptors are the biological
molecular species that depend on the biochemical recognition process. By attaching to
bioreceptors, relevant analytes can create a signal that the transducer can measure. Some common
bioreceptors includes enzyme, antibody, cell, aptamer, and nanoparticles. Transducers can be
classified into the following groups: electrochemical, optical, thermal, electronic, acoustic, and

gravimetric.
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1.7. Microwave-initiated synthesis of nanocomposite

The microwave-assisted synthesis method has received many attractions due to its advantages
compared to the conventional approaches. Most of the conventional approaches demand energy-
intensive preparation conditions (such as high temperature and ultrahigh vacuum) and relatively
signification amounts of chemicals that might be harmful to the environment. As an alternate
method, microwave-driven synthesis provides a wide range of chances to create nanocomposite
materials for various purposes due to its distinctive advantages, including a rapid reaction rate,

cheap processing, high yields, and side reaction depression.

1.7.1. Microwave heating chemistry

A microwave is a form of electromagnetic energy which defined in a measurement of frequency
as 300 MHz to 300 GHz in the range of 1 mm to 1 m, i.e. between infrared (IR) and radio frequency
(RF) in the electromagnetic range. At the moment, 2.45 GHz (wavelength of 12.24 cm) is by far
the frequency most often utilized for household microwave ovens. However, due to lower energy
consumption, large industrial/commercial oven use 0.915 GHz (wavelength of 32.8 cm)[68].

The advantages of a microwave over traditional heating include the following[69]:

® the substance heats uniformly throughout
® increased process speed

® high heating efficiency

® reduction of unfavorable side effects

® reproducibility

® purity

® 1o heat loss
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® reduce wastage of reaction vessel

® |ow cost of operation
1.7.2. The effect of "graphene' on microwave heating

The free movement of electrons on the surface of graphene in the presence of microwave radiation
can result in the production of heat via a resistive heating mechanism. As the primary heat source
during microwave-initiated synthesis, graphene has a high interaction with microwaves, making it
an excellent susceptor for achieving quick and homogeneous heating. Several parameters affect
the microwave heating process. Electronic conductivity is one of the most important factors in
metallic and semiconducting materials. Experimental data demonstrated that the materials with
moderate conductivity (107> to 10 Q m) heat more efficiently than insulating or highly conducting
materials[70]. Dimension is also another key component. For a thick metallic conductor, the
microwave irradiation can be reflected in most of the cases due to the skin effects, while the thin
conductors have a lot less reflection than the thick ones, since the skin depth is larger than the
dimension of the sample, thickness, diameter, etc. Therefore, the nanoscale structures of graphene
sheets operate as a potential microwave absorber, capable of efficiently and quickly converting

microwave energy to thermal energy.
1.8. Research motivation and objectives

The behavior of ions between the interface of two components can be measured by using
electrochemical techniques such as cyclic, voltammetry (CV), Tafel, electrochemical impedance
spectroscopy (EIS), and differential pulse voltammetry (DPV). When the transport of ions
penetrates through the interface, a potential difference will occur. The collection of potential

differences can be interpreted to explain the performance of the surface.
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In the corrosion protection project, the objective is to produce a high anti-corrosion performance
PPy coating using electrodeposition, which will effectively protect against corrosion. The primary
research objectives include: (i) determining the optimized concentration of dopants for
electrodeposition of PPy layer on metal or metal alloy by studying the passivation ability of
dopants; (i1) assessing the electrochemical performance of the PPy layer to identify its protective
efficiency; (ii1) improving the adhesion of the electrodepositing PPy layer by utilizing a secondary
dopant as an adhesion promoter; and (iv) incorporating a conventional protection coating to mimic
the practical application, where a resin topcoat and a PPy primer layer .

The objective of the biosensor project is to create an electrochemical biosensor that can detect
COVID-19 with high sensitivity and selectivity. The major research objectives of this proposal are:
(1) to develop a general and optimized methodology for synthesizing ZnS/graphene
nanocomposites quickly and efficiently using microwave-initiated heating; (ii) to utilize a
ZnS/graphene modified electrode for selecting probe DNA from artificial DNA samples; (iii) to
evaluate the sensitivity and selectivity of the selected probe DNA and ZnS/graphene modified
electrode using standard COVID-19 samples; and (iv) to develop a one-step hybridization process

that can reduce the preparation time of the multiple-step procedure.
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Chapter 2

The synergetic effect of tannic acid as adhesion promoter in electrodeposition of
polypyrrole on copper for corrosion protection

2.1. Introduction

Copper, which possesses high electrical conductivity and good thermal conductivity, is utilized in
many fields including electronic devices, construction, industrial equipment, and transportation.
Comparing with many other metals, copper itself has good corrosion resistance due to positive
standard electrode potential. However, many reports have indicated that the corrosion of copper
remains possible under various situations, especially the existence of chloride ions[71][72]. To
avoid the corrosion, adding corrosion inhibitors in the organic coating has been developed to
prevent the degradation of copper and extend the life of its application. Although it has been a long
time since these inhibitors—azole, benzotriazole, and their derivates—have been utilized, these
toxic inhibitors need to be replaced because of the increase in consciousness in living (human)
health and environmental impact[73][74][75]. Recently, many findings showed that conducting
polymers (CPs) could be used to replace toxic inhibitors[76][54][57].

The first study of corrosion protection by CP was in 1985, DeBerry investigated the ability of
polyaniline to keep passivation of stainless steel in sulfuric acid[28]. Since then, the research of
CPs for corrosion protection starts growing and becomes a new branch for the application of CP.
The protection mechanisms of CP were studied and demonstrated that coating with CP could
protect the metal by releasing the anions to form the passive layer which stops the dissolution of

the metals and metal alloys such as iron, copper, stainless steel and aluminum alloy[52][77].
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Moreover, it can act as a barrier to prevent aggressive materials from reaching the metal
surface[78].

In general, chemical and electrochemical synthesis are two methods used in making the protective
CP film on the metal surface. The electrodeposition of CPs has been successfully operated by
much research[79][80][29]. Three steps are included in the electropolymerization process: (i) the
passivation of the metal surface prior to the polymerization of CPs (ii) the polymerization of CPs,
and (ii1) the growth of the CP film. Among these three steps, the most important one is the
passivation of the metal[81][34]. The reason is that if the metal surface is not well passivated, the
dissolution of the metal will keep happening during the polymerization, which leads to failure in
electrodeposition of a CP film. Therefore, a suitable condition for the electrochemical cell is
essential. In fact, there are a lot of studies investigating dopants’ effects on passivating the metal
surfaces, including oxalic acid[82], sulfuric acid[81], p-toluenesulfonic acid[83], sodium dodecyl
sulfate[42][84], sodium nitrate[39], and sodium salicylate[85]. However, few focuses on finding the
optimized concentration for passivating the metal. The adhesive ability of the coating was not a
primary focus in another research. This work focuses on finding the optimal conditions for selected
systems, which could achieve the best passivation and form a stable metal oxide layer. Oxalic acid
and sodium salicylate were selected to have their experimental parameters investigated, under
which the coating would possess the lowest passivation potential and highest corrosion protection
efficiency. Moreover, tannic acid was added into the electrolyte as a promoter to increase the
adhesion property. PPy was obtained from the electropolymerization of the pyrrole monomer
during the experiment. The coatings were prepared and tested in the three-electrode system. The
anti-corrosion performance of different dopants with various concentrations was compared by

various measurements in 3.5 wt% NaCl solution.
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Figure 2.1. The chemical structures of (a) oxalic acid, (b) sodium salicylate, and (c) tannic acid
2.2. Experimental
2.2.1. Materials

Pyrrole was purchased from Alfa Aesar. Oxalic acid (OA) was obtained from Spectrum Chemicals.
Sodium chloride (NaCl) was bought from BDH Chemicals. Tannic acid (TA) and sodium
salicylate (SA) were purchased from Beantown Chemical. All materials were used as purchased

without pretreatment. Copper sheets with 99.9% purity were used as received.
2.2.2. Preparation of copper electrode

The copper plate was cut into 1 x 1cm?. After polishing one side of the copper, the wire and the
polished side were connected by using the solder and placed in a mold. Then, the acrylic resin
was poured into the mold and dried for 24 hours at room temperature. The cured copper electrode
had then been polished by sandpaper from 800, 1000, to 1200 grits. After polishing, the electrode
was washed twice with deionized water and acetone, respectively. After that, the electrode was

kept in the hood to dry out before carrying out the experiments at room temperature.
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2.2.3. The passivation of the copper electrode

The passivation of the copper was investigated by an electrochemical technique—Ilinear sweep
voltammetry (LSV). The three-electrode system, including copper as a working electrode,
platinum mesh as a counter electrode, and Ag/AgCl as a reference electrode, was set up for the
experiments. The electrolyte in the system was prepared in concentrations from 0.2 M to 1.0 M
for each dopant, OA, and SA. The sweeping potential was operated from -0.1 V to 1.0 V under 10

mV/s by the CH Instrument (CHI 760D).
2.2.4. The electrodeposition of conducting polymer

For the electrodeposition process, the copper electrode was placed in the electrolyte with the
dopants’ optimized concentration which was obtained from the passivation results and 0.1 M
pyrrole monomer. Under the optimized concentration, the copper electrode was applied at a
constant potential at 1 V for 15 minutes. For the adhesion improvement investigation, 1mM tannic
acid was added into OA and SA electrolytes directly before the electrodeposition, and the condition
for deposition was 1 V for 15 minutes. Once the electrodeposition was completed, the electrode
was washed with deionized water and dried in the oven. After drying at 60°C for 24 hours, the

modified electrode was ready for electrochemical measurements.
2.2.5. Characterization

The morphologies of the PPy films were characterized by using a scanning electron microscope
(SEM) manufactured by Thermo Scientific Apreo. The coatings formed on the copper surfaces
were removed from the surface to prepare KBr pellets. FT-IR (IR Prestige-21, Shimadzu) results
were obtained in the range from 4000 to 500 cm ™. The Tafel plot was obtained by utilizing linear

sweep voltammetry (LSV) in 3.5 wt% NaCl with scan rate 1 mV s’!, starting from -150 mV against
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the open circuit potential (OCP) to +150mV over the open circuit potential. The electrochemical
impedance spectroscopy (EIS) measurements were performed at a frequency varied from 10° to
102 Hz at open circuit potential and the amplitude of the sinusoidal potential signal was 5 mV. All
electrochemical measurements were performed in 3.5 wt% NaCl solution. The adhesion test

procedure followed the ASTM D3359 standard.
2.3. Result and discussion
2.3.1. Passivation of the copper

To synthesize the PPy coating onto the metal surface, the electrochemical technique is applied.
Many literatures have revealed that the dissolution of metal will affect the electropolymerization
of CPs[86][87][88]. In addition, without the formation of the passive layer, some active metals will
dissolute during the electrodeposition and fail to complete the process. Therefore, the rate of
forming the passive layer becomes vital, which eventually affects the electrosynthesis procedure
and the final anti-corrosion performance. In this study, to understand the effect of the dopant, the
experiments used OA and SA as dopants for PPy, with various concentrations to optimize the
passivation condition. The potential range was set from -0.1 V to 1 V for LSV tests.

Using OA as dopant, as shown in Fig 2.2, a clear passivation peak is observed which reveals that
the copper oxalate complex is formed[89][90]. During this process, the surface of the polished
copper substrate changes its color into a hazy brown. At 0.2 M concentration, the passivation
potential, where the current density drops to zero, is around 0.4 V. As concentration increases, the
passivation potential shifts gradually to a lower value, from 0.4 V to 0.2 V. When the concentration
is 0.9 M, the passivation potential reaches the lowest value at 0.2 V. The potential remains at 0.2

V when further increasing the concentration to 1 M. The low potential at 0.2 V implies that the
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formation of the copper oxalate complex is quicker and easier when a higher concentration is
applied. The fast formation of the complex can be attributed to the large amount of oxalate anions.
In addition, the shift of passivation potential toward lower potential provides a wide potential
window for electrodeposition.

In contrast, the SA shows a different result in the LSV as shown in Fig 2.3. Firstly, the current
density drops for all concentrations at around 0.4 V and keeps at low current but not zero. The
probable reason for this result could be the dissolution of copper is happening underneath the
passive layer[85]. Also, the drop in the current density can be attributed to the formation of the Cu
(IT)-salicylate complex[91]. At a low concentration, the current density drops at around 0.4 V and
stays flat until 0.7 V. For a higher concentration, the passivation potential shifts to a lower value
near 0.3 V. After the flat current density, a second peak is formed. For this second peak, it has
been demonstrated from literature that this peak belongs to the polymerization of the salicylate[92].
For the second peak, a higher peak is obtained from increased concentrations (0.7 M, 0.8 M, 0.9
M, and 1.0 M). This could result from the presence of a large quantity of salicylate anions
remaining in the electrolyte. Despite the second peak, the passivation potential of the first peak
shifts toward a negative direction when higher concentrations are applied, which is like OA
system. The results reveal that, with higher concentration, the drop in current density appears

quicker at lower potential.
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Figure 2.2. The passivation of copper by using OA as dopant with various concentrations
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Figure 2.3. The passivation of copper by using SA as dopant with various concentrations
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2.3.2. Electropolymerization of pyrrole on copper

A constant potential 1 V was chosen for electrodeposition with 15 minutes. The results were
presented by current-time curve in Fig 2.4. In the previous passivation study, it reveals that higher
concentration will have a fast passivation with low potential. Therefore, four concentrations were
selected for OA from 0.7 M to 1 M in electrodeposition. Fig 2.4(a) shows the result of the
electropolymerization with four different concentrations. At the very beginning, the current density
dropped down to zero immediately in a second. This significant drop of the current density
demonstrates the passivation of the copper and the development of the copper-oxalate on the
copper surface. Then, as time keeps increasing, the current density starts to increase which
attributes to the formation of PPy. Gradually, the current becomes flatter, which indicates the
steady growth of the PPy.

However, high concentration SA system does not work for the electrodeposition of PPy, as there
is no PPy coating formation observed. For example, the current density remains at zero for the
entire process for 1 M SA (Fig 2.4(b)). A probable reason could be the formation of poly-salicylate
film during passivation, which limits the polymerization of conducting polymer. In other words,
the existing salicylate anions will affect the formation of the PPy when higher concentration is
applied. Therefore, SA at lower concentrations from 0.05 M to 0.2 M were selected to avoid this
situation. It revealed that, at lower concentration of SA, the formation of PPy is quicker as

evidenced by fast enhancement in current density, indicating growth of the PPy film.
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Figure 2.4. The i-t plots for electropolymerization of pyrrole on copper by using (a) OA, and (b)

SA as dopants with selected concentrations
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All anti-corrosion performance was obtained by using linear sweeping voltammetry in the 3.5%
NaCl solution, with applied potential range at =150 mV away from the open circuit potential. The
obtained data then transferred to Tafel plot to further study and compare in Fig 2.5. By fitting the
polarization curve, corrosion potential (Ecorr), corrosion current (icorr), corrosion rate (C.R.), and

protection efficiency (P.E.) are listed in Table 2.1. The corrosion rate[93] is calculated by

icorr XK XEW

C.R.= A

Where K is constant for unit transfer, EW is the equivalent weight of the metal, d is the density,

and A is the sample area. And for protection efficiency, the equation is displayed below:

P. E — iuncoated_icoated X 100%

luncoated

Where iuncoated 18 the corrosion current of the bare copper, and the icoated 1S the corrosion current of
the PPy coated copper. The results reveal that the corrosion potential of all the coatings is
increased. This increased corrosion potential can be attributed to the PPy film on the metal surface
which shifts the corrosion potential to more positive value[89]. In addition, the corrosion current
of some coatings shifts to much lower value against the bare copper. This shifting of the corrosion
current to lower value means a slower corrosion rate. Among four different concentrations of OA,
0.7 M OA has the corrosion potential at 159 mV and a corrosion current of 16.69 pA, which
indicates the best corrosion protection among all OA samples. On the other hand, the best corrosion
protection for SA is obtained at the 0.05 M concentration, while the corrosion potential is -59.75
mV, and the corrosion current is 11.63 pA. In addition, SA provides better corrosion protection
efficiency. As shown in Table 2.1, the protection efficiency of the 0.05 M SA (74%) is higher than

the 0.7 M OA (62%). This difference could be attributed to the chemical structure of the dopants.

64



The mobility of the dopant anions in the PPy coating depends on their volume and mass[94]. The
When applying the SA as dopant, the higher protection efficiency can be attributed to the n-n
stacking of SA with PPy to form lamellar structure[81]. At the same time, the bulkier chemical
anions provide resistance against the aggressive Cl™ ions from penetrating the coating and reaches

alloy surface.

Table 2.1. Tafel plot results for uncoated copper and PPy-coated copper samples

Ecorr . C.R. P.E.
(mV vs Ag/AgCl) (uA/em?) (mm/year) (%)
Bare Cu -178.87 44.14 0.513 -
0.7 M OA 159.03 16.69 0.194 62
0.8 M OA 58.16 115.32 1.339 -161
PPy/OA
0.9 M OA 72.115 123.78 1.437 -180
1.0 M OA 137.99 23.63 0.274 46
0.05M SA -59.75 11.63 0.135 74
PPy/SA 0.1 M SA -85.96 23.13 0.268 48
0.2 M SA -74.49 12.22 0.142 72
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Figure 2.5. The Tafel plots for (a) PPy/OA, and (b) PPy/SA in 3.5% NaCl solution
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2.3.3. Adhesion property measurements

Another challenge for the coating is the adhesion of the CP coatings on the metal surface. To
provide a long-term protection, the coating should have a good adhesion property to prevent the
metal surface from being exposed to a corrosive environment. Few literatures have pointed out
that the adhesion promoters (dopamine, alizarin red, and chronotropic acid disodium salt) which
possess a structure of catechol can promote the adhesion of the CP coatings[81][95][96][97]. The
mechanism is that the phenolic hydroxyl groups interact with the metal ion forming a strong bond
between the metal surface and the CP coating to improve the adhesive property. TA, which can
form tannic acid-metal complex with metal i0n[98][99][100] and a good corrosion
inhibitor[101][102], was chosen in this project. TA has a lot of hydroxyl groups and can be
considered as a potential adhesion promoter for the CP coatings (Figure 1). OA (0.7 M) and SA
(0.05 M) were selected for the adhesion test according to the previous corrosion protection results.
The amount for TA in OA electrolyte is | mM. While using the same 1 mM TA in SA electrolyte,
the coating was not formed. This failure of forming the CP coatings can be attributed to the bulky
structure of the TA which restricted the electropolymerization of the PPy. Therefore, the
concentration of TA was adjusted to 0.1 mM in the experiment to overcome the failure.

The adhesion test was operated by following the standard ASTM D3359. All results are presented
in Fig 2.6. For PPy/OA in Fig 2.6 (a), the classification is 0B which means more than 65% of the
coating was peeled off. Similarly, the test result of the PPy/SA is OB, see Fig 2.6 (c). Fig 2.6 (b)
exhibits the effect when the PPy/OA coating contains TA. Around 85% of the metal surface is still
covered by the PPy coating and the classification is upgraded to 3B. In addition, from Fig 2.6 (d),

it shows that the adhesion of the PPy/SA/TA coating has been promoted to 3B as well. Based on
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the adhesion measurements, it reveals that the TA can be added as adhesion promoter to improve

the binding property and the classification can be promoted from 0B to 3B.

(b)

Figure 2.6. The adhesion tests for the coatings of (a) PPy/OA (b) PPy/OA/TA (c) PPy/SA (d)

PPy/SA/TA
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2.3.4. Characterization of the coating

The morphologies of the PPy coatings with two different dopants and the adhesion promoter were
characterized by SEM and shown in Fig 2.7. The coating morphology of PPy without adding TA
as adhesion promoter can be revealed from Fig 2.7 (a) and (¢). The flat, cauliflower-like structure
can be found on the PPy/OA and the PPy/SA coating, which is similar with other report[103]. But
the PPy/SA coating appears with smaller particle size. A probable reason could be the
polymerization with a lower current, as shown in Fig 2.4 (b). The current density is around 0.1
mA to 0.15mA. Fig 2.7 (b) and (d) provide the morphology of the PPy/OA/TA and the PPy/SA/TA
coatings, respectively. For the PPy/OA/TA coating, it is clear to see that the cauliflower-like
structure is replaced by a granular structure and becomes more compact. On the other hand, for
the PPy/SA/TA coating, the morphology remains in a granular structure but slightly in order.

To further verify the coating materials, all samples were tested and analyzed by the FT-IR
spectrum. In Fig 2.8, the broadband around 3400 cm™ for all samples represents the N-H bond
stretching vibration[104]. The peak at 1600 cm™ for all samples can be attributed by the ring
stretching vibrations of the C=C bond[105]. In the presence of TA, a board peak around 3200 cm"
! from O-H bond will overlap with the N-H bond from PPy. Since TA contains C=O bonds, the
overlapping results occur and affect the peak of the C=C bond from PPy around 1600 cm.
Additionally, an observed peak at 1176 cm’! is due to the C-O bond from TA[106]. Thus, the FT-
IR results reveal that the coating of PPy with different dopants and the same promoter is

successfully obtained on the copper surface by electrodeposition.
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Figure 2.7. SEM images of PPy coatings with and without TA: (a) PPy/OA (b) PPy/OA/TA (c)
PPy/SA (d) PPy/SA/TA
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Figure 2.8. The FT-IR spectra of the PPy coatings
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2.3.5. Corrosion protection after adding TA as adhesion promoter

Corrosion protection was studied after adding TA as adhesion promoter. The Tafel plots are
presented in Fig 2.9 and values are listed in Table 2.2. The corrosion potential of the PPy/OA/TA
and the PPy/SA/TA coatings keeps at positive value against the bare copper. In addition, the
protection efficiency of the PPy/OA/TA and PPy/SA/TA coatings are 94% and 85% respectively.
The protection efficiency of the PPy/OA/TA coating increases 32% and reach the highest
efficiency among all the coatings. The presence of the TA in the PPy coating, due to the bulky
chemical structure, restricts the mobility of the corrosive ions from flowing into the metal surface.
This result indicates that TA not only improves the adhesion of PPy film, but also improves the

anti-corrosion performance significantly.

Table 2.2. Tafel plot results for PPy-coated sample with and without adding TA

Ecorr . CR. P.E.
(mV vs Ag/AgCl) (uA/cm?) (mm/year) (%)
Bare Cu -178.87 44.14 0.513 -
PPy/OA 159.03 16.69 0.217 62
PPy/OA/TA 127.19 2.75 0.032 94
PPy/SA 99.32 4.51 0.052 90
PPy/SA/TA 2.99 6.79 0.078 85
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Figure 2.9. The Tafel plots for (a) PPy/OA/TA, and (b) PPy/SA/TA at 1 mV-s™! in 3.5% NaCl
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Electrochemical impedance spectroscopy (EIS) is a damage-free and versatile test. It can provide
more information to evaluate the anti-corrosion performance and protection mechanism between
the PPy coating and metal surface. In Fig 2.10, PPy/OA, PPy/OA/TA, PPy/SA, PPy/SA/TA, and
bare copper were compared. The corresponding equivalent circuits are presented in Fig 2.11,
which consists of the solution resistance (Rs), the coating resistance (Rf), the charge transfer
resistance (R¢). Additionally, since the behavior of the coating is uncertain, the capacitance was
replaced by the constant phase element (CPE) which are coating capacitance (CPE¢) and the charge

transfer capacitance (CPE), respectively. The impedance of CPE can be written as

Zepp = [Yo(G w)™] 7!

Where, Y and n (0 <n < 1) are frequency independent. When n = 1, the case can be considered as
capacitor. On the other hand, if n = 0, the case is a resistor[107]. The Rl is the total impedance
of the coating which can be calculated as Ryyt5 = Ry + Rci. Table 2.3. showed the resistance

parameters for the coated and un-coated samples obtained from the fitting data.
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Figure 2.10. The Nyquist plots for (a) PPy/OA/TA, and (b) PPy/SA/TA in 3.5% NaCl solution
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Figure 2.11. The equivalent circuit models for (a) uncoated (b) coated sample

For the bare copper, the total impedance Riotl value is 0.98 x 10°a cm?. When comparing the bare
copper with the coatings, the Rl of all coatings showed a better resistance indicating excellent
corrosion protection of the coatings. In the OA system, the R¢ values increased from 9.24 x 10°a
cm? for PPy/OA coating to 2.40 x 10*a cm? for PPy/OA/TA coating. This indicates that the
presence of TA exhibited better charge transfer resistance than PPy/OA coating. The coating
resistance Rrreflects the barrier ability of the coating in the corrosive environment. Therefore, the
Rrvalue is a significant value to evaluate the anti-corrosion performance of the coating. Likewise,
the Rr of the PPy/OA/TA coating showed higher resistance than the PPy/OA coating indicating a
better barrier effect against the electrolyte due to the addition of the TA dopant. The result showed
that the TA as an adhesion promoter in the OA system could further improve the corrosion
protection of the coating. On the other hand, in SA system, the Rct of the PPy/SA/TA coating
decreased from 4.51 x 10°q cm? to 8.43 x 10°a cm? for the PPy/SA coating. The declining charge
transfer resistance indicated the TA adhesion promoter did not provide better protection but
improved the adhesion only. The Rf values of the PPy/SA and the PPy/SA/TA coatings remain
with a close coating resistance and not be affected by the TA adhesion promoter which indicated
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the barrier effect is stable. Overall, The PPy/OA/TA coating obtained the highest Riota resulting
in better corrosion protection among all coatings.

Table 2.3. EIS fitting data

Rs CPEf n Rf CPEct n Rct Rtotal
(@cm?)  (Fcem?) (aecm?)  (Fem?) (0 cm?) (0 cm?)
Bare 16.60 2.54x107*  0.612 - - - 0.98 x 103 0.98 x 103

PPy/OA 7.43 205%x 107 0.827 1.59x10® 1.79x107® 0433 9.24x 103 1.08 x 10*

PPy/OA/TA 10.63 1.89x107% 0.779 499x10* 196x10™* 0.794 2.40 x 10* 7.39 x 10*

PPy/SA 6.53 1.71x107™* 0.720 1.81x10* 5.00x10™° 0339 8.43x 103 2.65 x 10*

PPy/SA/TA 7.47 507 x107* 0.645 1.75x10* 132x107°® 0438 4.51x 103 2.20 x 10*

2.3.6. The comparison of protection efficiency

The corrosion protection of this work is further compared with other reports shown in table
2.4. All materials used in the coating were polypyrrole or polyaniline. In the corrosion current
density, this work did not give the lowest value which indicated the protection efficiency is
relatively low. In other words, the low protection efficiency represents a higher corrosion rate.
However, when comparing with the corrosion potential, this work presented the highest corrosion
potential 127.19 mV vs Ag/AgCl which indicated the coating keeps the metal surface in
passivation and provides the protection to the surface before it starts to corrode. In other words,

the tendency of corrosion in this work is relatively low.
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Table 2.4. The comparison of corrosion protection efficiency with existing reports

Authors Materials Technique Ecorr icorr P.E.(%)
Annibaldi et al.[108] PPy/SA cv (v _V7s6s CE) ® Z'/ljmz) -
Jafari et al.[109] PAni/graphene Cv (mV \:SAZAZ AgCl) (o AO/'clmz) 98
Carragher et al.[110] PPy/DBii?;grPPy/Tar Potentiostatic (mV ;6558 CE) (ug"/iiz) 94
Wan et al.[111] PPy/ BT A/silica Ccv (m\(;'SZZSL‘CE) (u(z:(/)frilz) 98
This work PPy/OA/TA Potentiostatic 127.19 2.75 94

(mV vs Ag/AgCl) (nA/cm?)

* BTA = benzotriazole; Tar = tartrate; DBS = dodecylbenzene sulfonate

2.4. Conclusion

The PPy had been successfully electrodeposited on the copper surface using two different
dopants (OA and SA). The potentiodynamic scan was utilized for studying the behavior of the
copper passivation. The Tafel plots showed that all PPy-coated samples performed better corrosion
protection. When comparing two dopants, the PPy/SA has higher protection efficiency revealing
that bigger dopant anions, which contained benzene ring, and n-n stacking of the aromatic rings
provide better corrosion protection efficiency and lower corrosion rate. Furthermore, the adhesion
strength was discussed due to the poor adhesion property of the PPy/OA and the PPy/SA coatings.
In this research, the TA was introduced into the electrolyte with the monomer directly to
investigate the promotion of the adhesion enhancement. After adding TA as promoter, the adhesion
test for both dopants can be improved from 0B to 3B, which promotes around 50% adhesion
strength. Also, the corrosion protection is not affected by the promoter and even provides better
corrosion efficiency. The EIS measurement confirms that TA provides a better corrosion resistance
for the coating due to its large chemical structure which can prevent the penetration of the corrosive

species. In FT-IR of PPy/OA system, there is no obvious change for the peaks after addition of
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TA. However, the total resistance of PPy/OA/TA coating increased, compared to PPy/OA coating,
indicating better corrosion protection with addition of TA. In contrast, there is a change for the
peak after addition of TA in FT-IR of PPy/SA system. The total resistance of PPy/SA/TA coating
decreased, compared to PPy/SA coating which indicated the weaker corrosion protection after
adding TA. Among all the coatings, the PPy/OA/TA coating gives the highest protection efficiency
at 94% and keeps a good adhesion. Overall, the electropolymerization of the PPy on copper by
dual dopants is successful. TA, as adhesion promoter, can improve the adhesion of the coating and

provide a better anti-corrosion performance.
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Chapter 3

The sulfonic acid doped polypyrrole on the influence of the corrosion protection for
AA2024-T3

3.1. Introduction

The demand for aluminum alloy in the aerospace industry is enormous due to its superior
properties such as light weight, high strength, and fabricability[112]. However, the major issue in
the application is the prevention of corrosion. To survive corrosive conditions, a typical coating
system is applied including three layers[113]. The first layer is the pretreatment of the substrate
with the function of corrosion protection and adhesion improvement. A common technique is
chromate conversion coating (CCC). The following layer contains hexavalent chromium Cr (VI)
is the primer that provides the major corrosion protection for the substrate. The final layer, the
topcoat, serves as a barrier to overcome the influence of the environment. Due to the carcinogenic
effects and toxic nature, the utilization of hexavalent chromium, or chromate, has been
restricted[114][115]. Recently, new alternative materials have been developed including
conducting polymers (CPs). The application of CPs in anti-corrosion performance for various
metals and alloys has been widely studied[37][30][116][117][118][48]. Most of the proposed
mechanisms for CP coating is the anodic protection which allows the alloy surface to remain
passive. Also, the coating can act as a physical barrier to prevent the penetration of aggressive
elements[119]. The application of polypyrrole includes batteries[120], supercapacitor[121],
sensor/biosensor[122], biomedical[123][124], and corrosion[125]. Among different synthesis
processes, the advantage of the electrochemical synthesis is the direct formation of a film on the

substrate without any additives. The morphology and roughness of the coating are also controlled
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by dopants, electrochemical method, monomer concentration, and pH value[126]. Liu and Oliveira
investigated the effect of electrolytes on the electrochemical synthesis of PPy and its corrosion
protection[127]. Scanning Electron Microscopy (SEM) revealed that the morphology of the coating
was affected by different electrolytes. Among the three electrolytes, PPy film containing tartaric
acid had a better corrosion protection due to the highest uniformity of the surface. Jiang et al.
prepared PPy coating doped with camphorsulfonic acid (CSA) on 304SS by galvanostatic
method[128]. The PPy-CSA coating exhibited better corrosion resistance in comparison with small
dopant (SO4>). Furthermore, the PPy-CSA coating preserved a robust corrosion resistance after
660 h in Sulfuric acid solution. Vera et al. evaluated the corrosion performance of different bulky
anions (p-toluenesulfonate, benzebesulfonate, and dodecylsulfonate) doped PPy on stainless
steel[129]. The result demonstrated that the surface roughness was affected by the molecular size
of the dopant which influence the corrosion protection. Another study focused on the corrosion
behavior of Q235 steel by PPy film doped with different dopants was presented by Zhou et al[130].
Dopants included oxalic acid, p-toluenesulfonic acid, sulfamic acid, phytic acid, and sodium
dodycylbenzenesulfonate. The corrosion resistance of all PPy-coated samples showed a significant
improvement than bare Q235 steel. And, the PPy doped with sodium dodycylbenzenesulfonate
presented the smallest particle size with the highest film density then gave the best anti-corrosion
performance.

2-naphthalenesulfonic acid (2NS) has been recognized as a good corrosion inhibitor in aggressive
environments. Vracar and Drazi¢ found three naphthalenesulfonic acids blocked hydrogen
evolution reaction and acted as corrosion inhibitors[131]. The difference number of functional
groups substituted on benzene and the concentration of the acids affected the inhibitive efficiency.

The corrosion inhibiting mechanism of benzotriazole (BTA) and 2NS were studied by Hu et
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al[132]. The combination of BTA and 2NS presented high charge density and large conjugate &
bond to achieve the most effective inhibitor. On the other hand, the influence of the 2NS as dopant
for electrodeposition was reported[133][134][135]. Yet, the anti-performance of 2NS-doped PPy
coating has not been fully investigated. The present study will therefore focus on the
electrodeposition of PPy by applying 2NS as dopant. In order to compare the influence of chemical
structure, sulfuric acid and p-toluenesulfonic acid were selected. The AA2024-T3 has been chosen

as working electrode with applying a constant potential for electrodeposition of PPy.

0 0-S-OH
’ ‘ O\\ _0

OH—S—O0OH S~
H on
O

sulfuric acid  p-Toluenesulfonic acid 2-naphthalenesulfonic acid

Figure 3.1. The chemical structure of three dopants used in the electrodeposition of PPy
3.2. Experimental
3.2.1. Reactants and Materials

The AA2024-T3 was purchased from Online Metals and the size was cut into 1 cm X 3 cmX 0.1
cm. The AA2024-T3 composition includes 93.5% Al, 0.1% Cr, 3.8-4.9% Cu, 1.2-1.8% Mg, 0.5%
Fe, 0.3-0.9% Mn, 0.5% Si, 0.25% Zn, and 0.15% Ti. Pyrrole (Py) was purchased from ACROS
ORGANICS. Sulfuric acid (SA) and sodium chloride (NaCl) were purchased from VWR
chemicals. p-Toluenesulfonic acid monohydrate (pTSA) was purchased from Beantown Chemical.
2-Naphthalenesulfonic acid (2NS) was purchased from Thermo Scientific. All solutions were

prepared by using deionized water.
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3.2.2 Electrodeposition of PPy on AA2024

Three dopants were selected including SA, pTSA, and 2NS. Prior to electrodeposition, sandpaper
from 800, 1000, to 1200 grits was used to polish the AA2024-T3 and then masked with adhesive
tape to get a 1cm? surface area exposed on both sides. The electrolyte contains 0.1M pyrrole with
different concentrations of dopant 0.05M, 0.1M, and 0.2M, respectively. The three-electrode
system, including AA2024 as a working electrode, platinum mesh as a counter electrode, and
Ag/AgCl as a reference electrode, was applied for the electrodeposition. A constant potential at
1V for 15 min was utilized during the electrodeposition by the CH Instrument (CHI 760D). The
PPy-coated electrode was rinsed by DI water after electrodeposition and then placed into the oven

for 24 hours at 60 °C.
3.2.3. Topcoat with spray paint

The PPy-coated samples were sprayed with spray paint. After the curing process, the samples were
masked with adhesive tape to get a 1 cm? surface area exposed for both sides and then ready for

electrochemical measurement.
3.2.4. Characterization of PPy coating

Scanning electron microscope (SEM), Thermo Scientific Apreo, was used to study the
morphologies of the PPy films. The coatings formed on the AA2024 surfaces were collected from
the surface to prepare KBr pellets. FT-IR (IR Prestige-21, Shimadzu) results were obtained in the

range from 4000 to 500 cm .

3.2.5. Electrochemical measurement of PPy coating
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The protective properties of the PPy coatings were examined by applying linear sweep
voltammetry (LSV) at a 1 mV s! scan rate. A potential range of = 150 mV versus the open circuit
potential (OCP) was applied in 3.5 wt% NaCl. The long-term durability test was tested by detecting
the fluctuation of open circuit potential (Eocp) in NaCl solution for 48 hours. The electrochemical
impedance spectroscopy (EIS) measurements were carried out at open circuit potential in a
frequency range from 10° to 102 Hz, with a 5 mV amplitude sinusoidal signal. All electrochemical
measurements were performed in 3.5 wt% NaCl solution. All measurement was carried out by the

CH Instrument (CHI 760D) using Electrochemical Analyzer software.
3.3. Result and discussion
3.3.1. Electrodeposition of different dopants with various concentrations on AA2024-T3

Three dopants that contain sulfate were studied and the chemical structures were presented in Fig.
3.2. Experiments involving different concentrations (0.05M, 0.1M, and 0.2M) for each dopant
have been carried out to determine optimized conditions for pyrrole electrodepositing on the
AA2024-T3 surface. In the electrodeposition, a constant potential of 1V was applied for 15
minutes and the result was displayed by the current-time plot. In general, the curve can be separated
into three parts: (1) a quick drop in the current value at the beginning of the experiment which
indicates the passivation of the alloy surface, (2) follow by the growth of the current representing
the oxidation of pyrrole and polymerization of the pyrrole, and (3) a flat curve after the increase
of current reveals the growth of the PPy film. For SA as the dopant in Fig. 3.2(a), there was no
significant increase in current after the quick drop which reveals the failure of PPy
electrodeposition. Only a few PPy can be seen from the 0.2M SA but the surface is not fully

covered by the polymer. On the other hand, pTSA and 2NS, in Fig 3.2 (b) and (c), showed a current
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increase after the quick drop giving evidence of the PPy electrodeposited on the AA2024-T3
successfully. A higher current value achieved from 0.2M pTSA and 0.2M 2NS can be attributed a

higher concentration of dopant favor diffusion and a lower induction time is obtained[136].

The unsuccessful result of SA is attributed to the presence of A1203 which limits the electron
transfer and then causes the failure of the formation of PPy[137][138]. On the other hand, the
anionic mediators structure of pTSA and 2NS acted like a surfactant, helping entree of the PPy

monomer into the defect and/or pores of oxide layer[139].
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Figure 3.2. The result of electrodeposition presented in the i-t curves with different dopants (a)

SA (b) pTSA and (c) 2NS
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3.3.2. Characterization of the coating

The modification of the AA2024-T3 surface by PPy was measured utilizing FT-IR and the spectra
result is shown in Fig. 3.3. It showed that two dopants exhibited similar curves in the spectra. The
broad band around at 3452 cm™! and 3442 cm™! of two samples were attributed to the N-H stretching
vibration[140]. Additionally, peak at 1594 cm™ and 1595 cm™ are corresponded to the C-H
stretching[141]. The peak at 580 cm™! was attributed to the C-S and C-O stretching vibrations. The
peak at 1406 cm™ was corresponded to S=O stretching vibrations of sulfonate group[142]. Peaks

around 700-900 cm™! are attributed to C-H bending.
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Figure 3.3. FT-IR spectrums of PPy/pTSA and PPy/2NS
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Fig 3.4. presents the SEM images of the deposited polypyrrole film prepared with two dopants.
Both samples displayed a typical cauliflower-shaped structure with microscopic grains which
agree with other reports[130]. The difficulty of dopant intercalation in the disordered polymeric
chain led to the formation of the cauliflower structure[143]. The PPy/2NS has more aggregated

grains, see Fig. 3.4(c).

Figure 3.4. SEM images of the PPy coating with different dopants (a-b) PPy/pTSA and (c-d)

PPy/2NS

3.3.3. The corrosion protection of different dopants

Potentiodynamic polarization curves of PPy/pTSA and PPy/2NS are showed in Fig. 3.5. Table 3.1
presented the Tafel parameters after fitting the polarization curves including corrosion potential

87



(Ecorr), corrosion current (Icorr), corrosion rate (C.R.), and protection efficiency (P.E.). All
corrosion protection was tested in the 3.5 wt% NaCl solution, with potential scanned at 150 mV
versus open circuit potential at a scan rate of 1 mV-s™!. The corrosion rate is calculated by following

equation:

icorr XK XEW

C.R.= A

Where K is constant for unit transfer, EW is the equivalent weight, d is the density, and A is the

area of the sample. And for protection efficiency, the equation is displayed below:

P. E — iuncoated_icoated X 100%

luncoated

Where iuncoated 1 the corrosion current of the Pure AA2024-T3, and the icoated 1S the corrosion current
of the PPy coated sample. For PPy/pTSA in Fig. 3.5(a), the corrosion potential of three
concentrations shifted to more positive value against pure AA2024-T3 indicating the PPy coating
facilitated the anodic protection. At the same time, the corrosion currents decreased implying a
better corrosion resistance. It is clear that 0.2M PPy/pTSA exhibited the best corrosion protection
efficiency (41.10%) with the lowest corrosion rate (0.466 mm/yr) among three concentrations. On
the other hand, the PPy/2NS with different concentrations are presented in Fig. 3.5(b). In contrast
to the pTSA, superior results are obtained from the 2NS dopant. Clearly, corrosion potential and
corrosion current had significantly improved when applying 2NS as dopant. The 0.1M 2NS
presented the best anti-corrosion performance with the corrosion potential at -15.86 mV and a
corrosion current of 5.53 pA-cm. Together, the results demonstrate two things. First, all coated
samples showed more positive corrosion potential and more negative corrosion current value than

pure AA2024-T3, revealing that PPy coating act as an effective barrier and enhances the corrosion
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resistance of the AA2024-T3. Second, the protection efficiency of 0.1M 2NS (96.19%) is higher
than 0.2M pTSA (41.10%) indicating the chemical structure of the dopant has an impact on the
corrosion protection. The studies we have performed showed that, with a larger chemical structure,
the resistance of the 2NS coating has better anti-corrosion performance against aggressive ions.

Consequently, the 0.2M pTSA and the 0.1M 2NS were selected for additional investigation.
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Figure 3.5. The Tafel plots with different dopants (a) pTSA and (b) 2NS
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Table 3.1. The corrosion protection results of PPy coatings in the 3.5 wt% NaCl with pTSA and

2NS as dopants

Ecorr Leorr CR. P.E.
(mV)  (pA-em?) (mm/yr) (%)
Pure AA2024-T3 -790.51 145.28 0.791 -

0.05M pTSA -745.31 97.39 0.531 32.96
0.IM pTSA -626.43 89.25 0.486 38.57
0.2M pTSA -606.88 85.57 0.466 41.10
0.05M 2NS -447.92 14.51 0.076 90.01
0.IM 2NS -15.86 5.53 0.030 96.19
0.2M 2NS -406.63 13.17 0.072 90.93

3.3.4. The effect of electrodeposition time

The corrosion protection was further studied by extending the electrodepositing time from 15
minutes to 30 and 60 minutes. As discussed above, the optimized concentration for each dopant is
0.2M pTSA and 0.IM 2NS. The thickness of the coating can be estimated from following

equation[144][145]:

_oM
~ 2Fp

Where Q is overall charge for electrodeposition, M is the molar mass of the pyrrole (65 g/mol), p
is the density (1.5 g/cm?) and F is the Faraday constant (96,500 C/mole). From the equation above,

the thickness depends on overall charge for electrodeposition which related to the coating time.
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The thickness will increase with longer deposition time. Fig 3.6. presented the Tafel plot of 0.2M

pTSA and 0.1M 2NS with different electrodeposition time.
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Figure 3.6. The Tafel plots with different dopants (a) pTSA and (b) 2NS under 15, 30, and 60

minutes of deposition time
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In table 3.2, the Tafel parameters were listed to compare the effect of the thickness. Superior
corrosion potentials were found while electrodepositing for 60 minutes for both dopants. The
corrosion potentials increased 658.49 mV for 0.2M pTSA and 139.93 mV for 0.1M 2NS. However,
for 0.2M pTSA, the corrosion current raised which affects the corrosion protection indicating the
reduction of corrosion resistance. In contrast to pTSA, the corrosion current of 0.1M 2NS kept at
a high and stable value where the protection efficiency achieved at 98.10%. The investigation
carried out by different electrodeposition times has revealed that the effect of electrodeposition
time promotes the corrosion potential but a minor degradation of corrosion current. Several coating
options have been developed with varying degrees of protection efficiency. For example, Kumara
et al achieved a protection efficiency of 99.58% with their polypyrrole-CeO2 coating[107], while
Kartsonakis et al developed a hybrid organic-inorganic multilayer coating made of Polyaniline,
polypyrrole, and CeO2 that exhibited a protection efficiency of 95.77%[146]. Additionally,
Menkuer and Ozkazanc developed a PPy/ZrO2 coating with a protection efficiency of 99.7%[147].
Comparing the protection efficiency of the 0.1 M 2NS to published results can provide insights
into its effectiveness. In comparison, the PPy/2NS coating developed in this study demonstrated a

competitive protection efficiency of 98.10%.
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Table 3.2. The corrosion protection results of PPy coatings in the 3.5 wt% NaCl with pTSA and

2NS as dopants under different coating time

Ecorr Leorr CR. P.E.
(mV)  (uA-em?) (mm/yr) (%)
Pure AA2024-T3 -790.51 145.28 0.791 -

15 min -606.88 85.57 0.466 41.10

0.2M pTSA 30 min -216.47 104.07 0.567 28.36
60 min 51.61 95.52 0.520 34.25

15 min -15.86 5.53 0.030 96.19

0.1M 2NS 30 min 22.88 1.14 0.006 99.22
60 min 124.07 2.76 0.015 98.10
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3.3.5. Topcoat with spray paint and its anti-corrosion performance

The conventional coating of corrosion protection includes (i) pretreatment (ii) primer coating and
(ii1) topcoat. The function of the primer is corrosion protection. The topcoat provides UV, abrasion,
and mechanical resistance. A topcoat of spray paint was added on top of the PPy coating for 0.2M
pTSA and 0.1M 2NS. Fig 3.7. and table 3.3 exhibited the Tafel curves and the data after topcoat
with spray paint. For the pure AA2024-T3 sample, the corrosion current had a significant decrease
corresponding to the barrier effect of the spray paint. From table 3.3, only spray paint itself had
the protection efficiency of 99.46% indicating the barrier effect of the spray paint prevent the
diffusion of aggressive ions. The decrease of corrosion potential of uncoated AA2024-T3 can be
attributed to the alloy surface being topcoat right after the polish process while the surface is still
active. When comparing PPy-coated samples with pure AA2024-T3, 0.2M pTSA and 0.1M 2NS
exhibited better corrosion protection which indicated a synergetic effect of the PPy layer and spray
paint topcoat was obtained. For 0.2M pTSA, the corrosion efficiency reached 99.98% which is a
65.73% improvement. The corrosion current of 0.1M 2NS reached 10 times lower than the 0.2M
pTSA with a protection efficiency of 99.99% which showed the best anti-corrosion performance.
The result of the experiment indicates that the topcoat of spray paint positively affects the corrosion
protection. Furthermore, the incorporation of PPy coating and topcoat gave an excellent corrosion

protection efficiency.
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Table 3.3. Tafel corrosion protection results of PPy topcoat with spray paint in the 3.5 wt% NaCl

with pTSA and 2NS as dopants

Ecorr Leorr CR. P.E.
(mV)  (nA-cm?) (mm/yr) (%)
Pure AA2024-T3 -790.51 145.28 0.791 -
Pure AA2024-T3/Spray 0.004
-813.39 0.78 99.46
paint

0.2M pTSA 51.61 95.52 0.520 34.25
0.2M pTSA/Spray paint 165.79 0.02 0.001 99.98
.IM 2NS 124.07 2.76 0.015 98.10
0.1M 2NS/Spray paint 98.63 0.003 0.0001 99.99
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The corrosion behavior of pure AA2024-T3 and PPy-coated samples was investigated by EIS. Fig.
3.8 and Fig. 3.9 illustrated the EIS spectra of the AA2024-T3 coated by doped PPy with and
without a topcoat of spray paint, respectively. The EIS curves were further analyzed using an
equivalent circuit model shown in Fig. 3.10. The AA2024-T3 uncoated with PPy coating and/or
topcoat is represented by Fig. 3.10(a) where R; the solution resistance, CPE the constant phase
element of charge transfer capacitance, R¢: the charge transfer resistance, and Z, the Warburg
impedance. On the other hand, any coated samples were corresponding to Fig. 3.10(b) where CPEs
and Rr represented the constant phase element of coating capacitance and the coating resistance,
respectively. For pure AA2024-T3, the Warburg impedance was introduced due to the 45° straight
line after the semicircle indicating the diffusion behavior in the interface between electrolyte and
alloy.

Table 3.4 listed the EIS fitting data from Fig. 3.8 and Fig. 3.9. Firstly, although the resistance of
coatings is small, the total resistance of PPy-coated samples without a topcoat is at least 3
magnitudes larger than pure AA2024-T3. The results suggested that the resistance of charge
transfer was attributed to the PPy layer. After the topcoat process, the total resistance of pure
AA2024-T3 was improved from 1.554 x 10° @ to 2.915 x 107 o showing the barrier effect of the
topcoat contributed to the total resistance. On the other hand, the total resistance of 0.2M pTSA
and 0.1M 2NS did not change a lot. The barrier effect was shown in the resistance of the coating
which improved 1.118 x 10> @ and 9.407 x 10? o for 0.2M pTSA and 0.1M 2NS, respectively.
From the EIS results, it is concluded that the charge transfer resistance corresponded to the PPy

layer, and the coating resistance was influenced by the topcoat.
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Table 3.4. EIS fitting data for Pure AA2024-T3, 0.2M pTSA, and 0.1M 2NS with and without

topcoat of spray paint
Rs CPE¢ n R: Zw CPE.; n Ret Riotal
(@) () () (a/s'?) () () (@)
no topcoat
Pure AA2024 4382  3237x10°  0.893 - 1887 - - 1.554 x 10° 1.554 x 10°
0.2M pTSA 3708 11.57x10° 1 2.369 - 1.520x 10" 0.608 7.767 x 10°  7.767 x 10°
0.1IM 2NS 3.744  19.40x10* 1 40.52 - 6.875x 103 0.798 1.274x107  1.274x 10’
topcoat
Pure AA2024 0 7.316 x 10° 1 5.310x 10* - 7.429x 101 0.698 2.910x 107  2.915x 107
0.2M pTSA 5.603  19.22x10°  0.593 1.142x 10° - 9.383x 107 0.689 1.588x10°  1.588x 10°
0.1IM 2NS 0 1.362x 107 0.674  9.408 x10° - 1.494 x 107 1 2.449x 107 3.389x 10’
(a) CPE (b) CPE;
ANN AN
R, 77 R, 7/
—_ —_ CPE —
Re 2y :
Nt W >
| Rct

Figure 3.10. The equivalent circuit models for (a) Pure AA2023-T3 (b) samples with coating
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The long-term durability test was performed by 48 hours of immersion in 3.5 wt% NaCl. Fig. 3.11
illustrated the OCP vs time of all samples. Both 0.2M pTSA and 0.1M 2NS started with a positive
OCP value accompanied by a decreasing trend of OCP indicating the degradation of the PPy layer
due to anion exchange between PPy and the surrounding environment where the corrosion of
AA2024-T3 occurred at the same time[148][149]. The pure AA2024-T3, with and without topcoat,
showed a low potential of -550 mV. There is a clear advantage in combing PPy coating with
topcoat which both 0.2M pTSA/spray paint and 0.1M 2NS/spray paint exhibited a stable and

positive OCP value indicating the best anti-corrosion performance.
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Figure 3.11. OCP vs time of all samples
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3.4. Conclusions

Three dopants including sulfuric acid, p-toluenesulfonic acid, and 2-naphthalenesulfonic acid were
introduced in the electrodeposition of polypyrrole on AA2024-T3. The FTIR and SEM confirmed
the PPy film was successfully deposited on the alloy. By comparing with different concentrations,
0.2M pTSA and 0.1M 2NS performed a good anti-corrosion performance. 0.1M 2NS presented a
better behavior with a corrosion potential of -15.86 mV and a corrosion current of 5.53 pA-cm™
indicating the influence of chemical structure size. These two samples, 0.2M pTSA and 0.1M 2NS,
were further optimized by increasing deposition time. It turned out that the corrosion potential was
improved and further decreased the risk of corrosion by increasing the thickness of PPy layer. A
practical application was studied by adding a topcoat on top of the PPy layer. The combined effect
of the PPy layer and the topcoat generated an excellent outcome in which the protection efficiency
of 0.2M pTSA/spray paint and 0.1M 2NS/spray paint are 99.98% and 99.99%, respectively. This
significant improvement can be further interpreted by EIS result and OCP vs time. The EIS result
proved different protection functions of the PPy layer and topcoat. The PPy coating acts as a primer
and can provide corrosion protection while the topcoat of spray paint acts as a barrier to reduce
the penetration of aggressive ions. The OCP vs time displayed a stable and positive OCP value

allowing the AA2024-T3 to stay in a positive potential like a notable metal away from corrosion.
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Chapter 4

Ultrasensitive electrochemical biosensors based on zinc sulfide/graphene hybrid for rapid
detection of SARS-CoV-2

4.1. Introduction

Since the first case was confirmed from east Asia, the coronavirus disease 2019 (COVID-19) has
been striking the world in the past two years[150][151][152][153][154]. People who got infected will
have various symptoms including fever, cough, headache, loss of smell, loss of taste, fatigue, and
breathing difficulties[155][156][157]. The major diagnostic methods to detect the disease include
computed tomography (CT) scan, nucleic acid amplification test (NAAT), and serological
techniques[158]. Today, NAAT using the quantitative reverse transcription polymerase chain
reaction (QRT-PCR) is the most widely used method for detecting the COVID-19. However, the
qRT-PCR is a time consuming and expensive test which also requires trained personnel. Therefore,
the development of highly sensitive and quick detection methods is urgently needed. And the
electrochemical DNA biosensors have received a lot of attraction for being a good detecting
device[159][63][160][161].

Biosensor is an analytical device detecting biological or chemical reactions and then generating
reliable data for several fields such as gene analyze[160][162], food safety[163][164], disease
diagnosis[165], environmental monitoring[60], drug discovery[166], and water quality
screening[62]. A typical biosensor consists of biological receptor, transducer, amplification, and
signal processing. Based on different transducers, biosensors can be divided into electrochemical,
optical, thermal, electronic, acoustic, and mass-based biosensor[167]. Among different transducers,

the electrochemical biosensor is the most widely studied and applied biosensor due to the
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advantages of low-cost, simplicity, portability, sensitivity, and rapid detection[162][168]. It is
critical to develop an appropriate composite for the signal amplification platform.

In practice, materials such as metals, metal oxides, graphene, conducting polymer, and their
composite have been studied as signal amplifier for the electrochemical biosensors[169][170]. For
instance, Saber et al. fabricated a gold electrode decorated by gold nanorods (GNRs) for detecting
hepatitis B virus[171]. Due to the large surface area of the GNRs, the modified gold electrode can
assemble more probe DNA and exhibit higher sensitivity with a detection limit of 2 x 10712 M.
Similarly, a hybrid nanocomposite containing copper oxide nanowires and carboxyl-
functionalized single-walled carbon nanotubes was developed by Chen et al. for detecting the
target DNA[172]. The performance of the modified electrode was benefited by the nanocomposite
which provides a large surface area, fast electron transfer, and good electrical conductivity with
the limit detection of 3.5 x 10" M. Graphene also shows a great potential in DNA detection due
to its astonishing properties in electrical, optical, mechanical, and chemical aspects[173]. Pumera
et al. reported a graphene-based electrode immobilized with hairpin-shaped probe DNA for
detecting Alzheimer’s disease[174]. The triple and quadruple layer graphene electrodes presented
the best sensitivity with the detection limit of 6.6 x 102 M. All cases above show that the modified
electrode provides a larger surface area and low charge transfer resistance for superior sensitivity
compared to the raw electrode.

In the detection of COVID-19, the antibody testing, also known as serology testing, can check the
antibodies to COVID-19 after a person has been infected or vaccinated. For instance, a paper-
based biosensor modified by ZnO nanowires showed enhanced sensitivity for detecting antibody
of COVID-19 with human serum samples[175]. In addition, Seo et al. reported a graphene-based

biosensor functionalized with SARS-CoV-2 spike antibody as a receptor which demonstrated
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highly sensing detection for the target SARS-CoV-2 antigen protein with a detection limit of 1 X
1015 g/mL[176]. On the other hand, the molecular test detects the virus’s genetic material to
determine if a person has an active infection of COVID-19. Song et al. utilized polyaniline
nanowires to modify the glassy carbon electrode for the detection of the COVID-19 N gene,
resulting in a detection limit of 3.5 x 10> M[177]. This demonstrated that the electrochemical
biosensor has the potential as a detection method for COVID-19. In many cases, the process of
making the composite takes multiple steps with long preparation time and high cost. Therefore,
developing a quick and one-step process is in need.

In this paper, we present a one-step and ultrafast microwave-initiated manufacturing process to
prepare the electrical interface containing zinc sulfate and graphene (ZnS/graphene). Compared
with the conventional heating method under thermodynamic equilibrium conditions, the
microwave reaction method under non-equilibrium conditions can provide low-cost and time-
saving process[70][178][179]. Most importantly, the ZnS/graphene DNA biosensor provides highly
sensitivity. The graphene which accelerates the reaction rate by absorbing the electromagnetic
energy acts as a heat resource during the microwave preparation. Different ratios of zinc precursors
were investigated to obtain the optimized conditions and compared with commercial ZnS mixed
with graphene without microwave reaction. The obtained ZnS/graphene sample was drop cast onto
a glassy carbon electrode (GCE) surface for further electrochemical experiment. The probe DNA
(pDNA) was successfully immobilized with GCE and then hybridized with different
concentrations of target DNA (tDNA) to perform self-signal regeneration during the releasing
process (Scheme 1). Three-electrode system was utilized while the ZnS/graphene modified
electrode acted as the working electrode. The performance of the modified electrode was

characterized by cyclic voltammetry (CV) and differential pulse voltammetry (DPV).
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Scheme 1. Schematic illustration of detecting the SARS-CoV-2 by microwave-synthesized

ZnS/graphene nanocomposite.

4.2. Methodology

4.2.1. Materials

Zinc acetate (GR, 99.5% purity) was obtained from BeanTown Chemical Inc. Graphene substrate
was obtained from Magnolia Ridge Inc. Sulfur powder (GR, 99.5% purity) was provided by Alfa
Aesar, America. The detection samples included artificial DNA probes, artificial DNA targets and

SARS-CoV-2 standard were obtained from Eurofins Genomics LLC (Louisville, Kentucky).

4.2.2. Preparation of ZnS/graphene composites

For the preparation of ZnS/graphene nanocomposites, ZnAc2.2H>0, graphene, and sulfur powder
were transferred into a 20 mL scintillation vial and mixed thoroughly to get a homogeneous

mixture. The precursor ratios and synthesis parameters are described in Table 4.1. Subsequently,
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the vial was placed inside microwave oven and irradiated with a high-power level (~1250 W) for
90 s. After the vial was cooled down to room temperature, the obtained powder was taken out. For
comparison, the mixture of graphene and commercial ZnS nanoparticles were also prepared under

the same microwave experimental conditions.

Table 4.1. Precursor mass ratios for different ZnS/graphene nanocomposites and their reaction
parameters.

Samples Zn(Ac)2.2H20  Graphene  Sulfur Microwave Microwave
(mg) (mg) (mg) power (W)  time (s)

ZnS/graphene-1 300 50 50

ZnS/graphene-2 200 50 50 1250 90

ZnS/graphene-3 100 50 50

ZnS/graphene-4 300 100 50

4.2.3. Preparation of detection electrodes

The surface of glassy carbon electrode (GCE) was sequentially polished with 0.3- and 0.05-mm
alumina slurries, then immersed in Piranha solution (conc. H2SO4: 30 % H20»; 3: 1) for 30 min,
followed by rinsing with DI water, and vacuum dried at 60 °C. To prepare the coating paste, 100
mg of hybrid powder was suspended in 5 mL of isopropyl alcohol. Then, 0.1 mL of Nafion was
added into the suspension following 20 min of sonication. Finally, 20 uL of the suspension was

added to the prepared GCE surface and vacuum dried at 60 °C.
4.2.4. Nanocomposite-based DNA biosensor probe and target sequences

The entire genetic sequence of SARS-CoV-2 was uploaded to the Global Initiative on Sharing All
Influenza Data (GISAID) platform on January 10, 2020. The sequence data was used as reference

for the design of oligos/probes needed for the development of SARS-CoV-2-specific testing. As
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shown in Table 4.2, the probe and target DNA oligonucleotides were complementary to the

specific target gene sequences and purchased from Eurofin Genomics.

Table 4.2. List of probe and target DNA sequences.

Gene (s) Synthetic base-pairs of DNA templates

S Probe GACATGTATAGCATGGAACC
Target GGTTCCATGCTATACATGTCTC

ORF 1b Probe CTTTAATGTTTTATTCTCTA
Target TAGAGAATAAAACATTAAAG

Mis-matched negative control Probe TTCACAAGTGCCGTGCCTAC
Target GGGTACTTAACAATGATTATT

4.2.5. Immobilization and hybridization of DNA

20 uL of probe-DNA solution (1.0 x 10~® M pDNA) was added dropwise to the surface of modified
GCE and dried at temperature below the melting T, (temperature of melting) of corresponding
probe sequences. After pPDNA immobilization, following by rinsing with DI water, the GCE was
dried again. Then, 20 pL of target DNA (tDNA) was added onto the pDNA-modified GCE surface
and the corresponding electrode was dried at room temperature to form the hybrid double-stranded
DNA (dsDNA). Subsequently, the electrode was kept at — 0.5 V for 300 s in 1.0 M KCI solution
containing 0.2 M K3[Fe(CN)s] to release the dsDNA into the electrolyte. After rinsing the surface

of GCE with DI water, the electrode was ready for electrochemical tests.
4.2.6. Materials characterization

The surface morphology of the ZnS/graphene nanocomposite was characterized using scanning

electron microscope (SEM) on JEOL JSM-7000F coupled with an energy dispersive X-ray
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spectrometer (EDS, EDAX Instruments). The crystalline phase characteristics of the microwave
samples was examined using the X-ray diffraction (XRD) (Philips X’pert MPD diffractometer)

under Cu Ka radiation (A=1.5405 A) at 20 range of 20-70°.

4.2.7. Electrochemical measurements

All the electrochemical tests were conducted in a mixture of 1.0 M KCl and 0.2 M K3[Fe(CN)s] at
room temperature. Cyclic voltammetry (CV) experiments were carried out at a scan rate of 100
mV s ! from —0.4 to 0.8 V for different ZnS/graphene composites. The differential pulse
voltammetry (DPV) tests were taken by using parameters as follows: pulse amplitude, 0.05 V;
pulse width, 0.05 s; pulse period, 0.5 s. The peak current difference (41,) was calculated according
to the relation of A, = I — Io. Where, Iy represents the peak current for the modified electrodes
immobilized with pDNA, and [ represents the peak current for the resulting dsDNA after being
released into the electrolyte. The calibration plot, Al, vs. -log C was drawn by calculating the
negative logarithmic values of target samples concentrations, where C is the concentration of target

sample. Furthermore, the LOD (limit of detection) was measured using the following equation:

LOD = 3 X Standard deviation of blank solution, o

Slope of the callibration plot

The standard deviation of blank solution was measured by running the DPV tests on pDNA-

modified GCE for 10 times.

110



4.3. Results and discussion

4.3.1. Optimizing the precursor ratio

The electrochemical properties of different modified electrodes with different mass of precursors
were investigated by CV technique. Among the four different mass ratios (see Table 4.1), as
displayed in Fig. 4.1a, ZnS/graphene-1 has the prominent redox peaks with the anodic peak to
cathodic peak separation of potential, AE, (AE, = Eanodic peak = Ecathodic peak) 0f 130 mV. For the
samples of ZnS/graphene-2 and ZnS/graphene-3, the redox peaks are not prominent, may be due
to the incomplete reaction taking place during the microwave-assisted synthesis with the less
amount of Zn-precursor. In addition, although ZnS/graphene-4 provides much higher current due

to the presence of high amount of conductive graphene, the AE, is as much as 330 mV, which

indicates a sluggish kinetic transfer process of electrons.
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Figure 4.1. (a) CVs of different electrodes in a solution containing 1.0 M KCIl and 0.2 M
K;[Fe(CN)s] as a redox probe at scan rate of 100 mVs™!. Zn(Ac),-2H,O, graphene, and S
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precursors have a mass ratio of 6:1:1, 4:1:1, 2:1:1, and 6:2:1, respectively. (b) CV curves of

different electrodes in a solution containing 1.0 M KCI and 0.2 M K3[Fe(CN)gs].

Moreover, the electrochemical property of ZnS/graphene-1 was compared with a physical mixture
of ZnS and graphene with a mass ratio of 6:1, and with the bare GCE. From Fig. 4.1b, it can be
clearly observed that the physical mixture does not show prominent redox peaks. For
ZnS/graphene-1 and bare GCE, AE,, values are 130 mV and 190 mV, respectively. Moreover, the
ZnS/graphene-1 yields the maximum peak current, possibly because of the accelerated [Fe(CN)s]*-
diffusion towards the surface by a layer of graphene. Apparently, the ZnS/graphene-1 sample
exhibited much higher electrochemical activity, and faster electron-transfer kinetics (reflected in
the lower peak to peak separation) compared to all other modified electrodes including bare GCE.
Therefore, for further studies, the detection of DNA samples was carried out on the surface of

ZnS/graphene-1 modified GCE which was denoted as ZnS/G/GCE thereafter.

4.3.2. Characterization of the modified electrode

The morphology and distribution of the ZnS/graphene composite was shown in Fig. 4.2a-e. The
SEM image was utilized to characterize the prepared ZnS/graphene composite (Fig. 4.2a). It can
clearly be seen that the graphene substrate was fully decorated by ZnS. The EDS spectrum of
ZnS/graphene exhibited the existence of the Zn and S elements. Fig. 4.2b-e illustrated the EDS
elemental mapping of ZnS/graphene composite which clearly showed the evenly dispersed
elements of Zn and S on the graphene surface. In addition, the C, Zn, and S components were
closely stacked, indicating the formation of the hybrid composite. The XRD diffractogram of
ZnS/graphene was shown in Fig. 4.2f. The strong peaks appeared at 20 around 26.68°, 28.56°,
30.86°, and 51.1° are assigned to (100), (002), (101), and (103) reflections of hexagonal wurtzite
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ZnS (JCPDS 36-1450), respectively. The overall XPS spectrum for the ZnS/graphene composite

was shown in Fig. 4.2g. The spectrum showed the presence of C 1s, O 1s, Zn 2p, and S 2p peaks.

The characterized results confirmed the successful synthesis of ZnS/graphene composite. Since

microwave-initiated synthesis does not have any inert gas protection during the heating process,

the EDS spectrum showed the presence of ZnO. However, the ZnO does not contribute much to

DNA detection.
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Figure 4.2. (a) SEM image and EDS spectrum; (b)-(e) the EDS elemental mapping; (f) XRD

pattern and (g) XPS spectrum of ZnS/graphene composite.
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The CV and DPV comparison between ZnO and ZnS have been discussed and shown in Fig. 4.3.
Since the microwave heating process was operated without gas protection. It is common to get
oxide compounds. In Fig. 4.3 (a), ZnO/graphene does not show prominent redox peaks when
compare with ZnS/graphene. In addition, the current peak for ZnO/graphene is small at the value

of 142 pA in Fig. 4.3 (b). Therefore, the ZnO does not contribute to the DNA detection.
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Figure 4.3. (a) CV plot and (b) DPV plot of different electrodes in a solution containing 1.0 M

KCl and 0.2 M K3[Fe(CN)s] as a redox probe at scan rate of 100 mVs ™!

4.3.3. Detection of synthetic target DNA samples

To explore the analytical characteristics of the optimized ZnS/G/GCE for the detection of synthetic
gene DNA sequences, DPVs were performed in an electrolyte solution of 1.0 M KCI containing
0.2 M K;3[Fe(CN)s]. Initially, the sensor electrode of ZnS/G/GCE was attached with the 1.0 x 107°
M probe DNA (pDNA) and treated for different concentrations of target DNA (tDNA) solutions
as depicted in Fig. 4.4a. After immobilizing the pPDNA on the surface of ZnS/G/GCE, the oxidation

or anodic peak current (Ip.) decreases significantly because the nonconductive pDNA blocks the
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effective electron transfer through the coating surface. However, when the pDNA was hybridized
with the tDNA, the peak currents were enhanced linearly with the enhancing concentrations of
tDNA from 1.0 x 1078 M to 1.0 x 1077 M. The release of the resulted dsDNA from the
ZnS/graphene/GCE surface occurs because of hybridization with complementary targets,
accompanied with the self-signal regeneration of the ZnS/graphene/GCE. With an increase in
tDNA concentration, more of the pDNA can get hybridized, and then release into the electrolyte.
Therefore, the electron transfers as well as the peak currents increase. Furthermore, the regression
calibration plot was drawn from Al, vs. ~log C with the correlation coefficient estimated as R? =
0.96 as shown in Fig. 4.4b. Thus, the limit of detection (LOD = 3c/slope) was determined, which

was found to be 4.453 x 1072° M.
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Figure 4.4. (a) DPV plots and (b) the regression calibration plots. [Note: probe and target DNA
samples are for S-gene]. (c) DPV plots and (d) the regression calibration plots. [Note: probe and
complementary DNA samples are for ORF 1b-gene].
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In addition, the DPV tests were performed for the ORF 1b-gene. As displayed in Fig. 4.4c, the
results follow a similar trend like S-gene. However, at the lower concentrations of cDNA samples
from 102 M to 107'® M, results showed arbitrary currents, and therefore the regression coefficient

is only 0.74 (Fig. 4.4d). Based on these findings, the LOD was measured to be 2.013 x 10°1¥ M.

Following the same steps and procedures, DPV tests were also performed for mis-matched
negative control sample, as displayed in Fig. 4.5a. Since there is only a few of matched sequences
present in these samples (Fig. 4.5b), the tDNA cannot hybridize successfully with the pDNA.
Therefore, although after hybridization the currents get increased from the pDNA-modified
electrode, there is no particular trend found for these samples. The matched sequence of S and

ORF-1b genes are shown in Fig 4.6.
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Figure 4.5. (a) DPV plots of synthetic samples. (b) Mis-matched sequences of pDNA and tDNA.

[Note: probe and target DNA samples are negative control]
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Matched sequences of S-gene

pDNA (S) 5’- GAC ATG TAT AGC ATG GAA CC-%¥

NI R A R
tDNA (S) 3'-CT CTG TAC ATA TCG TAC CTT GG-5'

Matched sequences of ORF 1b-gene

pDNA (ORF 1b) 5'-CTT TAA TGT TTT ATTCTC TA-3

LEE D FEE e T HEE 1
tDNA (ORF 1b)  3’- GAAATT ACA AAA TAA GAG AT- 5’

Figure 4.6. Mis-matched sequences of pPDNA and tDNA of S and ORF 1b genes.
4.3.4. Detection of SARS-CoV-2 standard samples

Following the similar DPV characterization technique, the detection of SARS-CoV-2 standard
samples was performed. The positive control from TagPath™ COVID-19 Fast PCR Combo Kit
2.0 was diluted to a working stock of 20 copies/uL on ice, (ThermoFisher). This Fast PCR kit
Positive Control consists of several different gene templates (200,000 copies/1 mL), such as S, N,
ORFlab etc., which is widely used by CDC CLIA certified laboratories. Any of the probe
templates targeting these genes can be used to perform the validation of the detection tests,
therefore, we tested the S and ORF1b probes used in Fig. 4.2. As shown in Fig. 4.7a, S-probe can
detect from 20 copies up to 1 copy. The corresponding concentrations of different number of copies
are displayed in supporting information, Table 4.3. From these results, one thing is noticeable that
the low concentrations at the range of 107'8 M to 102 M can be detected. Despite of the presence
of all different genes in a standard solution, only a single probe template was used to detect the

hybridized dsDNA. Hence, there is a huge chance of some target templates remain immobilized
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on the surface of ZnS/graphene/GCE even after rinsing with DI water, which eventually may
hinder the electron transfer process resulting arbitrary change in peak currents. Similar to the
results for synthetic base-pair DNA samples, the detection of SARS-CoV-2 standard sample also
provides the similar trend of increase in peak currents by increasing the concentration of target
samples. Moreover, the regression calibration plot (Fig. 4.7b) was drawn and LOD values were

calculated to be 2.068 x 1072° M (R? = 0.98) for S-probes. These results clearly indicate a good

performance from S-probe to detect the SARS-CoV-2 standard solutions.
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Figure 4.7. (a, b) DPV and calibration plots for the detection of SARS-CoV-2 standard using S-
probe. (¢, d) DPV and calibration plots for the detection of SARS-CoV-2 standard solutions using

ORF 1b-probe in a solution containing 1.0 M KCl and 0.2 M K;3[Fe(CN)g¢].
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Table 4.3. The corresponding concentrations of different number of copies for SARS-CoV-2
standard solution.

No. of Copies Concentration (M)
1 8.30289 x 1020
2 1.66058 x 107"
4 3.32116 x 1077
6 4.98173 x 107"
8 6.64231 x 107"
10 8.30289 x 107"
12 9.96347 x 1071
14 1.16240 x 10713
16 1.32846 x 10°1®
18 1.49452 x 10713
20 1.66058 x 10718

Moreover, the SARS-CoV-2 standard solutions were also detected using the ORF 1b-probes. For
ORF 1b-probe (Fig. 4.7¢, 4.7d), the results followed the trend from 1 to 20 copies, which has
superior sensitivity as RT-PCR detection method using the TagPath™ COVID-19 Combo Kit.

Additionally, the performance of the DNA biosensor for the detection of SARS-CoV-2 was
compared with previously published studies. According to Table 4.4, the proposed ZnS/graphene
modified GCE achieved a lower detection limit which has 5 orders of magnitude less than the other

reports.
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Table 4.4. Comparison of the designed biosensors for the detection of SARS-CoV-2

Platform Detection Method LOD Reference
Pt/T1/Glass Wafer Impedance 1 x10°%M [180]
Co-TNTs Amperometry 7 %101 M [181]
Graphene SWV 2.6x10"M [182]
Au IDE EIS 3.9x 10 M [183]
CSPE/CNF-AuNP EIS 7x 1013 M [184]
rGO-Au EIS 13x 105 M [185]
PANI/GCE DPV 3.5x10° M [177]
MIP/Au-TFE DPV 1510 M [186]
AuNPs/FTO DPV 10 x 10" M [187]

ZnS/graphene/GCE DPV 2.1 x10%°M This work

Co-TNTs: cobalt functionalized TiO> nanotubes; IDE: interdigitated electrode; CSPE: carbon-
based screen-printed electrode; CNF: carbon nanofibers; MIP: molecular imprinted polymer; TFE:
thin film electrode; FTO: fluorine doped tin oxide electrode

4.3.5. Investigating the detection of synthetic DNA samples by one-step hybridization

Besides investigating the detection of DNA samples following the multiple-step procedure, the
one-step hybridization technique was also applied in this study. The major steps are displayed in
Fig. 4.8a, where instead of drop coating the DNA samples onto the surface of ZnS/graphene-
modified GCE, the probe and target DNA samples were directly mixed into the electrolyte
solution. Subsequently, the DPV tests were performed using the ZnS/graphene/GCE as the
working electrode. From the results displayed in Fig. 4.8b, at high concentration range from 1 x
109 M to 1 x 10" M of cDNA, the results showed the similar trend as before. However, the
samples with low concentrations from 1 x 107! M to 1 x 10'> M, the results are inconsistent.
These results can be improved by handling the samples more carefully. Moreover, this one-step

hybridization can save a lot of sample-preparation time comparing to the multiple-step procedure.
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Further optimizations are still required to establish a stable detection method using one-step

hybridization.

------- ZnSIG — 10°M ——10"M — 10 M
(b) ——10°M——10"°M—10""M—10"2M

—10"M—10"M—— 10" M

--- Control (10° M pDNA [S])

(a)

Mix equal amount of
probe and target DNA
for hybridization

1400 |

: < 1200
Incubate the solution for 5 3

. <= 1000
min at room temperature -

‘ ’ S 8oof

- E ool
Add hybridized dsDNA into the 3

electrolyte solution and mix well 400

. y 200 =

Perform the \ 00 01 02 03 04 05
electrochemical tests Potential (V vs. Ag/AgCl)

Figure 4.8. (a) Detection steps of synthetic DNA samples via one-step hybridization method. (b)
DPV plots to detect S-gene by one-step method. [Note: probe and complementary DNA samples

are for S-gene].

4.4. Conclusions

In conclusion, we report the construction of novel electrochemical sensing nanohybrid of
ZnS/graphene for detecting SARS-CoV-2 nucleic acids by a one-pot and ultrafast microwave-
controlled synthesis approach. The ZnS/graphene modified GCE exhibited promising
electrochemical property and faster electron transfer kinetic which improved the detection
performance. When the pDNA was immobilized on the surface of ZnS/graphene/GCE, the peak

current decreased due to the obstruction of electron transfer process. Hybridization between the
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probe and target DNA caused the regeneration of the self-signal of ZnS/graphene. The peak current
showed linear trend with decreasing the concentration of target DNA. Among different pDNA
sequences, S-gene provides a better detection result when hybridized with target DNA or standard
SARS-CoV-2 controls where the limit of detection are 4.453 x 102° M and 2.068 x 1072° M,
respectively. In addition, we presented a one-step hybridization to save the multiple-step
procedure. A similar result was obtained only at high concentrations from 1 x 10 M to 1 x 10°1°
M. The investigation of the one-step hybridization could be further studied. Overall, the
microwave-synthesized composite of ZnS/graphene coating on the GCE electrode showed
superior sensitivity and low-concentration detection limit. Our strategy and assays developed here
could be useful for rapid virus infection screening, public health surveillance and in the settings
with limited laboratory resources and utilized by users with limited training. Our platform will
enable robust, low-cost, multiplex, and quantitative DNA/RNA analysis tools for field-deployable

detection devices.

124



Chapter 5

Summary and outlook
The main goal of this dissertation is to study how surface modification affects the electrochemical
performance of the substrate and explore its potential use in corrosion protection and biosensor
technology. Firstly, in the corrosion protection, we have shown and examined the effectiveness of
a conducting polymer that can serve as anti-corrosion material with one layer of coating. The type
of dopants employed during electrosynthesis has a significant impact on the electrochemical
performance of conducting polymers. Incorporating dual dopants into the PPy coating produces a
synergistic effect, improving both its anti-corrosion performance and adhesion property. On the
other hand, to further examine the distinct protection mechanisms of the topcoat and primer (PPy
layer), a conventional coating method was employed using spray paint as a topcoat. In the last
project, an electrochemical biosensor based on a ZnS/graphene nanocomposite with exceptional
sensitivity is described, which enables rapid and direct detection of SARS-CoV-2 nucleic acids.
Using an ultrafast (90 sec) microwave-based non-equilibrium heating approach, we exhibited a
simple one-step process for the production of ZnS/graphene. The experimental findings indicated
that the proposed biosensor could detect all different SARS-CoV-2 samples, even at low
concentrations. The following sections will provide separate summaries of the main findings and

future work for each project.

The first project involved analyzing the ability of a PPy coating to protect copper (Cu) surfaces
from corrosion through electrochemical techniques. To optimize the electrochemical deposition of
the PPy coating onto the copper surface, we investigated the passivation ability of oxalic acid and

sodium salicylate. Both dopants (oxalic acid and sodium salicylate) were capable of creating non-
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reactive layers on the copper surface before PPy deposition. The effectiveness of the PPy coating
in preventing corrosion was then assessed using Tafel plot and electrochemical impedance
spectroscopy, with the sodium salicylate-doped PPy coating providing a higher corrosion
protection efficiency of 90% compared to the oxalic acid system. After adding tannic acid as an
adhesion promoter during the electrodepositing process, the adhesion performance was enhanced
from OB to 3B with 85% of the coating remaining on the substrate after peeling the testing tape.
Surprisingly, the corrosion protection efficiency for the oxalic acid system is increased to 94%.
The type of dopants utilized during electrosynthesis has a significant impact on the physical and
electrochemical performance of conducting polymers. Additionally, the size of the dopants prevent
the aggressive chloride ions from penetrating the coating. Lamellar structures are created when
aromatic ring forms -7 stacking within the molecule along the polymer chain to stop chloride
ions from entering the coating system.

In the second project, the process of depositing PPy onto AA2024-T3 through electrodeposition
involved the use of three different dopants - sulfuric acid (SA), p-toluenesulfonic acid (pTSA),
and 2-naphthalenesulfonic acid (2NS) - by applying a constant potential. Utilizing pTSA and 2NS
dopants, the process of electrodeposition of PPy onto AA2024-T3 was accomplished, resulting in
superior corrosion protection in comparison to untreated AA2024-T3. The findings indicated that
2NS-doped PPy exhibited superior behavior with a corrosion potential of -15.86 mV and a
corrosion current of 5.53 nA-cm™. Additionally, the practical application of a topcoat layer on top
of the PPy layer was investigated. The synergistic effect of the PPy layer and the topcoat layer
produced remarkable results, with the pTSA-doped PPy/spray paint and 2NS-doped PPy/spray

paint exhibiting protection efficiencies of 99.98% and 99.99%, respectively. According to the EIS
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result, the PPy coating functioned as a primer, offering corrosion protection, whereas the spray
paint topcoat functioned as a barrier, decreasing the infiltration of aggressive ions.

For the future work of this project, the condition during the electrodeposition can be further
investigated especially the applied potential. The applied potential in the current projects was 1 V
whereas the oxidation potential of pyrrole is 0.8 V[119]. Additionally, the anti-corrosion
performance of the PPy layer could be further enhanced by incorporating metal/metal oxide
nanoparticles, including Ag[188], TiO2[189], ZnO[190], ZrO>[191], and SiO>[111]. An optimized
electrodeposition method is employed for the electrochemical synthesis of PPy/metal or PPy/metal
oxide composite coatings on copper or AA2024 from an aqueous solution containing pyrrole and
dopant. It is worth noting that experimental variables such as dopant, solvent, and applied potential
have a strong influence on morphology.

In the third project, our biosensor project introduces a one-pot and rapid microwave-controlled
synthesis approach for creating novel electrochemical sensing ZnS/graphene nanohybrids that can
detect SARS-CoV-2 nucleic acids. The GCE modified with ZnS/graphene showed remarkable
electrochemical characteristics and faster electron transfer kinetics, which enhanced the detection
performance. The microwave-assisted composite ZnS/graphene coating on the GCE electrode
demonstrated better sensitivity and low-concentration detection limit of 2.068 x 1072° M. To
progress this study in the future, comprehending the mechanisms underlying the electrochemical
activities of ZnS/graphene nanocomposite is crucial. The same detection technique could be
utilized in studies to identify diverse bioreceptors, such as enzymes, antibodies, cells, aptamers,
and nanoparticles. Also, this straightforward microwave-irradiation method can be utilized to
produce a range of nanostructures, such as ZnSe and ZnTe, by modifying the reaction precursors,

experimental conditions, and microwave parameters. To summarize, the findings of this
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dissertation will contribute to advancing the understanding of material interfaces and will serve as

a basis for further exploration of both fundamental and applied sciences and technologies.
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