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ABSTRACT

The aim of this research is to design and fabricate a new pli sensor that can be used to
measure hydrogen ion activity on corroding metal surface in bulk solution or under
deposit. Iridium oxide (IrOy) is used for proposed design as pH sensitive material.
IrOx 1s a potentiometric sensor which its open circuit potential regarding a reference
electrode is representative of pH. The electrodeposition method of cvelic voltammetry
approach is used for coating of IrOy on stainless steel substrate. The etfects of scan
rate, temperature, and number of cycles on the coating thickness of IrOx
clectrodeposited on a stainless steel substrate were investigated in a statistical system.
The central composite design. combined with response surface methodology, was
used to study condition of electrodeposition. Electrochemical expertments were
conducted to characterize the IrOy—pH sensor as well as monitor the pH on a metal
surface in conjunction with the fabrication of a pH microelectrode-designed system.
The fabricated pH sensor was calibrated by using a commercial glass pH probe. The
pH response measured by OCP at 25 °C was 75.3 mV/pH unit. Results of statistical
investigation showed that the proposed pl sensor design can be used for real-time
corrosion monitoring by surface pH measurement. Increasing of surface pll during
COs corrosion was detected by proposed plH sensor. Results showed that scan rate
significantly aftfects the thickness of the electrodeposited layer. Also. the number of
cycles has a greater effect than temperature on the [rOx thickness. Cyclic voltammetry
(CV)., scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX). atomic force microscopy (AFM). X-ray Diffraction (XRD). Transmission
electron microscopy (TEM). Llectrochemical Impedance Spectroscopy (EIS). Linear
polarization resistance (LPR). Infinite Focus Microscope (IFM) and open circuit

potential (OCP) are used for CO» corrosion and iridium oxide tilm characterization.
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Keywords: CO, corrosion: pH microelectrode; Ir(;; Electrodeposition; Surface pH
measurement; Cyclic voltammetry; stainless steel; response surface methodology;

central composite design
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ABSTRAK

Tujuan kajtan ini adalah untuk mereka bentuk dan menghasitkan satu sensor pH
baru yang boich digunakan untuk menguji dan memantau aktiviti ion hidrogen pada
permukaan logam yang berkarat dalam larutan pukal atau di bawah deposit. Iridium
okstda (IrOy) telah digunakan sebagai bahan sensitit pH untuk bentuk rekaan yang
dicadangkan. IrOy adalah pengesan potentiometrik di mana nilai voltan litar terbuka
antara sensor ini dengan elcktrod rujukan mewakili nilai pH. Kaedah penyaduran
elektrik dengan pendekatan cyclic voltammetry telah digunakan untuk menghasilkan

lapisan IrOx pada substrat keluli tahan karat.

Kesan kadar imbasan. suhu dan bilangan kitaran pada ketebalan lapisan IrOy yang
telah disadurkan pada substrat keluli tahan karat telah dikaji dalam sistem statistik.
Rcka bentuk komposit berpusat. digabungkan dengan kaedah gerak balas permukaan,
telah digunakan untuk mengkaji keadaan penyaduran. Eksperimen elektrokimia telah
dijalankan untuk menciritkan sensor 1IrOx-pH serta memantau pH pada permukaan
logam beserta penghasilan sistem rekaan pH microelectrode. Sensor pH yang direka
ini telah ditentukur dengan menggunakan alat penentu pH kaca vang komersil. Reaksi
ptt yvang diukur dengan kacdah voltan litar terbuka pada 25°C adalah 75.3 mV /unit
pH. Hasil kajian menunjukkan bahawa reka bentuk sensor pH vang dicadangkan yang
boleh digunakan untuk memantau hakisan masa sebenar dengan pengukuran pH
permukaan. Peningkatan pH permukaan semasa hakisan CQO, telah dikesan oleh
sensor pH yang dicadangkan. Hasil kajian menunjukkan bahawa kadar imbasan telah
memberi kesan ketara kepada ketebalan lapisan saduran. Selain itu. bilangan kitaran
mempunyal kesan vang lebih besar berbanding suhu kepada ketebalan 1rOx.Cyclic
voltammetry (CV) .scanning electron microscopy(SEM), energy-dispersive X-ray
spectroscopy (EDX). atomic force microscopy (AFM), X-ray Diffraction (XRD).
Transmission electron microscopy (TEM). Electrochemical Impedance Spectroscopy

(EIS). Lincar polarization resistance (LLPR). Infinite Focus Microscope (IFM) dan



open circuit potential (OCP) telah digunakan untuk pencirian hakisan CO; dan filem

Iridium oksida. .

Kata kunci: kakisan COa; elektrod pH mikro; IrOx ; penyaduran elektrik ; ukuran
pH permukaan: cyclic voltammetry ; kelulitahan karat; kaedah gerak balas

permukaan ; reka bentuk komposit berpusat.
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CHAPTER 1

INTRODUCTION

1.1 Background

Corrosion damages play a major role on the world economy. A corrosion cost of
$276 billion per vear was reported by the US Department of Transportation in 2002
which $1.4 billion of it was annual direct costs for corrosion related to oil/gas
exploration/production and a $5.0 billion related to gas distribution [1]. The most
important form of corrosion in the oil and gas industry 1s COs corrosion [2.3]. Carbon
stecl is one of the most commonly used matenials for pipelines in the industry because
of low cost and availability. CO, corrosion governed not only by material
characteristics of the pipelines but also by operating conditions such as flow rate,

temperature, pH., and CO; partial pressure |4].

in CO- corrosion, the study of corrosion mechanism requires understanding ot
interfacial reactions between the pipeline material and local environment. The most
important parameters is surface pH measurement. Local surface chemistry condition
can be different from bulk solution when chemical reactions happen at a metal
interface with solution. Surface pH is fong recognized as a key local parameter that

influences electrochemical reaction mechanisms and rates [5].

Furthermore, in CO; corrosion. the precipitation of FeCOj occurs when the pH of
the COz-containing solution is sufficiently high [6]. The difficulty in recent research
1s to explain the formation of FeCOs deposit in low pH environment based on the pH
measurement of bulk solution . The result obtained from localized pH measurements
can be used for real-time corrosion monitoring because corrosion is a pH-dependent

phenomenon. Unfortunately, commercial pH electrodes cannot monitor ptl changes



on metal surfaces. Therefore, a novel pH electrode design is needed for monitoring of

reactions occurring in metal-solution interfaces.

Successful corrosion monitoring requires understanding of electrochemical and
chemical reaction on the metal surface. These reactions on the metal surface can
change nature of metal/liquid interface and decrease or increase the surface pH. The
main idea of this thesis is to measure and monitor pH changes of corroding carbon

steel by a novel IrOyx pH probe design.

The glass pH sensor is the oldest electrochemical sensors which have some
disadvantages such as lack of stability in alkaline and fluoridric acid solutions and
their mechanical fragility [7.8]. New techniques for measuring pH include optical
fiber-based pH sensor, mass-sensitive pH sensor, conducting polymer pH sensors,
Nano-constructed cantilever-based pH sensor, ion-sensitive field effect transistors

(ISFET) -based pH sensor. pH-image sensor, and metal oxide pH sensor [7].

The past decades, IrOx became a superior material for reference electrode and pH
measurements in various fields such as biological media, food-industry, nuclear field,
and oil and gas industry. Iridium oxide can provide a rapid and stable response in
different media because of its high conductivity and low temperature coefficient [9].
The possibility to design and fabricate a robust and accurate surface pH sensor based

on IrOx provide significant benefits for oil and gas industry.

Since iridium is an expensive metal, most of IrOX fabrication methods are also
expensive. Among them, electrodeposition has offered several advantages such as: a)
cheaper fabrication process, b) potential for using cheaper substrates, ¢) low-
temperature process even appropriate for plastic substrates, and d) adaptability of
sensor shapes and designs made possible with electrodeposition on substrates of
ditferent geometries. Most researchers used gold, platinum and some other expensive
metal as substrate for [rOX electrodeposition. Using a cheaper substrate like stainless
steel needs a precise optimization of electrodeposition factor s to achieve a stable and
proper IrOX film on substrate. An statistical approach is needed to be used for

investigation of effect of various factors on IrOX electrodeposition process.



1.2 Problem Statement

Measuring surface pH or pH in metal/solution interface is indispensable to
understand accurate corrosion mechanism. Surface pH measurement of corroding
carbon steel cannot be measured by conventional pH sensor. Thus, a requirement of a
new pH sensor design is necessary for this purpose. IrOx as pH sensitive material is a

perfect candidate for this aim due to its significant properties.

Researchers in 0il and gas industries are interested to know and monitor reactions
which happen under a deposit. Lack of proper facility for doing pH measurement
under deposit is commonly highlighted. A proper design of experiment is necessary to

be designed for surface pH measurement of a corroding metal under deposit.

1.3 Research Objectives

In order to study and monitor surface pH of corroding metal surface. a stable and
accurate pH sensor 1s required. To understand CO» corrosion mechanism. several
factors should be considered which one of most important of them is surface pH
measurement. Regarding to this matter, an attempt has been done to study and find a
design and method for tabrication of a novel surface pH sensor which bring following

ohjectives:

¢ The capability of electrodeposition of IrOx on stainless steel by cyclic

voltammetry method.

e To statistically investigate cffect of various factors on electrodeposition of

II‘O_\' fim.

e investigation of an effective design and deployment of a simple and
applicable surface pH probe for direct measurement of in-situ surface pH

at a corroding metal surface,

e LUsing proposed pH sensor probe for measuring and monitoring of surface

pil of corroding metal under deposit.

lad



1.4 Scope of Study

The research focuses on design and fabrication of a novel probe design for surface
pH measurement and pH measurement under deposit. Cyclic voltammetry approach
as electrodeposition method was used for forming of IrOx pH sensitive film on

stainless steel substrate.

Statistical tools, RSM in conjunction with CCD, were used for investigation of

different variable factors on properties of IrQOy film.

1.5 Organization of the Thesis

This thesis consists of four chapters. Chapter 1 describes the research background
related to significant role of surface pH monitoring in corrosion understanding and

monitoring.

Chapter 2 contains literature reviews on different fabrication method,
electrodeposition, iridium oxide pH sensor, surface pH measurement, CO- corrosion

and design of experiment.

Chapter 3 describes the details on the mcthodology, general principles underlying
the operation of the characterization tools, and experimental setup, consists of sample
preparations, electrodeposition solution preparation. This chapter also proposed pH

sensor design for surface pH measurement of corroding carbon steel.

Chapter 4 is divided to four parts. First part describes electrodeposition of iridium
oxide on stainless steel, consisting of characterization of electrodeposition solution
and investigation of IrOx film growing on stainless steel substrate. Second part
discuss about statistical investigation of iridium oxide electrodeposition on stainless
stecel by means of RSM. The effects of three different variable factors of
electrodeposition were studied on electrodeposited IrOx film properties in this part.

Third part of this chapter is dedicated to surface pH measurement of corroding carbon



steel in CO»-Containing 3% NaCl solution. In last part of this chapter, 5 mm deposit

layer was used to simulate CO; corrosion of carbon steel under deposit.

Finally. Chapter 5 remarks the conclusion and recommendations. This chapter

covers summarize of experiment’s finding and recommendation for future work.

A



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Chapter Overview

Iridium oxide pH sensor can be used in many applications. [t is a robust pH sensor
which can be made in different shape by using electrodeposition method.
Investigation of electrochemical reaction on the metal/ liquid interface is an attractive
topic for the researcher which needs high-tech and special tools. One of the most
interesting fields is corrosion monitoring, which needs understanding of
electrochemical and chemical reaction on the metal surface. These reactions on the
metal surface can change nature of metal/liquid interface and decrease or increase the
surface pH. The main idea of this thesis is to measure and monitor pH changes of
corroding carbon steel by a novel IrO, pH probe design. Methods for fabrication and
characterization of IrO; pH sensor are reviewed from both theoretical and
experimental aspects. Moreover, surface pH measurement has been considered as an

interesting topic recently.

2.2 CO; corrosion

COa corrosion accounts for 55% of corrosion damage in oil and gas industries
[10]. Sweet corrosion occurring in CQO;-containing solution is affected by various
parameters such as pH, temperature, and CO; partial pressure [11]. CO; gas hydrates
in water, creating carbonic acid that can cause internal corrosion in the petroleum
pipeline [12]. Generally, the following reactions are observed in CO, corrosion: (a)
four chemical reactions occurring in a solution and (b) four electrochemical reactions

-— one anodic and three cathodic ~—— occurring on metal surfaces [12-15]:



a) Chemical reactions:

CO,(gas) = CO,(aq) (2 —-7)

CO; (ag) + H,0 = H,CO4 (2 —8)

H,CO, = H* + HCO; (2 —9)
HCO; = HY + C0%” (2 —10)

by Electrochemical reactions:
Anodic reaction: Fe —s Fe' " + ¢ (2-15

Cathodic Reactions:

DH +2¢ — Hs (2-12)
2 HCO5+ 2 — 11 + 2 HCOT (2 -13)
2HCOY +2¢ — Ha+ 2 CO™ (2 -14)

FeCO;, an insoluble corrosion product. can be formed at this stage, as follows:
COY+ Fe™ — FeCOx (2-15)

Under certain conditions, the films can be very protective and offer great
protection from corrosion by forming a barrier through blocking some parts of the

metal surface which indirectly reduce the corrosion rate.

Many researchers had investigated parameters influencing COs corrosion §3.16-
18]. Notable parameters alfecting CO» corrosion includes pH. temperature. CO»>
partial pressure. flow rate and presence of corrosion products. [n this study we

investigated chenges of surface pH at corroding metal versus various temperature.



The temperature strongly influences the CO; corrosion due to its effect on the
rate of scale formation. Besides, it also has correlation with corrosion rate. Formation
of protective film will reduce the corrosion rate by act as a diffusion barrier on metal
surface [2]. At lower temperatures (< 60°C) the solubility of FeCOj is high. This
situation will cause the precipitation rate is siow and thus the protective films will not
form uniess the pH is increased. On the other hand, at higher temperatures (> 60°C )
the solubility of FeCOs is reduced and lead the precipitation rate become much faster.
Thus, allowing the formation of protective ircn carbonate films to occur. Under this
condition, dense crystalline films are formed which often give good protection. The
existence of film will influence the corrosion rate. It was concluded that the surface
coverage by the iron carbonate film was increased by increasing the temperature. This

is due to the higher precipitation rate was occurred [19,20].

Precipitation of FeCOj deposits occurs when the pH of the CO;-containing
solution is sufficiently high [5]. Regarding the electrochemical reaction, pH on metal
surfaces varies from that in bulk solution. The result obtained from localized pH
measurements can be used for real-time corrosion monitoring because corrosion is a
pH-dependent phenomenon. Meanwhile, commercial pH electrodes cannot monitor
pH changes on metal surfaces. Therefore, a novel pH electrode design is needed to aid

scientists in monitoring reactions occurring in metal-solution interfaces.

Under deposit corrosion is one of significant reason for main damage of boiler

tubes [21], o1l and gas pipelines [22,23]. oil and gas production systems [24].

Nyborg et al. [25] investigated under deposit corrosion by developing a new test
method. They used three carbon steel working electrode in conjunction with a
reference electrode which were mounted together in an assembly as shown in figure
2.1. Sand was used as deposit to cover two of the specimens. The galvanic current and

potential difference between sand covered and not covered specimens were



determined. They measured the corrosion rate of all three specimens by LPR

measurements, while the galvanic current is measured by zero resistance ammetry.

L
82

Figure 2.1: Sketch of the test specimens mounted in the specimen holder: FS1 and
FS2: specimens will be covered with sand deposit. NS: specimen will be directly
cxposed to the brine, RE: A carbon steel wire can be used as pseudo-reference

electrode [ 25].

Cathodic reaction and the reduced mass transport in corroding steel surface
covercd by deposit can cause pH increasing which is favour for precipitation of
FeCO; on the steel surface. Created FeC Qs film may decrease overall corrosion rate if
cover metal surface. otherwise discontinuous film may increase corrosion rate due to

local galvanic corrosion which result in pitting attacks [25].



Internal pitting corrosion of X80 pipeline steel under deposited sand bed in CQO;-
saturated solutions was investigated by Huibin ef @l [26]. They used a Pt-Ir
microelectrode to map the current of the specimen surface. They found that corrosion
pits could begin and grow on the steel surface under a layer of sands. Corrosion pits
keep growing with the increase of test time which caused a drop of local impedance
and an increase of the peak current density. Besides, the increase of chloride
concentration in the solution and the solution flow velocity is another reason of the

corrosion pits growing.

2.3 Surface pH measurement

The mechanisms mentioned above still have some unproven assumption; in CO,
corrosion the local pH at a corroding steel surface will be greater than that of the bulk,
especially the pH under a FeCO; film. In fact it can be expected that this pH will be

sufficiently high to create passivation of the mild steel surface.

Our main motivation in this thesis is to display the outcomes of experiments that
were conducted to precisely examine this hypothesis and complete the suggested

mechanism of CO» corrosion.

It is a fact that local surface chemistry conditions could be very different than
those in the bulk and get critical when chemical reactions happen on an interface {4].
Surface pH is recognized as a significant local parameter that affects electrochemical
reaction mechanisms and rates {5,27]. Mathematical modelling which is built on
thermodynamic, kinetic and transport theories, has facilitated in the quantification of
surface pH conditions [28]. Though, a very littie has been accomplished regarding of
direct surface pH estimation at a corroding surface because of troubles with

investigation design, manufacturing and operation.
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Surface pH can be measured directly as reported by several researchers. ‘The pH
microelectrode, a quiet generally utilized direet surface pH measurement device,
specitically intended for surface pH measurement [29-34].  Microtips, commonly
ranging from 1 to 20um in diameter {35}, have been created as the sensing
components of microelectrode pi{ probes: these have been applied in corrosion
surface pH measurement [36.37] along with dissemination layer pH profiling. An
important deficiency of this design is that it meddles with the mass transfer boundary

tayers close to the solid surface.

Romankiw |27.38] has come up with one more direct surface pH probe design for
electrolysis systems. The model design comprises of an even sensor pll probe with a
tip which is stuck to a metal mesh. Surtace pH can be checked during the corrosion of
the mesh. This surface pH probe design was additionally adapted for rotating [39-41 |
or fixed metal meshes [3,42]. Specific provisions were accounted for surface pH
measurement during jet impingement tests |43]. electrodeposition |42.44}and

electrochemical reduction reactions [45].

Diaz et al. [44] measured local pH during ZnFe anomalous electrodeposition.
Their proposed design tor measuring surface pH during electrodeposition process is
shown in Figurc 2.10. They used a Pt rotating disc electrode as substarate combined

with a commercial pH electreode as shown in Figure 2.2.
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Figure 2.2: Interfacial pH measurement setup. (CE, counter electrode; WE, working

electrode; RE, reference electrode.) [44]

Some surface pH probe designs have been formerly stated for indirect pH
estimations throughout the electrolysis procedures. It is a pH-mapping [46,47] method
in which a semiconductor contacts the solution and reacts to the pH owing to
exhaustion of its protecting layer. The subsequent capacitance change can be
documented with a generated photocurrent. This design is comparatively complicated
and includes components which are not simple or inexpensive to get or produced.
Another indirect technique is surface pH measurement by means of a rotating ring
electrode [48]. This method is dependent upon the pH potential relation as described
by the Nernst equation and does not offer itself simply to extend to distinctive

corroding systems.

The objective of the present undertaking relied on a suitable design and
employment of a simple and adaptable surface pH probe for direct measurement of

surtace pH and pH under deposit at a corroding surface.

12



2.4 Electrodeposition theory

Electrochemical deposition, or electrodeposition for short. 1s a technique use for
depositing material onto a conducting surface of a substrate from a solution
containing ionic species. This fabrication method is usually employed to create thin
films of material to the surface of a substrate to enhance its external properties such as
to increase abrasion resistance, corrosion protection. improve decorative quality. or

simply to deposit a layer which is part of a more complicated device.

[lectrodeposition was initialy used to create decorative and protective coating by

[.uigi Brugnatelli in 1805 [49].

As shown in Figure 2.3, the working electrode 1s the object which will be plated,
the counter clectrode is used to complete the electronic circuit. and the reference
clectrode is used as a fixed reference point for the potentiostal. An clectric field is
then applied across the working electrode in such a way as to give electrons to the
ions in solution so that they form uncharged elements or compounds which prefer to
adhere to the surface of the working electrode rather than remain dissolved in
solution. The strength of the electric field or the potential is measured versus the
reference electrode. but the actual current tlows between the working and counter

electrodes.



Potentiostat

[ e

Figure2.3: Schematic of an electrodeposition cell; CE (Counter electrode), RE

(Reference clectrode), WE (working electrode)

The electrolyte is an ionic conductor, where chemical species containing the metal
of interest are dissolved into a suitable solvent or brought to the liquid state to form a
molten salt. The solvent is most often water, but recently various organic compounds

and other ionic liquids are being used for selected electroplating processes.

A shown in Figure 2.4, in the process of metal electrodeposition metal ions are
reduced at the substrate, forming adsorbed atoms that diffuse on the substrate surface;
these adsorbed atoms will eventually contact other adatoms, forming atomic clusters
that may be stable or unstable. Unstable clusters will eventually disappear, while

stable clusters will be able to grow, finally forming the film [49,50].
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Figure 2.4: Graphical diagram of an electrodeposition process

Charge transfer of electrodeposition process can be applied by application of an
electrical potential from a potentiostal (power source) as depicted in Figure 2.1, This
applied potential (E) forces clectrons in the Fermi fevel of the electrode, allowing for

the flow of electrons from the clectrode o a species in solution or vice versa [49].

It is accepted to assume that nucleation and crystal growth are consecutive steps
of the phase transition: however, from the phenomenological standpoint these steps
cannot strictly be separated: in fact, the two processes coincide. For example, if we
consider the critical nucleus, the addition of the last atomic species 1o a subcritical
cluster is assigned to a nucleation process, while the identical addition of the next

adatom would constitute crystal growth [50].

2.4.1 Nernst Equation
In its usual form, the Nernst equation is a thermodynamic relationship between
the equilibrium potential and reactant concentrations at the electrode surface. Since

I'5



the Nernst equation is a result of thermodynamics, not kinetics, it only applies when
the system is at equilibrium. The equation can be derived from three basic expressions
in thermodynamics. The first is the chemical equilibrium expression for the Gibbs

free energy:

0 Qg
AG = AG +RT1nQ:AG°+RTzna— (2-1)
0
Where Q is the equilibrium constant and ai is the activity of species 1. The second

and third relate the Gibbs free energy to the cell potential:
AG = —nFE (2-2)
AG® = —nFE®° (2-13)

In these expressions, AG is the Gibbs free energy, AG® is the standard Gibbs free
energy. E is the equilibrium cell potential, and E’ is the standard equilibrium cell
potential. The Nernst equation can be derived simply by equating the first two
cxpressions and substituting in the third. For a reversible redox reaction O + ne"= R
where O is the oxidized materials and R is the reduced materials, the Nernst equation
can therefore be written as:

RT  Y,C,

E=E°+E ln@-=E°+-— in
nF (J.'R nF YRCR

2-4)

where Y is the activity coefficient of species i. As one would expect, Co and Cy
are the surface concentrations of O and R respectively. Since it is difficult work with
activity coefficients, the equation is usually written as:
RT C,

E=FEY 4+ — [n— -
+nF lnCR (2-5)
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where E™ is the formal potential and related to E”. This conveniently does away
with the need to explicitly calculate activity coefticients. The formal potential can
also be defined as the measured potential of the working electrode vs a normal
hvdrogen electrode (NHE) when the concentrations of () and R are equal. This
corresponds to the potential at which equal concentrations of O and R will lead to no
net reaction. In an clectrochemical cell, this also correspends to no net current. 'The
formal potentials of many chemical reactions have been measured and tabulated in
standard references. These tables are a valuable resource when investigating
electrochemical phenomena. The purpose and importance of using a reference
electrode like the NHE will be discussed in the next chapter. With the Nernst
equation. one can calculate the equilibrium concentration ratio for a given applied
potential. One can also do the opposite and calculate the potential that will develop at
equilibrium if the concentrations are set to known values. This can be extremely
useful when trying to interpret certain electrochemical measurements. However, it 1s
important to remember that the Nernst equation only applies when the system is at
equilibrium. A truly reversible process will always satisty the Nernst equation. But if
the reactions are slow or the potential is changed rapidly. thermodynamics may not

apply and kinetic relationships must be used instead [31.52].

2.5 Cyclic Voltammetry

Cyclic voltammetry (CV) is a three-clectrode measurement which measure the
potential of a working electrode regarding to a reference electrode. CV is swept
cychically at a constant rate between two potential limits while allowing current to
flow between the working electrode and a counter electrode. The potential provides
the driving force for reactions at the working electrode. whereas the current is
proportional (0 the rate of these reactions. CV o identities the presence ot

electrochemical reactions and provides information on the reversibility of the

17



reactions, the quantity of electro-active material on the electrode, and the stability of

the electrode.

The peaks seen in a cyclic voltammogram result from a combination of chemical
reaction and mass transport processes. Figure 2.3 is a simple example voitammogram

marked with several important features {14].

It corresponds to an electrode that can undergo a single perfectly reversible
reaction R < O + ne-, where O is the oxidized species and R is the reduced species.
As described earlier, positive current corresponds to the reaction moving from left to
right, since electrons are produced in the forward reaction and flow out of the working
electrode. Electrons flowing out means that a positive current is flowing in. Negative
current corresponds to the reaction moving from right to left. As the voltage is swept
from Vi, t© Vinae and back again, the current follows the path shown in Figure 2.5,
moving in the direction of the arrows. Starting near A, the current increases more and
more rapidly as it approaches the formal potential Eq. Near B, the rnise m current
begins to slow down, reaching a peak at C. The current continues to decay as it goes
through region D. Eventually, the potential reaches V. at point E, the sweep
direction reverses, and similar behavior is seen for the negative direction {53]. Cyclic
voltammetry is covered extensively in Electrochemical Methods by Bard and
Faulkner [54,55]. Another good introduction to the technique was published in The

Journal of Chemical Education [56].
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Figure2.5: An example voltammogram with relevant features marked [14].

2.6 Open Circuit Potential

The open circuit potential (OCP) is the potential of the working electrode
regarding to relerence electrode when there is no current applied. The experiments
based on the OCP measurement are known as potentiometric experiments. OCP
measurement has many appiications, although it is very simple. One of important

application of OCP is a titration test which is based on the Nernst equation.

OCP in the Nermnst equation relates the concentration of clectroactive species at
the clectrode surface (Cs) 1o the potential at that clectrode (F) regarding o the

oxidation / reduction reaction of Q + ¢- 5 R.



RT C
E=FE"+—in2 2-5
—i—nFlnCR ( );

Where,
E”: The formal redox potential of the electron transfer reaction.
E: Potential measured between the working electrode and the reference electrode.

In OCP measurement the auxiliary electrode is disconnected for potentiometric
measurements on the epsilon. The working electrode is selected such that its potential
is sensitive to the concentration of the analyte in solution (e.g., a pH sensor), and the
reference electrode (e.g., the Ag/AgCl electrode) supplies a stable potential for the
measurement of the potential of the working electrode. Also. OCP technique can be
used for investigation of the open circuit potential of a battery, and the corrosion

potential of a corroding sample [57].

2.7 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is the most commonly used
technique for electrode modeling and characterization. It also has an important place
in its history. Randles used a form of the technique to develop the model that bears his
name [58]. Since then, a great deal of work has been done to refine the equipment and
analysis tools needed to use it. EIS is very well suited for both model discovery and
parameter fitting [59,60}. Unlike most electrochemical methods, the results of an EIS
experiment can be interpreted almost completely in the electrical domain. Interpreting

a spectrum in any other domain is in fact quite difficult.

The greatest strength and greatest weakness of the technique is that one can

develop circuit models that completely encapsulate the observed behavior without
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worrying about what physical processes are actually being represented. This section
will describe the basic theory behind EIS measurements, explain some of the features
commonly encounted in speetra. and provide examples for iridium oxide. gold, and

platinun.

In an EIS experiment. an electrode is biased at some potential, usually 1ts open
circuil potential. and a small sinusoidal potential variation is applied. The magnitude
and phase of the resulting current variation is measured and recorded. This is repeated
over a range of {requencies. building up a complete spectrum. In more advanced
experiments, the bias potential 1s also varied. The range of the bias is often quite
limited. since holding the potential too far from its open circuit value can damage the

electrode over time.

Impedance spectroscopy is in some ways the polar opposite of eyclic
voltammietry.  Both are  controlled  potential  techniques,  but  whereas  cyclic
voltammetry is large-signal and lowfrequency, EIS is small-signal and high-
frequency. As a result. they provide completely dilferent types of informaton about
an electrode. Cyclic voltammetry focuses on the specifics of mass transport and
chemical reactions. while impedance spectroscopy abstracts these away and focuses

more on the electrical domain.

As a small signal technique, it is unable to directly model large signal electrode
processes. The large signal predictions of EIS are often inaccurate [53.61]. There are
scveral rcasons for this, One reason is that clectrode behavior tends to be highly
nonlincar. Another reason is that simple circuit models rarely capture all of the
behavior present in the spectrum. The fits are at best rough approximations of what is
really there. Finalily. most fitting is done with a global measure of accuracy, but most
stimulation waveforms have a very limited set of frequency components. A good

elobal fit often means poor local fits in some areas. Under limited circumstances. it is



possible for the small signal results to accurately predict the large signal behavior, but

this is the exception not the rule.

2.8 Potentiometric pH sensor

pH measurements are proper means for controlling a wide range of processes in
different industries such as petroleum, food, environmental, and clinical. Therefore,

an accurate and reliable pH measurement is very important [62,63].

In potentiometric pH sensor; the recognition of hydrogen ion is done by the pH
electrode, which is coupled with the reference electrode to complete the electrical
circuit; and the sensor measures the potential difference between these two electrodes.
As the name indicates the electrode is “selective for one ion, in preference to other
ions”. The glass electrode is known as mother of all ion-selective electrodes which is
sensitive to hydrogen ion concentration (pH). The glass pH sensor is the oldest
electrochemical sensors which have some disadvantages such as lack of stability in

alkaline and fluoridric acid solutions and their mechanical fragility [34,63].

New techniques for measuring pH include optical fiber-based pH sensor [34,64].
mass-sensitive pH sensor [65], Conducting polymer pH sensors [32,33], Nano-
constructed cantilever-based pH sensor [66], ion-sensitive field effect transistors
(ISFET) -based pH sensor [67], pH-image sensor [68,69], and metal oxide pH sensor
[70].

2.9 Iridium oxide pH sensor

The past decades, IrQy became a superior material for reference electrode [71,72]

and pH measurements in various fields such as biological media [73.74], tood-
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industry {73]. nuclear field [76.77]. and oil and gas industry [29.78,79]. [ridium oxide
can provide a rapid and stable response in different media because of its high
conductivity and low temperature coefficient. Potentiometric response of the Iridium
to pH is a function of transition effect between two states Ir(l1l) and Ir(IV) oxide,

which can be shown as follows [80]:
Ir'oxide + gH™ + ne” % Ir(I1Doxide + rH>0 (2-2)

In 1996. Roc ¢f af. [81] measured dissolved oxygen. pH. and ion currents on steel
corroded surface using three closely spaced microelectrodes. They proposed a real

time mapping of the pH distribution on the steel corroded surface.

Two properties of biocompatibility and corrosion resistance of iridium oxide
electrodes are noticeable [67]. This fact made iridium oxide electrodes as a potential
candidate for nicrobial induced corrosion investigation. A crystal structure of

stoichiometric iridium oxide is shown in Figure 2.6,

[
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Figure 2.6: Crystal structure of IrO»[75}].

The difference between IrQ, pH sensor and traditional glass pH sensor is related
to their mechanism for pH measuring. Glass pH electrode depends on solution-phase
activities of the relevant electrode whereas TrQy is dependent on H™ activity and
oxidation state of IrOx. The proposed reaction at the anhydrous 1rOy electrode shown
as {82]:

21rQ;+2H +2e 551,05+ H,0 (2-3)
And for a hydrous IrO, electrode as follows reaction:
2[IrO5(OH),*2H, 01" +3H +2¢” 5 [I03(0OH)3+3H,07 +3H,0 (2-4)

Hence the Nernstian response slopes for electrodes prepared by different methods
can range between 59 and 88.5 mV/pH. Moreover, proposed Nernst equations are as

follows:
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E=FE"23RT/2F log [IrO:41rO, F[H'} (2-5)
And

E=E"-2 3R1/2F log[Ir;O:)/[1rO- ) [H') (2-6)

It is proposed that any variation in the I ratio. IrO, electrode preparation.
IrO, electrode's age. and deliberate exposure to redox agents such as Fe(CN), ™ have
been shown to affect the ptl response [82.83]. Another model for hydrous and
anhyvdrous iridium oxide was proposed by Burke e¢f ¢f. [84] as shown in Figure 2.7
and 2.8 which discussed this high response in terms of the acid base properties of the

films.

Ir>0:-H>O «IrO-2H - 2e-

H:0 2H =2

Anhydrous Indium Oxide Film

Substrate

Figure 2.7: The proposed reaction at the anhydrous IrO, electrode
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(o3t



Hydrous Iridium oxide film

Substrate

Figure 2.8: The proposed reaction at the hydrous IrOy electrode

The schematic structure of a hydrated iridium oxide is shown in Figure 2.9.
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Figure2.9: The schematic structure of hydrous IrQy electrode

IrQ; films always are a combination of hydrous and anhydrous iridium oxides, in
a ratio that significantly depends on the nature of the iridium oxides. Even a thermally

prepared IrQO, film will contain some hydrated material caused by surface hydrolysis.
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AIROFs. eventhough intenselv hydrated, have a thin anhydrous oxide layer at the

interface between the hydrated oxide and the parent metal [85].

Cathodic storage charge capacities (CSC¢) of the test samples will be calculated
by integrating the cathodic area i cyclic voltammograms. The CSC¢ data generally
be used in the characterization of neural stimulation electrodes [32.33.65]. although in
some research work CSC¢ calculated like this is approximately equal to the amount
of Ir*' on the substrate in thin electrodeposited layers. The calculated area above-

mentioned is presented by the CV of an EIROF on Au in Figure 2.10 [66].
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Figure 2.10: CV of iridium oxide in PBS at 30 mV/s showing the area used to

calculate the CSC of the film [66].



2.9.1 Iridium oxide pH sensor fabrication method

It is clear that preparation methods play the main role in the pH response of the
iridium oxide-based electrodes. Anhydrous iridium oxides were achieved by thermal
oxidation or sputtering methods, which showed a pH response of 59 mV/pH, whereas
iridium oxides fabricated by electrochemical technique are predominantly hydrated
iridium oxides such as Ir0Q,+4H;0, Ir(OH)4*2H,0O, which present a super-Nernstian
response 90 mV/pH unit [86].

2.9.1.1 Sol-gel processes

Sol-gel method was used for a fabricated IrO; pH sensor on a flexible substrate
{87.88]. Three different groups of pH sensors fabricated by the sol-gel process
indicated similar near super-Nernstian response, good reversibility, and similar
response times, which show better reproducibility and repeatability in this fabrication

technique.

The sol-gel technique is well-known as a cheap method for advance material
fabrication. Da Silva er al. [62] used a polymeric precursor approach to fabricate a
low-cost pH sensor with substitution of IrOy by TiO,. The best result was related to 70

% (Ir0)-30% (TiO,).

The challenge in sol-gel method is related to the drying process, which led to
creating cracks in iridium oxide film due to its dehydration. This phenomenon can be

decreased by using proper additives.

2.9.1.2 Electrochemical or thermal oxidation of iridium and iridium salts

Song et al. [67] fabricated an Ir/IrO; pH sensor by using the potentiodynamically

cycling method on an Ir electrode in 0.5 M H,804 aqueous solution at a 50 mV/s scan

28



rate with different exposurc time ( 2. 4. 8. and 24 hr). According to Figure 2,11, they
found that pH sensor tabricated by 2-hr and 4-hr treatment showed a more drift than

those fabricated by 8-hr and 24-hr treatment.

Song ef af. mvestigated the effect of bisulfite and thiosulfate 10ns on the Ir/1IrQs
pH sensor. The calibration of pH sensor significantly changed when exposed in

solution test containing atorementioned ions.

The thermal oxidation irdium oxide film (TOIROT) proposes the possibility of
optimizing electrodes for both charge injection and mechanical properties. The
technology utilizes the high charge capacity of TOIROF without the expense of pure
Iv metal or difficulty n forming pure Ir into shapes required for stimulation
clectrodes. Applications requiring clectrodes and leads with high mechanical and
flexural strength,  such as inframuscular  stimulation, need not be restricted to
using large surface area electrodes because of the poor charge of the metal. However.

formation of TIROF requires high temperatures of at least 400-500 °C | 89].



Current
1

0 Potential, Vs 1

Figure2.11: Stacked voltammograms of iridium oxide potentiodynamically cycled
between —0.25 Vo and 1.27 Ve at 50 mV/s for 2, 4. 8, and 24 hr in deaerated 0.5
M H>S0: aqueous solution [67].

2.9.1.3 Sputtering

Sputtering method was used in most IrQ; film fabrication for neural stimulation
clectrods [65,68-70]. Kreider [77] in 1991 used sputtered iridium oxide as pH-sensing
electrodes in high-temperature high-pressure saline solutions. Sputtered iridium oxide
films were fabricated in mixed Argon and Oxygen environment in a 1: I ratio at a total
pressure of ~0.40 Pa. The thickness of 0.5-0.7 pum thick depositions was made
primarily on alumina circuit board at 30-40 °C and at 240 °C. He found that with
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increasing exposure time in saline solutions. pll sensitivity decreased at high
temperature. The main disadvantage of sputtering method is the cost of its target

material.

2.9 1.4 Anodic or cathodic electrodeposition

Yamanaka {90] proposed electrodeposition of iridium oxide for the first time for
fabrication of display device. His suggested solution was based on a complex of IrCly
and oxalate component. After that a lot of rescarcher improved this solution or used it

as described by Yamanaka [33.91-93].

Ryvnanen et ¢/ for first time used atomic laver deposition (ALD) for iridium
oxide (IrQy)} fabrication as the pH sensitive layer with an average sensitivity of’ -67
mV/pH at 22 °C. They could coat 110 nm IrQ, layer on a glass substrate consists of
300 nm thick titanium electrodes. Their pH sensor was able to detect pH tn a range

trom pH 4 to pH 10 [94].

Various metals have been used as substrate {or [rO> coating such as Au. Pt. Ir.
Ptr, stamless steel,  tin-doped indium oxide (ITO) [90,95.96]. Marzouk [8] in a
valuable work investigated various substrate pure metals such as Au. Ag. Ti. Cu. Ni,
W. Zr, and Co and some alloys such as nickel-chrome. Hastelloy and stainless steel.
The blue layer of deposit. proper adhesion of deposit to surface, and stability of the
cyclic voltammogram were the most important factor for substrates comparing.
Mayorga er al. [63.96] described a simple pH sensor fabrication through IrO»
electrodeposition on stainless steel substrate. The tabricated sensor had fast response
time and good repeatability.

Most of researchers followed original Yamanaka solution [90], although some
others attempted the meodification of his solution [97.98]. Marzouk approved that

using (NHy)2|IrCls] instead of IrCl; was wrong since the solution did not develop to
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dark greenish-blue color for up to 7 days at room temperature [8]. Marzouk was
successful to reduce the development time of solution from 3 days to 10 minutes by
heating the solution to 90 °C. Petit et al. [97] replaced IrCly with K;IrCls. The
required time for solution development was 4 days at 35 °C. This solution did not
offer any highlighted merit. Lu er al. {33] attempted to use HaIrCle.6H,O for
electrodeposition solution. Their solution was developed from light yellow to dark

blue after 5 days.

Table 2.1: Application and characterization of IrO, electrodes fabricated by

electrodeposition technique{7].

r Substrate Precursor Oxide Sensitivity Application References
materials thickness | (Nernstian
behavior
mV/pH)
Platinum wire 70.2 [nterfacial pH (98]
measurement
|_Xu. Pt, Ir, Ptlr. IrCl,, oxalic 100 nm Neural stimulation and 195]
and acid,and |} cemmeeeeo recording
3161.VM K,CO,
stainless steel
wires
Tin-doped IrCly, oxalic | —emmeeme [ oo Electrochromic display [90]
indium oxide acid. and devices
(Iro) K.CO,
Platinum [rCly. oxalic | weemer—s -68 to -77 Glucose sensor [71]
acid, and
K.CO,
Au. Ag. Ti. Cu, IrCl,. oxalic | -mm-memee -73 pH measurement [8,99]
Ni, W, Zr. Co. acid. and as a detector in a flow
nickel-chrome. K.CO, injection analysis (FIA)
Hastelloy and svstem
stainless steel
Platinum L ErCle 61,0, | wmmeeee- | 7551 pH measurement as a 133]
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Nguyen ef al [100] observed a 12 mV/pH as drift of sensitivity after 8 days
sensitivity test repeating. They explained that this change in sensitivity is due to
dehydration phenomenon of hydrated iridium oxide. which can be minimized by

keeping IrO> pH sensor in phosphate buffered saline (PBS) solution.



Wipf et al. [30] produced a pH microelectrode via electrodeposition of IrQ; on
carbon fiber. They used this pH sensor in development of the scanning
electrochemical microscope (SECM). The fabricated pH sensor was able to measure

pH near a surface.

As Lu ef al. [33] reported there is an optimum thickness for 1rO, electrodeposited
coating. Coating electrochemical performance increase when its CSCc and thickness
increase, but when CSCc approach to ~45mC/em? delamination of IrQ; coating was
detected. Their demonstarated iridium oxide electrode showed a pH sensitivity -75.51
mV/pH in broad pH range of 1-13. More research works are presented in Table 1 with

electrode application and other characterization.

Elsen et al. [102] in a valuable work compared four methods for electrodeposition
of I[rOx which involved a constant current, single potential pulse, alternating potential
pulse, or cyclic potential protocol. The maximum rate of pH response for sensors of
the same thickness was found to be at least somewhat smaller for the sensors
produced by the pulsed potential and cyclic potential methods relative to those
produced by the other two methods examined in their project. However, because of
the uniformity of the sensing layers produced by the pulsed potential and cyclic
potential methods, the thickness necessary for stable sensor function was smalier.
They postulated that this can be explained by a relatively smaller porosity of those
films. Consistently with this postulate, the sensors produced by the pulsed potential
and cyclic potential methods were also found to exhibit smaller intrinsic capacitance

relative to those produced by the other two methods.

Based on their finding, cyclic voltammetry was chosen as electrodeposition

method for our project.
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2.9.1.3 Other methods

A surface renewable IrQ. pH sensor or hydrogen ion-selective electrode can be
made by using composite electrode technique. Quan ¢r «@f. [86] used carbon black,
polyvinyl chloride and ammonium hexachloroiridate to fabricate an Ir(), based
composite electrode. Increasing Ir(); content up to 40 wi% showed an increasing on
the pH response. They also investigated the effect of different ions on pH electrode
cfficiency that resulted Fe(CN)f,?" . Fe((‘N)(,“l", I". and H>0, attected by electrode

result. Similar resuits for IrOs» pll sensor were also reported in other research [31 ].

Park et «l. |103,104] fabricated an iridium oxide-glass composite electrode by
mixing ammonium hexachloroiridate and glass powder. pressing. and sintering under
oxygen atmosphere. The mention electrode was renewable by using 2000 grit SiC
emery paper whenever it becomes fouled or deactivated. They observed many
microscopic voids in the electrode surface after sintering at high temperature. pH
response in these electrodes was dependent on the size and population of voids.

Surface voids can be reduced by hot press sintering technique.

2.9.2 Applications of IrQ; electrode

2.9.2.1 Biomedical and Biological applications

Marzouk er «f. [105] in 2002 measured extracellular pH in ischemic rabbit
papillary muscic for the first time. They used a pH sensor based on an IrOQ> film
electrodeposited on a planar sputtered platinum electrode fabricated on a flexible

kapton substrate.



Fast response time of pH sensor is very important for biological application.
Iridium oxide pH microsensors were used o measure the acidification rate of CHO
and fibroblast cells in a cell culture with microfluidic control [93]. This approach can
also be used in bioanalytical filed or biosensor {93,101]. lridium oxide sensors are
widely used in neural stimulation and recording electrodes regarding to their low

impedance, high charge storage capacity {95].

Iridium oxide based pH sensor is a reliable and robust approach for biological
application. O’Hare ef al. [74] investigated application of IrO; electrode fabricated by
thermal oxidation and anodization as a pH sensor in the cuitured intervertebral disc.
Their electrodes were found to be unstable in physiological media and dissolution of
the hydrated oxide film happened in higher concentrations of chloride. They reduced
the effect of chloride by using thermally annealed Nafion films. Although Nafion film
caused an increase in response time, it could protect iridium oxide film against the

aggressive nature of biological media [93,99].

2.9.2.2 Industrial applications

Zhang et al. [98,106] used IrO, pH sensor for measuring pH in electrode/solution
interface in electrodeposition process. They found that by increasing the applied
potential, interfacial pH increased. Marzouk [8] fabricated a tubular IrO, pH sensor

for using in a flow injection analysis (FIA) system as a detector.

The pH of a solution is one of the most important parameters used for
characterizing an electrolyte during corrosion processes [29,75,78]. For this purpose,
some researcher used iridium oxide microelectrode to study the effect of local pH

near the surface on corrosion on steel surfaces [79.107].
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2.10 Design of Experiments

Sir Ronald Fisher -father of modern experimental design- developed the
fundamental concepts of Design of Experiments (DOE) in England through the 1920s
| FO8]. The aim of DOE is usually to demonstrate the statistical significance of factors
eftect on the dependent variable: and determining the optimum settings the various

factors affect the fabrication procedure [109].

In DOE we need a statistics-based approach to designed experiments,
[xperimental techniques are growing to optimize production process. Major
approaches that are usually utilized in industrial experimentation are: factorial design,
taguchi method. and response surtace design and special procedures for creating

experiments in controlled experimental regions.

2.10.1 Response Surface Methodology

Optimization techniques such as Response Surface Methodology (RSM) can be
used considering that various parameters affect the gquality of electrodeposition.
[nitially. RSM was proposed to model experimental responses and then migrated into

the modelling of numerical experiments {110].

The most important applications of RSM are in the particular situations where
several input variables potentially influence some performance measure or quality
characteristic of the process. Thus performance measure or quality characteristic is
called the response. The input variables are sometimes called independent variables,
and they are subject to the control of the scientist or engineer. The field of response
surface methodology consists of the experimental strategy for exploring the space of
the process or independent variables. empirical statistical modeling to develop an

appropriate approximating relationship between the vield and the process variables,
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and optimization methods for finding the values of the process variables that reduce

desirable values of the response {111].

RSM has recently been applied to optimize electrodeposition involving various
alloys [11,112,113]. However, no statistical studies have been reported on the
fabrication of an IrOy pH sensor by electrodeposition. The use of RSM in statistical
analysis elucidates the aforementioned process. RSM also decreases the number of
required experimental runs to create statistically valid results {1097 and saves time and
resources. The first step in RSM involves the Design of Experiments (DOE), which
determines the number of experiments that provide reliable and acceptable
measurements of the chosen response. Central Composite Design (CCD) can be
employed by RSM as an experimental design to fit a model by the least-squares
technique [114]. CCD requires a minimum number of experiments as the standard 2n
factorial with its origin at the center and 2n axial points fixed axially at a distance, say
a, from the center and replicate experiments at the center [115]. RSM helps
investigate the effects of interactions among independent variables on a selected

response.

2.10.2 Central Composite Design

Central Composite Design (CCD) is popular technique among researchers to
examine the effect of variables. CCD allowed us to demonstrate which variables
considerably affect every response and optimize the value of variables that were
created significant [114]. CCD with three experimental factors employed sixteen
experiments. These experiments have eight runs at two level, six star points and two

center points to permit estimation of error and supply a check on linearity.
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2.10.3 Analysis of Variance

Analysis of Variance (ANOVA) is a more effective method to survey the result
more significantly. ANOVA studies all means and models them together. Principally.
it is an easy mathematical method of classification the mechanism of ditference in a
known set of data and given test of significance [ 116]. The two principals complicated
are partition of sums of the squares and estimating the variance of population by

various techniques and evaluating these estimates.

The result of modeling and analysis of designed experiment data can be
demonstrated in table recognized as the ANOVAL The table will show the relationship
between the predicted data and observed data. ANOVA table also display the

calculation on sum of square that provides the output for ANOVA J117].
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CHAPTER 3

METHODOLOGY AND CHARACTERIZATION TOOLS

3.1 Methodology Overview

This chapter describes methods which are used for the fabrication and
characterization of IrQ, pH sensor. The application of ftabricated pH sensor for
surface pH measurement without and under deposit will be mentioned. In order to
fabricate an IrOx pH sensor, electrodeposition method was used. The fabricated pH
sensor was then used in electrochemical system to investigate and monitor pH in
metal surface and under artificial deposit layer. Electrochemical experiments were
conducted in pH sensor fabrication phase to investigate characterization of IrO,
coating versus various fabrication variable factors. Electrochemical experiments were
used in next step to monitor corrosion of carbon steel by using fabricated pH sensor.
The electrochemical techniques used were cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), linear polarization resistance (LPR) and open circute
potential (OCP). Surface characterization analyses were performed to investigate the

film morphology formed from corrosion process by using FESEM, EDAX and AFM.

3.2 Design of experiments, analysis, and model fitting

This study aims to define the functional relationship among scan rate,
temperature, number of cycles, pH sensitivity, and 1rOyx coating thickness by RSM
with CCD. Design-Expert version 6.0.6 (Stat-Ease, Inc., USA) was used to generate
the regression model as well as perform statistical and data analyses. The variables in

this study included three numerical f actors: scan rate (X1), temperature (X2), and
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number of cyeles (X3). The three independent variables and experimental design
levels are shown in Table 3.1. Twenty experimental runs were determined from CCD.
including cight factorial points, six axial points. and six center points. The axial
distance («) from the center point was set at 0.5 in coded units. Table 3.2 indicates the
complete design matrix of the applied experiments and actual responses in this study.
‘The two-factor interaction model (2FI) to predict the optimal point can be written as

folows:
Y =vyo + X VX + Nicivi XX + € (3-1)

where Y represents the response (pH sensitivity and IrOx coating thickness). and
v(). yi. denote the constant coefticient and the first linear coefficient. respectively. yij
is the linear model coefficient. Xi and Xj are the coded independent variables. and € is
the standard error. Statistical “p™ values less than 0.0500 were used to indicate the

significant factors of the model.

Table 3.1: Codified and normal values of the experimental design levels

| Parameters | Levels

_ L1 05 0 05 | v
. Scan Rate (mV’s) S50 1 875 125 162.5 200
| A | | ]
| Temperature (°C):B| 25 | 35 | 45 | 55 65
| C C 1000 ) 2000 1 300 | 400 | 500
L . . L —_

Cycles (eyele)
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Table 3.2: Experimental design and actual response of the thickness and pH

sensitivity of pH electrode.

Variables in coded

Design | Point | levels

points | type
A:Scan | B:T | C:Cycle
Rate (°C) | (cycle)
(mV/s)

1 Center | 0 0 0

2 Center | 0 0 0

3 Center | 0 0 0

4 Center | O 0 0

5 Center | 0 0 0

6 Center | 0 0 0

7 Axial | 0 -0.5 |0

8 Axial | 0 05 10

9 Axial | 0 0 -0.5

10 Axial |0 0 0.5

11 Axial | 0.5 0 0

12 Axial | -0.5 0 0

Ll_’i Fact -1 -1 1

14 Fact -1 1 1

15 Fact 1 1 1

16 Fact -1 1 N -1

17  Fact 1 1 -1

18 Fact 1 -1 |1

i9 Fact -1 -1 -1

20 Fact 1 [ -1 -1

3.3 Design and Fabrication of pH Senosr

3.3.1 Chemicals and Materials

For fabrication of iridium oxide pH sensor following material were used:
Iridium(1V) chloride hydrate (IrCl;.xH,0) (Catalogue no. 516996); 30% hydrogen
peroxide (Catalogue no. 216763); oxalic acid (Catalogue no. 75699);, potassium
carbonate K>CQO; (Catalogue no. P5833); stainless steel rods, 2.4 mm diameter; and

standard pH solution buffer (4, 7. and 9) were used in this study. All chemicals were
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analytical reagent grade and purchased from sigma-Aldrich. USA. Distilled water was
used for preparing all solution. A commercial glass pH probe was used In

electrochemical experiment and for calibration of IrO; pH sensor.

3.3.2 Preparation of Electrodeposition Solution

The electrodeposition solution was prepared by mixing 150 mg of IrCL.xH>() in
100 mL of distilied water in a 200-mL glass beaker, and followed by stirring tor 10
minutes for complete mixing. Then 360 mg oxalic acid was added to the solution and
then stirred for another 10 minutes.Oxalic acid acts as the complex-forming agent to
prevent precipitation in alkaline solutions. A {-ml. of 30% hydrogen peroxide was
added. and then solution was left for 15 minutes stirring. The pH of the solution was
increased slowly to pH 10.5 by adding anhydrous potassium carbonate [15]. Addition
of hydrogen peroxide to the iridium tetrachloride solution before adding K-CO3; made
the electrodeposited film smooth and lustrous. It also made it possibie to deposit oxide
films at lower current densitics [118]. A hght green solution was obtained. The
solution was allowed to age for two days in an air-conditioned laboratory to achieve a
dark blue stable solution. The iridium in iridium tetrachloride has the oxidation state 4
as 1s shown 1n Figure 3.1.The schematic of the clectrodeposition solution preparation

1s shown in Figure 3.2.

Figure 3.1: Four indium oxidation state in iridium tetrachforide



hydrogen peroxide
IrCi,. aH,0 = Oxalic acid+K,CO;

Ag/AgCl, reference electrode

tainless steel, working electrode

Pt mesh, counter electrode

Figure 3.2:Solution preparation and electrodeposition setup

3.3.3 Preparation of IrOx electrode for electrochemical experiments

Twenty sample of stainless steel rod with diameter of 2 mm and long of 20 mm
were used as substrates for electrodeposition of IrQx according to experimental design
by DOE software. Electrodes were first polished with sandpaper and alumina dust to
achieve a surface with 0.5 pm roughness. The electrodes were then ultrasonically
cleaned with acetone and deionized water. For all electrochemical experiments, a
three-electrode glass cell was used with a platinum mesh counter electrode and an
Ag/AgCl (3M KCl) reference electrode for electrodeposition in CV, as shown in
Figure 3.2. Schematic of fabricated samples is shown in Figure 3.3. A high-
performance potentiostat/galvanostat (Autolab/PGSTATI28N) as shown in Figure 3.4
was used for electrodeposition and electrochemical experiments. CV as shown in
Figure 3.5 was applied for electrodeposition in a potential range of -0.5 V to 0.65 V
versus Ag/AgCl (3M KCI) at various scan rates, temperatures, and cycles, as

indicated in Table 3.1. A mesh Pt electrode was employed as counter electrode
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l cm

Figure 3.3: IrQy electrodeposited on stainless steel substrate for electrochemical

investigations.

Figure3.4: A high-performance potentiostat/galvanostat (Autolab/PGSTATI128N. the
Netherlands) used for pH sensor tabrication. calibration and all etectrochemical

investigations.
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Figure3.5: Schematic diagram of an electrodeposition setup: (1) Pt mesh counter

electrode, (2) stainless steel (working electrode). (3) Ag/AgCl (3M KCI) reference

electrode.

3.3.4 Preparation of IrOx pH sensor for surface pH measurements

Three stainless steel rod (2 mm in diameter and 20 mm long) were used as
substrates for electrodeposition of IrOx. Electrodes were connected to a copper wire,
and then covered in Teflon tube to insulate all area except a circular exposed area of
3.14 mm? for electrodeposition. These electrodes embedded in a carbon steel sample
which will play role of working electrode later. All assembled parts that is shown in
Figure 3.6 are polished by using sandpaper of different grit sizes, diamond paste and
alumina powder to achieve a surface roughness of 0.5 pm. The electrodes were then
rinsed and ultrasonically cleaned in acetone and deionized water. Electrodeposition of

IrOy on stainless steel substrates was done as described in section 3.3.3.
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Ir(: coated stamless steel (pH sensor)

P1FE msulator

Carbon steel (Working electrode)

-~ Polymeric resm

l _ Copper wire
5 mm

Figure 3.6: Schematic Design of pH probe for surface pH measurement of corroding

carbon steel

3.3.5 Preparation of IrOx pH sensor for under deposit pH measurement

Fabrication of IrOx pH sensor for under deposit pH measurement was same as
mentioned in section 3.3.3 and 3.3.4. except one extra copper wire was connected to
carbon steel for doing LPR test simultaneously with pH measurement. Also a cap and
tube were used for holding deposit as shown in Figure 3.7. A tube as is shown in this
figure filled with Smm deposit (Agar). The assembled probe was exposed to CO»

containing 3% NaCl solution.
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‘Cap mesh ended

Tube for deposite holding
_— Carbon Steel (working Electrode)

o Sensor-working electrode insulator
=_"._ 1Oz coated stainless steel (pH sensor)
- Copper wire connected to pH sensor

" Copper wire connected to working elecrode

Figure3.7: Schematic Design of pH measurement probe for monitoring of pH and

corrosion under deposit (Agar).

3.4 Research Test matrix of pH sensor application

The working electrode of this study was prepared from commercial X52 carbon
steel. The chemical composition of X52 is shown in Table 3.2. A test matrix shown in
Table 3.1 was design for conducting corrosion monitoring by surface pH
measurement of working elecirode. An SEM image of polished X52 carbon steel

before testing is shown in Figure 3.8.

All experiments were conducted in the glass cell equipped with Ag/AgCl (3M

KCl) reference elecirode and stainless steel as a counter clectrode.

LPR and OCP techniques were used simultaneously for measuring of corrosion

rate and pH, respectively.
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Table 3.4: Test matrix for surface pH measurement and under deposit pH

measurement

Steel type - X352 |
!; Solution 13 wt% NaCl

1)  125.50.80 T - B
TDe-oxygenat'ion gas - co.
;Pco?.(bar) P

!L"‘I'eclmiqhe - rProOCP
Lﬂinc(hou;s) - 7;‘54"77 -
IEH___i - Tae i o j
)Teﬁ'sit"_ - Agar - J
E)eposit thickness (miﬁ)_ﬁ-_ l S ] R J
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Figure 3.8: SEM image of polished X52 carbon steel before testing

A 1 liter 3 wt% NaCl solution was prepared in the glass cell by mixing 30 gr NaCl
in 1 liter distilled water. Prior to samples immersing, the solution was purged with 1
bar CO; gas for two hours. After the solution was deoxygenated, the pH was recorded
by using a glass pH sensor. It was 4 to 4.3 during experimental. After that, the
working electrode is put into test solution. CO, gas purging was continued till end of
experiment. The pH measurement was done by means of OCP method contributed
with an Ag/AgCl reference electrode. Also, the corrosion rate measurements were
taken for samples under Agar deposit. All experiments were conducted for 24 hours.
All working electrodes and stainless steel substrates were ground with silicon carbide
paper grid #240 to #600, and 0.5 pm diamond pastes and rinsed with alcohol before

electrodeposition and pH measurement experiment.
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3.5 Electrochemical investigation

Electrical circuits and commercial instrumentation have been employed to
measure electrode properties  very effectively. This section describes the

electrochemical cells and measurement equipment that were used in the thesis.

3.5.1 Linear polarization resistance (LPR)

LPR technique 1s used to monitor the corrosion rate sweeping from -10 mV to +
10 mV with the sweep rate 10 mV/ min. Thismethod is based on ASTM standard G
102-89 [119]. The equations used to calculate the corrosion rate using PR are shown
in Equation 3.1 - 3.3 whereby polarization resistance (Rp) is given by Stern and

Geary equation [120]:

ppo B _AE
Feum Al (3.1)
Where,
_ i hubz
2.303(b, +b.) (3.2)

The corrosion current can be refated directly to the corrosion rate from Faraday's law:

_ , 315xZxi .
CR(mm/ vear) = —————=<2
pxnx F (3.3)
Where,
(R = Corrosion rate {mm/year)
. o . . 444
i .. = Corrosion current densitv. —--

cm



0 = Density of iron. 7.8 g/cm3

F = Faraday’s constant, 96.500 C/mole

Z = Atomic weight {g/mol)

n = Number of electron

b,.b. = The slopes of the logarithmic local anodic and cathodic polarization

curves respectively.

R, = Resistance polarization (ohm)

3.5.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was conducted measuring the
electrical impedance and phase angle obtained with sinusoidal voltage or current

excitation of the electrode. The measurement can be done over a broad frequency

range, typically 0.01Hz to 105 Hz, and the magnitude of the excitationis sufticiently
small that a linear current-voltage response is obtained at each frequency. For
voltage excitation, theroot-mean-square magnitude of the excitation sourceis
typically 10 mV, and generally not more than 50 mV. EIS spectra are probably most

valuable in assessing the recording capabilities of micro electrodes.

An Autolab/PGSTATI128N potentiostat was used for EIS measurment. The
frequency used for the impedance measurements ranged from 0.01 Hz to 10 kHz. A

software, NOV A-1.8, was used for the EIS measurements and curve fitting analysis.

3.5.3 Open Circuit Potential (OCP)

IrOx pH sensor works as potentiometric sensor. For this purpose, potential
changes between pH sensor and a reference electrode should be measured. Open

Circuit Potential (OCP) is a technique which measure potential of working electrode

52



regarding to reference electrode when no potential or current is being applied to the

cell. OCP were conducted using an Autolab/PGSTATI128N potentiostat.

3.5.4 Cyclic Voltammetry (CV)

Cyclic  voltammetry (CV) is one of the key techniques of modern
clectrochemistry. Almost every electrochemical investigation begins with a number of
voltammograms. Under the right conditions, cvclic voltamrnetry can be used In
quantitative investigations ol equilibrium potentials, reaction rates. and absorption
processes. Often. however, cyclic voltammetryis used qualitatively to get a general
idea of what reactions and electrode processes areoccurring in an electrochemical

system. Cychie voltammetry has a number of other uses.

One is to measure the effective charge storage and charge transfer capabilities of
an clectrode. Another is to deposit materials onto an electrode surface and
characterize the extentof such deposition. Repeated CV testing can also be used as a

simple means of checkingelectrode stability.

Cyclic Voltammetry (CV) is the most widely method used for investigation of
electrochemical reactions. CV at slow scan rate (50 mV/s) gives qualitative
information about oxidation and reduction reaction of microelectrode. CV was done
for all fabricated pH sensor in a pH 7 universal buffer solution at a scan rate of 50
mV/s. The potential range of CV was -0.6 V 10 0.8 V (vs. Ag/Ag(Cl) to prevent 1rO>

destruction at higher potentials.

3.6 Surface Morphology Characterization

Morphology of ¢lectrodeposited iridium oxide on stainless steel substrate and
corroded carbon steel samples were investigated by using Field Emission Scanning
Electron Microscope (FESEM). Energy Dispersive X-rays spectroscopy (EDX),
Atomic Force Microscopy (AFM). and X-rays diffraction (XRD).

n
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3.6.1 Field Emission Scanning Electron Microscope (FESEM)

Iridium oxide surfaces and cross-sections were characterized by Field-Emission
Scanning Electron Microscope (FESEM) (Model: SUPRA 55VP from Carl Zeiss AG,
Germany) with an accelerating voltage 0.2-30.0 kV. For surface SEM imaging, no
gold/carbon coating was applied.Samples were fixed to a microscope stage with
double sided adhesive and partiallypainted with conductive silver paint to avoid using

the gold coating. FESEM used in our work is shown in Figure3.9.

- SUPRA S5VP

Figure 3.9: Field Emission Scanning electron microscopy (FESEM) system
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3.6.2 Energy Dispersive X-rays Analysis (EDX)
Energy Dispersive X-Ray Spectroscopy (E:DS) (Model: SUPRA 55VP from Carl
Zeiss AG, Germany) is used in conjunction with Scanning Electron Microscopy

(SEM).

3.6.3 Atomic force microscopy (AFM)

A 3D investigation of IrOyx film morphology was done by Atomic force
microscopy (AI'M) [Universal Scanning Probe Microscope (USPM). Model: Nano

Navi (E-Sweep)|.Figure3.10 showsa schematic diagram of the AFM operation.

Atomic force microscopy is a three dimensional imaging technique determining
the topography of the measured sample with a very high resolution. The AFM works
by detection of atomic forces acting between the sample and a cantilever with a sharp

tip as it moves across the sample surface| 1211,

AFM controller

Laser diode

|
]
i ]
) I
= '
= <> o
o ] i
s X-Y piezo} ! :

- driver] Computer interface
) i
1
. Z ]
Photodiode '
detector =0 0~NO | Ber---u-- 4

iigure 3.10: A schematic diagram of the AFM operation [121].
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3.6.4 X-rays diffraction (XRD)

X-rays diffraction (XRD) (Model: Bruker AXS D8 Advance X-ray powder
Diffractometer) was employed for crystalline investigation of IrOx electrodeposited

on stainless steel.

3.6.5 Infinite Focus Microscope (IFM)

Thickness of IrOx films were measured by Infinite Focus Microscope (IFM). The
IFM is a rapid non-contact optical 3D measurement device, which combines the low
depth of field of an optical microscope with vertical scanning, traversing across the
surface of the sample, 1o provide high resolution and high depth of field topographical

images with a large field of view. An IFM is shown in Figure3.11.

Figure 3.11: Infinite Focus Microscope (IFM) system
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3.6.6 Transmission electron microscopy

Transmission electron microscope (TEM) is a powerful tool for investigation of
the atomic structure of <100 nm thick samples. Micrographs in TEM are produced by
the transmitted primary beam electrons while in SEM need to scan the electron beam.
A TEM (model LIBRA 200FE, Carl Zeiss, Germany) with acceleration voltage of 200
kV was used to obtain visual images of samples of [rOx powder deposited onto

carbon covered copper grids to determine grain size and crystallinity.

Figure 3.12: Transmission ¢lectron microscope

3.6.7 Fourier Transform Infrared Analysis

Fourier Transtorm Infrared Analysis (FTIR) ofters detailed information on the bond
structures within compounds. FTIR depends upon the absorption of infra-red radiation
arising from the vibrational and rotational characteristics of dipolar chemical
compounds. The arrangement and strength of chemical bonds within a molecule have
a direct effect on the characteristic modes of vibration and vibrational bond

frequencies of a molecule. resulting in the formation of a serics of characteristic mid-



infrared absorption bands (4000-400cm™) which can be used to characterise and

quantify individual compounds.

Figure 3.13: Fourier Transtorm Infrared Spectrometer
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Chapter Overview

This chapter presents the most signiticant results in the design, fabrication and

employment ot iridium oxide pH sensor for pH measurement in CO> corrosion.

This chapter 1s divided into four parts. The first part of this chapter will show
electrodeposition of indium oxide on stainless stecl which is one ot the contributions
of this studv and then in the second part. the clectrodeposition factors will be
investigated by a statistical tool. In the third part. a novel design of pH probe will be
proposed and its using result of measuring pH of carbon stee! corroding surface will
be presented. In the last part, fabricated pH probe will be customized to monitor pH

under deposit for reai-time monitoring of corrosion process.

4.2 Electrodeposition of Iridium Oxide on Stainless Steel

4.2.1 Preparation of the Deposition Solution

The deposition solution was aged for two days to an IrOx complex be created.
UV—vis spectrophotometry was used for testing solution. The result is summarized in
Figure 4.1. The of UV-vis spectrophotometry just was recorded afier 400 nm

wavelength since we expect a spectrum around 550 nm as mentioned in literature



The result of UV-vis spectrophotometry showed the absorption at 580 nm

indicates the formation of multinuclear iridium complexes as was reported in

literature [33,122]. The solution was allowed to age for two days in an air-conditioned

laboratory to achieve a dark blue stable solution as can be seen in Figure 4.1.

The anodic electrodeposition process can be described by the following equation

[33.90]:
r(OH)4C,041% S 110, + 2C0, + 2H,0 + 2e” (4—-1)
0.06 | e A€ d SOIULION
- == fresh solution
0.05 |
0.04
g8 o003 ! ~
2 - - -
g NG
< po2 ~~
D.01
o -
450 500 550 600 650 700 750
A{om)

Figure 4.1: The UV-vis spectra of fresh and aged deposition solutions

4.2.2 Fabrication of Iridium Oxide Electrode

Initially, four electrodes were fabricated to check feasibility of electrodeposition

technique and suitability of stainless steel as substrate. Method of fabrication is

mentioned in the chapter 3 and shown in Figure 4.2. Several methods of

electrodeposition were investigated and eventually cyclic voltammetry was selected
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for this thesis as a result of visual inspection of clectrodeposited IrOx film on stainless

steel substrate.

The electrochemical oxidation of iridium(III} oxide solution leads to the formation
of the insoluble hydrous iridium(IV) oxide IrO; . XH>O which has different degree of
hydration. Accordingly, in the following the iridium(IV) oxide will be named IrOx,

which 1s the term usually used in most of the works related to this oxide [123-125].

According to Table 4.1, two scan rates (50 and 200 mV/s) and two numbers of
cyeles (100 and 500 eyceles) were used in cyelic voltammetry method tor deposition of

iridium oxide layer.

Growing of indium oxide layer on stainless steel with increasing cycles from | to
500 cycles is demonstrated in Figure 4.3. A significant result can be seen from this
Figure, thickness of IrOy layer increased by increasing cvelic number. The result is
summarized in lable 4.1. All electrodeposited surfaces were blue in color and free of

crack.

The thickness of IrOx layer was measured by using IFM. As shown in Table 4.1,
cathodic charge storage capacity (CSC¢) as a representative of IrQOy thickness is a
function of cycle number and scan rate. IrOyx thickness increased with the increasing

cycle number and decreasing scan rate.

Table 4.1: Experimental design for IrOx electrodeposition on stainless steel

—

“Samp!é Scan Rate T(°C) 7 Cycle fCSC{‘(mC/cmE) Sensitivity
| code | {mV/s) L } ! (mV/pH)

a 50 25 100 2.739x 107 [ -73.84
‘b 1200 JFQS_ “Tioo [ rde2x 10t 27331 4
o 200 4,125 1500 205Tx 107 745 __—;
d | 50 |25 7_50(_) i 10.385 \TE_E "-_69.98 T
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Figure4.2: Schematic of an electrodeposition setup: (1) Pt mesh counter electrode, (2)

stainless steel (working electrode). (3) Ag/AgCl reference electrode.

4.2.3 The Cyclic Voltammetry Growing of IrOx Electrode

According to Figure 4.3, it 1s noted that with increasing cycles in the Cyclic
Voltammetry method of IrOx electrodeposition, CSC¢ of elecirodes will increase
which is a critical characteristic in some application of IrOx electrodes such as neural
recording and stimulation. The CSCc of the EIROF can be calculated using the time
integral of the cathodic current during a potential sweep between 0.80 and —0.60V
(vs. Ag/AgCl) at a scan rate of 50 mV/s (Figure 4.4). According to literature, CSCc is
directly proportional to IrOx thickness [95].
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Figure 4.3: Growth of irtdium oxide on stainless steel substrate by cyclic voltammetry

method at a scan rate of 30 mV/s.
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Figure 4.4: The arca used 1o calculate CSC¢ in EIROF electrode



4.2.4 The Sensitivity of IrOx Electrode

The open circuit potential (OCP) of all fabricated pH sensors was measured
versus three standard pH (4, 7, and 9) buffer solution. As shown in Figure 4.5, all
sensors presented a good linear relation (R*=0.99) and super-Nernstian response value
in the range of -69.9 to -74.5 mg/pH unit. The different oxidation state is the main
reason for the sensitivity deviations between sensors {87]. 1t can be concluded that
pH response increased with either decreasing electrodeposition cycles or increasing
scan rate. Sensor b had a faster response time due to its thinner IrOx layer, although it
was not very stable in pH 2 buffer solution. The sensitivity of the pH electrodes

stayed almost constant during 6—7 weeks storage time in pH 7 buffer solution.

550
-
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o
.
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- - —+—a E=72495-73.842pH
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S - ¢ E=737-745pH \
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Figure 4.5: Typical potentiometric response of the EIROF electrode to a series of
universal buffer solutions. . This response is in agreement with published reports for

iridium oxide.(Please refer to Table 4.1 for detail of a, b, ¢, and d)
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Figure 4.6: Schematic titration ot [rO, pH sensor by adding |M KOH 1o bufter

solution.
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Figure 4.7: OCP response of an EIROF prepared by cyclic voltammetry on stainless

steel in a universal buffer while it is titrated with KOH.

Titration experiment was done as shown in Figure 4.6. The result is depicted in
Figure 4.7; OCP of iridium oxide electrode was plotted versus time with titration of
100 ml universal buffer solution with IM KOH. The result shows a considerably
constant buffer capacity in the mentioned pH range. The pH values of the buffer

solution, showed in Figure 4.7, were recorded with a commercial glass electrode.

4.2.5 The Cyclic Voltammetry of IrOx Electrode

Cyclic voltammograms of bare stainless steel and EIROF electrodes were given in
Figure 4.8. The redox reactions peak of iridium oxides is indicated in CV of EIROF,
which is included in the transfer of ions through the electrode/electrolyte interface.
The CSC¢ of the IrO; coated stainless steel electrodes is very larger than the bare
stainless steel electrode. The CV result showed scan rate and number of cycles of CV
electrodeposition method have a significant effect on cyclic voltammetry

characteristics of EIROF.
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Figure 4.8: Cyclic voltammetry of bare stainless steel and EIROF electrodes in pH 7

standard bufter solution at a scan rate of 30 mV/s. (Please refer to Table 4.1 for detail

ofa. b, c.,and d)

4.2.6 The electrochemical impedances and Equivalent circuit models of IrOy

Electrode

The electrochemical impedances of bare stainless steel and EIROF electrodes in

pH 7 standard bufier solution are illustrated in Figure 4.9 and 4.11. The impedance

data are presented as a Nyquist plot (Figure 4.9) and Bode plots of log,mpedance modulus

[ 18y

versus log o ™" M (Eigyre 4.11). Equivalent circuit model of fitting EIS data

of Figure 4.9 is iliustrated in Figure 4.10. The low coating resistor of [rOx coating is

because of its high conductivity. The benefit of iridium oxide in lowering electrode

impedance 1s shown in these Figures.
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Figure 4.9: Nyquist plot of EIROF electrode on stainless steel (Please refer to Table
4.1 for detail of a, b, ¢, and d)
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Figure 4.10: Equivalent circuit models; (a) circuit model of IrOx coated stainless steel

physical properties, (b) representing an equivalent circuit model of fitting EIS data
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A constant phase clement (CPE) was selected in the equivalent circuit model
which shows a dispersive double layer capacitance. CPE is a substitute for normal
capacitor when electrode surface i1s non-homogenous. The CPE impedance 1s

represented as the following equation {9,33.,65}:

1
e Qi (-2

Where Q is a constant. i is the imaginary number. o is the angular frequency and
¢ 18 a parameter that has a value between 0 and 1. EIS result shows that increasing
cveles have more effect on lowering impedance than increasing scan rate. Electrodes
which were coated by electrodeposition at different scan rate demonstrated similar
hchavior in impedance recording. It is worthy to mention that at frequencies below

104 Hz. the impedance decreases with increasing film thickness.
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Figure 4.11: AC Impedance of bare stainless steel and EIROF electrodes as a function

of cycles and scan rate (Please refer to Table 4.1 for detail of a, b, ¢, and d).

Surface roughness is less important for electrode materials like iridium oxide that
rely on redox pseudocapacitance. The effective capacitance is determined primarily
by the number and accessibility of the redox centers, not the surface area. The
simpiest model 1s to assume that charge moves rapidly through the film and that all of
the centers are uniformly and easily available. If each electrode has the same
thickness of deposited oxide, then the capacitance should once again scale with the

geometric area.

This simple model has several important limitations. First, achieving a uniform
oxide layer with a known thickness s by no means an casy task. Oxide deposition is
almost certainly not uniform between electrodes or even across a single electrode.
Predicting the distributions would be very difficult without careful studies using an

electron microscope.
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Second, the film resistivity is significant and depends on the redox state of the oxide.
Some regions of the film will be much more accessible than others. The pattern of
accessibility will be complex and state dependent. Third. mass transport and chemical
reaction rates will play an important but difficult to model role. Despite this. it should
be possible to develop models for the redox pseudocapacitance by adapting

experimental and theoretical results from porous electrode theory {53.126.127].

4.2.7 The Surface Morphology of IrOx Electrode (SEM, EDX, AFM, TEM, and
XRD)

Figure 4.12 shows element maps and EDX analysis of EIROF electrodes. Iridium
and Oxygen elements are shown clearly in element maps figure. A table indicating the
clement value is demonstrated in this Figure which shows iridium and oxygen has

more weight percent in EIROF component.

FESEM images ot EIROT surface are shown in Figure 4.13, The cracks that are
indicated in FESEM images result from layer dehydration in the SEM vacuum
chamber |[128]. A cauliflower appearance was achicved in thicker films. More
roughness of EIROF lead to higher surface area which results in more surface

exposure 10 test environment and better response to pH changes.

A morphology feature of IrOy layer taken by atomic force microscopy is shown in
Figure 4.14. 3D image of the pH sensitive 1rQy layer shows that it was a unique and

free of crack coating.

Micrograph of TEM in Figure 4.15 clearly shows an amorphous structure of IrQy
electrodeposited on stainless steel. As mentioned before. IrQy are able to change its

nature from amorphous oxide to crystalline oxide reversibly.

Result of XRD in Figure 4.16 confirms amorphous structure of IrOx which was

detected by TEM.
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Figure 4.13: FESEM images of EIROF electrode
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Figure 4.14: AFM image of iridium oxide fabricated by CV.
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Figure 4.16: XRD result of iridium oxide electrodeposited by cyclic voltammetry

4.2.8 Stability of IrOx Electrode

Stability is onc of the essential characteristics of pH sensors. The fabricated IrOx
electrode exhibited both good mechanical stability as well as electrochemical
stability. The cyclic voltammograms of the IrOx electrode stayed almost unchanged
before and after mechanical stability tests. A small change cyclic voltammetry was

detected after ultrasonic bath, The result of ultrasonic test is depicted in Figure 4.17.
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Figure 4.17: Cyclic voltamograms of IrQy clectrode before and after ultrasonic test

4.2.9 Conclusion

Iridium oxide was clectrodeposited on a stainless steel substrate by the cyclic
voltammetry method. The effect of cycle number and scan rates on iridium oxide
characterization was investigated. A blue and homogeneous surface was observed

after electrodeposition in all cases.

All fabricated pH sensor had a super-Nernstian response value in the range ot -

69.9 10 -74.5 mV/pH unit. Thinner pH sensors showed faster pH response.

Elecirochemical results indicated iridium oxide decreased electrode impedance
which was in direct relation with its thickness. Cycle numbers have more effect on
EIROF electrode characteristics than scan rate. Low resistance of IrOyx in the

equivalent circuit models is an ¢vidence for high electrical conductivity ot EIROF.

The result of this part convinced us we need 10 pay more attention on variable
tactors such as scan rate. number of cycle and temperature which have effect on
electrodeposion of IrOyx on stainless stecl. We investigated these factors by an

statistical tool in next part.
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4.3 Statistical investigation of iridium oxide electrodeposition on stainless steel

4.3.1 Fabrication of pH electrodes

In this part, twenty IrOy electrodes were fabricated according to experimental
design proposed in Table 4.2. Method and material of fabrication these electrodes are
mentioned in section 4.2. Electrochemical, morphological, and statistical

characterization were done as discussed in follows.

4.3.2 Open-Circuit Potential Response

A typical open-circuit potential response of the electrodeposited IrOy electrodes
to the standard buffer solutions is shown in Figure 4.18. The potential response 1s
measured at three universal pH values (4, 7, and 9). Electrodes no. 1 to no. 20 are
indicated by the numbers 1 to 20, respectively. Graph 1 in figure (a)presents
electrodes No. 1 to No. 6 placed under similar experimental conditions. Tables 3.1
and 4.2 provide additional information on the experimental conditions of each
electrode. For all electrodes, a straight line is fitted through the measurement data
with a slope ranging from -49 mV/pH to -81 mV/pH and a correlation coefficient >
0.9. Electrodes No. 19 and 10 showed deviation from a straight line which issued due
to coating delamination in order to experimental error in electrode fabrication or

preparation process.

Runs from 1 to 6 were performed to determine the reproducibility of the
tfabricated electrode in this study. As shown in Figure 4.18, all electrodes show the
same super-Nernstian response values ranging from 78 mV/pH to 81 mV/pH. Table

4.2 also reveals that all electrodes exhibit the same coating thicknesses.
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Figure 4.18: (a) and (b). Equilibrium potential as a function of pH for electrodeposited
IrO films on stainless steel substrates deposited at different scan rates. temperatures.

and number of cycles by cyvclic voltammetry (CV).
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Table 4.2: Experimental design and actual response of the thickness and pH

sensitivity of pH electrode.

Variables in coded levels H: Thickness | Sensitivity | CS8C¢ .
Design | Point (nm) (mV/pH) (mC/em’y x10™
points | type AiScan | BT C:Cycle
Rate (L)) (cycle)
B | {mV/s)
l Center | 0 0 0 8i5 -73.02 5.05
2 Center | 0 0 0 815 -73.02 5.05
3 Center | ( 0 0 815 -73.02 5.05
4 Center | 0 G 0 815 -73.02 5.05
5 Center | 0 0 0 815 -73.02 5.05 ﬂ
6 Center | O 0 0 815 -73.02 5.05
7 Axial 10 -0.5 0 500 -70.32 29
8 Axial |0 0.3 0 1380 -75.25 14.8
9 Axial | 0 0 -0.5 810 -80.81 6.33
10 Axial |0 0 0.5 1180 -80.39 7.3 o
11 Axial | 0.5 0 0 663 -719.76 4.1
12 Axial § -0.5 0 0 918 717 5.67
i3 Fact -1 -1 1 1780 -69.98 10,385
t4 Fact -1 1 1 3025 -49.38 18.74
15 Fact 1 i 1 640 -68.73 3.95
16 Fact -1 1 -1 1010 -69.56 6.25
17 Fact 1 1 -1 890 -76.51 5.5
18 Fact 1 -1 1 320 -74.5 2.05
b—
19 Fact -1 -1 -1 437 -73.84 2.7
20 Fact | 1 -1 -1 181 7331 I.16 ]

4.3.3 Cyclic voltammetry of IrOx ¢lectrodes

Figure 4.19 demonstrates the

CcV

results

of bare stainiess steel

electrodeposited IrOx film (EIROF) electrodes in a pH 7 universal buffer solution at a
scan rate of 50 mV/s. Electrodes No. 1 to No. 20 are indicated by the numbers 1 to 20,
respectively. Graph 1 in Figure 4.19 (a) presents electrodes no.1 to no. 6 placed under
similar experimental conditions. Tables 3.1 and 4.2 provide additional information on
the experimental conditions of each electrode. The CV experiments were performed in
the potential range of -0.6 V to 0.8 V (vs. Ag/AgCl) to prevent IrO; destruction at
higher potentials. The indicated peaks of the CV curves are related to the successive
monoelectronic oxidation of iridium from Ir' to Ir'Y, as expressed in the following

reactions [61]:
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I(OH).3H0 s I(OH)» 21O + H + e (4-3)
[t{OH)>.2H,0 = Ir(OH);. 1O + H + ¢ (4-4)
[r(OH);.H>0 s INOH) + H' + & (4-5)

The area under the EIROF CV was significantly larger than the area under the
stainless steel substrate CV. which is related to the significant charge storage capacity
after electrodeposition [33]. Despite the superior charge storage capacity resulting
from the decrease in scan rate and the increase in the number of cycles. an unstable
electrochemical behavior was observed for some electrodes with thick IrOx (refer to
electrodes No. 8 and 13). Electrode no. 14 was not used in the CV experiment because

of its very thick layer. which is prone to coating delamination.
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Figure 4.19: Cyclic voltammetry results of bare stainless steel and EIROF electrodes
in a pH 7 universal buffer solution at a scan rate of 50 mV/s are shown in a, b, and c.

SS = stainless steel electrode without coating.
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4.3.4 Electrochemical Impedance Spectroscopy of IrOx electrodes

Figure 4.20 shows the impedance module with respect 1o the frequency of bare
stainless steel and IrOy clectrodeposited electrodes. Electrodes no. 1 to no. 20 is
indicated by the numbers 1 to 20. respectively. Graph 1 in Figure 4.20 (a) presents
electrodes no. 1 to no. 6 placed under similar experimental conditions. Tables 3.1 and
3.2 provide additional information on the experimental condition of each electrode. As
indicated, the impedance of stainless steel decreased after irOy accumulation on the
electrode surface for all IrOy electrodes. Therefore. highly accessible redox sites are
observed in the film because of the effective development of the tilm structure [68].
Lowest impedance is related to oxide film thickness [129]. which is in agreement with

the CV and RSM resulis.

More detail regarding to EIS properties and equivalent circuit of 1rOy is discussed

in section 4.2.6.
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Figure 4.20: (a) and (b). A Bode plot showing the total impedance module versus the
frequency of bare stainless steel and IrOx electrodeposited on stainless steel

electrodes. SS = stainless steel electrode without coating.

4.3.5 SEM and EDX of [rOx electrodes

Figure 4.21 shows EDX result of one of IrOx electrode which approve IrOx

coating on stainless steel substrate.

The FESEM images in Figure 4.22 reveal that the electrodeposited layer becomes
more prone to cracking as the number of cycles increases, leading to thicker IrOx
film. It was not observed any significant changes in SEM image of different electrode.
Just a cauli flower appearance was achieved in thicker films.Thicker IrOx film also
shown some crack due to fast drying and dehydration of IrOx film in SEM vacuum

chamber which this effect can be reduced by slow drying process in room temperature

[128].
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This phenomenon clearly indicates that dehydration occurs more slowly in thicker
tayers than in thinner layers. Thus, more cracks are observed under fast-drying high-

vacuum FESEM conditions.
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Figure 4.21: EDX resuit of [rOx on stainless steel



Figure 4.22: FESEM images of IrOx electrodeposited layer with an increasing
number of cycles. (a) 100, (b) 200, (¢) 400, and (d) 500.
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4.3.6 Response surface methodology model equations

In this study, RSM was used to design experiments and investigate the effect of
independent variables such as scan rate. temperature, and cycles on three responses:
IrO> coating thickness. pH clectrode sensitivity. and Cathodic Storage Charge
Capacity (CSC¢). The RSM result showed no significant relationship between the
independent variables and pH clectrode sensitivity, which i1s consistent with previous
findings 1102.129]. CSC¢ is directly related to IrOy thickness |129]; thus, the DOE
software was solely used to examine coded experimental model equations of IrOx

thickness and the interaction of the significant terms in the proposed model.
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Figure4.23: Actual versus predicted response plot of the IrOx coating thickness
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Figure 4.24: Response surface and contour plot of IrOx coating thickness (nm) as a
function of the number of cycles and scan rate (mV/s) at minimum and maximum

temperatures: (a) 25 °C (b) 65 °C.
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Figure4.25: Changes in IrOyx coating thickness (nm) with different variables: (a) cycle

(b) Temperature (°C) and (c) Scan rate (mV/s).

4.3.7 Coded experimental model equations for oxide thickness

The DOE software suggested a 2FI model considering the adjusted R-squared and
the predicted R-squared rather than other models, as depicted in Table 4.3.

The regression model for TrOyx thickness, in coded factors, is shown by the
following 2FI model equation:

H= 931.20 - (511.59A) + (386.71B) + (403.76C) - (98.63AB) - (433.63AC) +

(35.37BC) (4-6)

where H is the IrOyx thickness (nm). A, B, and C represent the scan rate,

temperature, and number of cycles, respectively.

As shown in Table 4.4, the predicted R? of 0.2651 is not as close to the adjusted
R of 0.8911 as normally expected. This discrepancy suggests a large block effect ora

problem with this model.
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To address this problem. insignificant terms (AB and B(C) should be removed
from the proposed model to obtain an improved cquation. The improved equation 1n

terms of coded factors after removing the insignificant ternis is shown as follows:
H=+931.20 — (511.39A) + (386.71B) + (403.76C) - (433.62AC) (4-7)

According to Table 4.5. the predicted R’ of 0.7444 is in agreement with the
adjusted R” of .8897. Adequate precision measures the signal-to-noise ratio. A ratio
greater than 4 is acceptable. The adequate precision ratio of 26.438 indicates an

adequate signal. Thercfore, this model can be used to navigate the design space.

As indicated in Eq. (4-7). the main cffects of temperature and number of cycles
corrclate positively with the IrOx thickness. which 1s in agreement with the CV result.
The coefficients for scan rate (A) and number of cycles (C) are larger than the
coefficients for temperature. indicating that parameters (A) and (B) have a more

significant effect on the IrQy thickness than the parameter (B).

Figure 4.21 shows the predicted result obtained from Eq. (4-7). which is in
agreement with the experimental data. thereby indicating the rehability of the
improved model for predicting IrOx coating thicknesses under various
electrodeposition conditions. An acceplable correlation-to- linear regression 1t was

also obtained. with an R* of 0.9255 for IrOx thickness.

Table 4.3: Suggested Model Summary Statistics by DOFE software

TAdjusted Predicted Suggested model
] Std. ‘
'r Source Dev. | R-Squared  R-Squared | R-Squared | PRESS
| Linear 363.44 06979 06412 0.2193 | 5.46E+06
2Rl 1200251 09255 08911 = 0.2651 | 5.14E+06 | Suggested
| Quadratic | 17998 | 095371 0912 |  -0.0664 | T46E+06 |
Cubic 55310 09974 09917 | -58.6796 1 4.17L+08 | Aliased
|

F‘Model Sumimary Statistics™: Foals on the model maximizing the
l Adjusted R-Squared™ and the Predicted R-Squared".
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Table 4.4: 2F1 Model summary statistics

| Std. Dev. 200.25 | R-Squared 0.9255
Mean 931.2 | Adj R-Squared 0.8911
C.V. 21.5 | Pred R-Squared 0.265! |
PRESS | S5.14E+06 | Adeq Precision 23.083 |

Table 4.5: 2FI Model Summary Statistics Result after improvement

——Y

Std. Dev. 201.51 | R-Squared 0.9129
Mean 931.2 | Adi R-Squared 0.8897
C.V. 21.64 | Pred R-Squared 0.7444
PRESS 1.79E+06 | Adeq Precision 26.438

4.3.8 Interactions between independent variables

Three-dimensional response surface plots and two-dimensional contour plots are
presented in Figure 4.24, which introduces the effects of the number of cycles and
scan rate at minimum and maximum temperatures on IrOx coating thickness (nm).
These types of plot depict the effect of the interaction of two factors on the response

at a time, which can demonstrate sensitivities with variable changes [130,131].

In the present study, increasing the number of cycles at low scan rates lcads to an
increase in deposit thickness This enhancement in IrOx thickness becomes more
apparent at high temperatures, as indicated in Figures 4.22(a) and (b). Increase the
number of cycles and decreasing the scan rate significantly affect the thickness of the

electrodeposited layer.

Figure 4.25 illustrates the effect of each variable on the response. An increase in
the scan rate negatively affects the growth of the IrOx layer. The thickness of the
electrodeposited layer increases with the increases in the number of cycles and

temperature.



4.3.9 Conclusion
This work demonstrates the efficiency of response surface methodology in

modeling and investigating the ctfect of various factors on IrOx electrodeposition.

Statistical results showed that the significant effect of scan rate on the IrOy layers

is higher than those of temperature and number of cycles.

The results of the electrochemical experiment indicated that all fabricated
clectrodes were conductive and reduced the impedance of the stainless steel electrode.
The C'V result showed that CSC¢ increased with an increase in the electrodeposited
layer. However. the FESEM images revealed that cracks i electrodeposited layer also

imncreased with an increase in IrOy, thickness.

We have shown a stable and reproducible IrOx filim that can be used as an pH
sensor electrode for amperometric sensing systems in corroding metal surface which

will be discuss more in next parts.

4.4 Surface pH measurement in CO; corresion with a novel microelectrode pH

probe

Many elcetrochemical reactions taking place in corroding metal surface consume
or produce protons. The pH in the near metal surface can theretore be significantly
altered during the reaction and there is a need for in situ pH measurements tracing this

near surlace pil.

4.4.1 Design and fabrication of a novel microelectrode pH probe

The proposed surface pH probe 1s mentioned in section 3.3.4 and depicted in
Figure 3.5. A combination of three IrQy pH sensors was used in probe design to

enhance accuracy of' pH measurement.

The prepared eicctrodeposited rOy film showed good stability and fast response

time. The clectrochemical characteristics of IrOy pll microelectrodes  were
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investigated before their application in surface pH monitoring. The response of
electrodeposited 1rOx electrodes to exposure to a series of universal buffer solutions
in the pH range between 4 and 9 is shown in Figure 4.26 depicts a linear super-
Nernstian response resulting in a sensitivity of —73.421 mV/pH for combination of
three IrOx pH sensors. This value is in good agreement with results reported in the

literature for the electrochemical deposition of IrOx on metal substrates {8,90,100].

The OCP responses of the IrQyx films to varying pH were experienced for two
weeks. After two weeks, visual inspection under a microscope indicated no obvious
signs of film delamination or degradation. Also, the OCP response of the IrOx film to
varying pH remained at an average of =73 mV per pH umt with fluctuations of +/-5

mV per pH unit over the two week period.
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Figure 4.26: Potentiometric response of a IrOx pH electrode in the pH range of 4-9 at

a temperature of 25 °C.

4.4.2 Surface pH measurement in CO; corrosion at three different temperatures

Carbon steel electrode assembled with pH sensor was exposure to CO,-saturated

3% NaCl solution as depicted in Figure 4.27. Chemical and electrochemical reaction
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on the carbon steel surface changed pH on the surface. Experiment was done at three

different temperatures: 25. 50, and 80 °C.

Generally, the following reactions are observed in CO; corrosion: {a) four
chemical reactions occurring 1n a solution and (b) four clectrochemical reactions —

one anodic and three cathodic — occurring on metal surfaces [87-901:

a) Chemical reactions:

CO,(gas) = CO,(aq) (4 — 8)
CO; (aq) + H,0 = H,C0; (4 —9)
H,COs; = HT + HCO3 (4 — 10)
HCO; = HY + CO4” (4 —11)

by FElectrochemical reactions:
Anodic reaction: Fe — Fe~ ¢ {4-12)

Cathodic Reactions:

2HY +2¢ — Ha (4-13)
2H>C O3+ 2¢ — Hy + 2 HCO™ (4- 14)
2 HCO + 2e— Ha + 2 COs™ (4-15)

['eC()4, an insoluble corrosion product. can be formed at this stage. as follows:
CO+ Fe?m — FeCO:; (4-16)

Under certain conditions. the films can be very protective and offer great
protection from corrosion by forming a barrier through blocking some parts of the

metal surface which indirectly reduce the corrosion rate.

Result of surface pH measurement at 25 °C in bulk pll 4 and 6 are presented in
Figures 4.28 and 4.29. respectively. After initial variation. a stable surface pH was
measured after one hour which is approximately 2 pll units higher than the bulk pH.
Ihe ptl of metal surtace increased gradually up higher after exposure in COz-

saturated 3% NaCl solution compared to the bulk solution ptl. The pH of bulk
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solution and metal surface were recorded every one hour for 24 hours with a normal

pH probe and in-situ IrOx pH sensor embedded in carbon steel.

Figure4.27: Set-up for measuring near surface pH on carbon steel corroding surface at

three different temperatures; 25, 50, and 80 °C.

One of the important cathodic reactions in the CO; corrosion process as shown in
Figure 4.34 is the reduction of H' ions, thus pH plays an important role in the
cathodic reaction. Researchers found that there is a change in the pH immediately
adjacent to the electrode surface in the electrolyte and it has a major effect on the

physical properties of precipitates such as iron carbonate [132].

The achieved results correspond to steady state pH values. Result of surface pH
measurement at 50 and 80 °C are shown in Figures 4.30 and 4.33, respectivly. In all
cases, considerably higher surface pH values were recorded with temperature
increasing. This is due to the fact that the corrosion rate is higher at the higher
temperature due to consumption of more protons which results in a higher surface pH
measurement. Moreover, CO» dissolves less in the solution at higher temperatures and

creates a weaker buffer solution. Water chemistry model calculation shows only half
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of the C'O» dissolves at 80 °C compared with 25 °C [5]. Both mechanisms contribute

to a higher surface pH at higher temperature.
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Figure 4.28: Surface pH measurement during X352 carbon steel corrosion under bulk

pll 4.0: pCO,=0.97 bar. temperature= 25 °C. and |[NaCl]= 3wt%.
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Figure 4.29: Surface pH measurement during X52 carbon steel corrosion

under bulk pH 6.0: pCO,7-0.97 bhar. temperature— 25 °C_and [NaCl}= 3wt%.
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Figure 4.30: Surface pH measurement during X52 carbon steel corrosion under bulk

pH 4.0; pCO,=0.88 bar, temperature =50 °C, and [NaCl] = 3wt%.
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Figure 4.31: Surface pH measurement during X52 carbon steel corrosion under bulk

pH 6.0; pCO»=0.88 bar, temperature =50 °C, and [NaCl] = 3wt%.
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Frgure4.32: Surface pH measurement during X52 carbon steel corrosion under bulk

pHl 4.0: pCO»=0.53 bar. temperature= 80 “C. and | NaCl} = 3wt%.
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Figure 4.33: Surface pH measurement during X32 carbon steel corrosion under bulk

pH 6.0: pC0O>=0.53 bar. temperature= 80 °C. and |NaCl] = 3wt%.
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Electrochemieal reaction of CO. corrosion:
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Figure 4.34: Electrochemical and chemical reaction on carbon steel surface during

CO; corrosion.

4.4.3 SEM/EDX of corrosion product at three different temperatures

Figure 4.35 shows an SEM image of corroded carbon steel surface after exposure
to CO; containing solution at 25 °C for 24 hours. Some corrosion product is created in
metal surface but there is not any FeCO; film as evidence of the dominant corrosion
product. Result of EDX from Figure 4.36 also confirms that formation of one kind of
iron oxide is more dominant than formation of FeCQOz due to more concentration of

oxygen and iron ions.

In contrast, in higher surface pH and at higher temperature, the cubic crystalline
shape of FeCOj; was detected as it can be seen from Figure 4.37. This assumption is
confirmed by EDX results which detected C element in the crystal grain as shown in
Figure 4.38. The result shows that increasing temperature can increase formation of

FeC(s as reported in literatures [3, 14]. Jiabin et al. {14] found that passive film is
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Fe;04 which is not a continuous film covering the steel surface, but is mainly cover

boundary areas between the FeCO; crystals.
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Figure 4.35: SEM image of corroded X52 carbon steel surface at 25 °C, bulk pH=4.
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Frgure 4.36: EDX result of COs corrosion product of X352 carbon steel at 23

pli=4.
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Figure 4.37: SEM image of corroded X52 carbon steel surface at 80 °C, bulk pH=4.
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Figure 4.38: EDX result of CO; corrosion product of X52 carbon steel at 80 °C, bulk
pH=4.

SEM images and EDX result of similar samples as mentioned above in bulk pH=6
solution are shown in Figure 4.39 to 4.42. It can be concluded that increasing
temperature and bulk pressure create a favorite condition in metal surface for FeCO;

formation.
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Figure 4.39: SEM image of corroded X52 carbon steel surface at 25 °C. bulk pH =6,
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Figure 4.40: EDX result of CO- corrosion product off X352 carbon steel at 25 °C. bulk

pH=6.
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Figure 4.41: SEM image of corroded X52 carbon steel surface at 80 °C, bulk pH=6.
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Figure 4.42: EDX result of CO, corrosion product of X52 carbon steel at 80 °C, bulk
pH=6.
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Figure 4.43: XRD spectrum for corrosion product on the surface of X52 carbon steel

in CO;-saturated 3% NaCl solution at 80 °C. bulk pH=6.

(a) (b)

Figured.44: Surface of pH probe and carbon steel before (a) and after (b) exposure in

C(h-saturated 3% NaCl solution.
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To confirm result of Figures 4.42 and 4.41 and show corrosion product is FeCOQOs,
an XRD expermnet was done on corrosion. XRD result is shown in Figure 4.43 which
shows dominant composition of corrosion product is FeCOj;. The IrOx pH sensor
should have a stable potential and remain strongly adhered for at least several hours to
weeks if it will be used in corrosion monitoring. The OCP responses of the IrO; films
to varying pH were tested for three weeks and then investigated by visual inspection
under a microscope which also clear from Figure 4.44. Result showed no obvious
signs of film delamination or degradation. Also, the OCP response ot the IrOx pH

sensor showed fluctuations of +/-5 rnV per pH unit over the three week period.

4.4.4 Conclusion

The pH value of the X52 carbon steel/solution interface was monitored for the
first time using the in-situ pH microsensor of iridium oxide during the CO, corrosion
at 25, 50, and 80°C. The design confirms that the measurement was able to determine
the pH change correctly at the substrate/solution interface, which is a key requirement
for studying the mechanism of electrochemical reactions and the relationship between
corrosion process and the pH at the working electrode/solution interface during the
corrosion. In all cases, surface pH or the interfacial pH increased compared with bulk
solution pH after the corrosion process began. This result is in good agreement with

theoretical hypothesis and prediction.
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4.5 Under deposit pH measurement in CO; corrosion with a novel

microelectrode pH probe

As mentioned in section 4.3. many electrochemical reactions taking place n
corroding metal surface under deposit consume or produce protons. The pH in the
near metal surface under deposit can therefore be significantly altered during the
reaction and there 1$ a need for in situ pH measurements tracing this near surface pll

under deposit.

4.5.1 pH probe and experimental set-up for under deposit pH measurement

~

The proposed surtace pH probe is mentioned in section 3.3.4 and depicted in
Figure 3.5. A combination of three IrOx pH sensors was used in probe design to
enhance accuracy of pH measurement. Experimental set-up was same as mentioned in
section 4.37 just a cap was used to be filled with Agar deposit. Schematic Design of
pH measurement probe for monttoring ot pH and corrosion under deposit is shown in

Figure 3.7.

The prepared electrodeposited IrOx film showed good stability and fast response
time. The electrochemical characteristics of IrOx pH microelectrodes were
investigated before their application in surface pH measurement under deposit. The
response of electrodeposited irOyx electrodes to exposure 10 a series of universal
butfer solutions in the pH range between 4 and 9 is shown in Figure 4.45 depicts a
linear super-Nernstian response resulting in a sensitivity of —77.18 mV/pH for

combination of three IrQy pH sensors.

The OCP responses of the IrOx films to varying pH were experienced for two
weeks. After two weeks, visual inspection under a microscope indicated no obvious
signs of film delamination or degradation. Also, the OCP response of the IrOx tilm to
varying pH remained at an average of =77 mV per pH unit with fluctuations of +/-5

mV per pH unit over the two week period.
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Figure 4.45: Potentiometric response of alrOy pH electrode in the pH range of 4-9 at

a temperature of 25 °C.

4.5.2 Surface pH measurement under deposit in CO; corrosion at three different
temperatures

Carbon steel electrode assembled with three pH sensors covered with 5 mm Agar
as deposit was exposure to CO;-saturated 3% NaCl solution as depicted in figure
4.46. Chemical and electrochemical reaction on the carbon steel surface changed pH
on the surface. Experiment was done at three different temperatures; 25, 50, and 80
°C. Also, corrosion rate of carbon steel was measured by using another Potentiostat in

conjunction with an Ag/AgCl reference electrode.

Generally, reactions of (4-8) to (4-16) mentioned in section 4.3 also occur in
metal surface under deposit, although these reactions will be limited due to ditficulties
in mass transport. Under deposit conditions, the deposit can be limit immigration of
ions from metal surface to solution or vice versa. Then nature of corrosion process
will be changed under deposit condition. Corrosion rate will be increased or decreased

depend on properties of corrosion product.
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Figure 4.46: Set-up for measuring corrosion rate and near surface pH on carbon steel

corroding surface under deposit at three different temperatures: 25, 50, and 80 “C.

Result of surface pH measurement at 25 °C and pH=4 is shown in figurcs 4.47. A
stablc surface pH was reported after one hour initial variation which is nearly 2 pH

units higher than the butk pH.

‘the pH of metal surface under deposit increased gradually up 1o pH=8 aftter

exposure in COs-saturated 3% NaCl solution compared tw the bulk solution pH
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(pH=0) as is demonstrated in Figure 4.48. The pH of bulk solution and metal surface
were recorded every one hour for 24 hours with a normal pH probe and in-situ IrOx

pH sensor embedded in carbon steel, respectively.

As mentioned before, one of the significant cathodic reactions in the CO;
corrosion process 1s the reduction of H' ions, thus pH plays an important role in the
cathodic reaction. It was reported that there is a change in the pH immediately
adjacent to the electrode surface in the electrolyte and it has a main effect on the
physical properties of precipitates (corrosion product) such as iron carbonate and iron
sulphide [132]. Although this phenomenon will be effected by deposit due to mass

transfer decreasing.

The achieved results correspond to steady state pH values are shown from Figure
4.47 to 4.52. In all cases, a significant higher surface pH values were measured with
temperature growing. As mentioned before and later will be confirmed in Figure 4.60
and 4.61, corrosion rate is higher at the higher temperature due to consumption of
more protons which results in a higher surface pH measurement. Furthermore, CO;
dissolves less in the solution at higher temperatures and creates a weaker buffer
solution. Water chemistry model calculation shows only half of the CO; dissolves at
80 °C compared with 25 °C [5]. Both mechanisms contribute to a higher surface pH at
higher temperature. Regarding to all fact discussed above, existing of agar as deposit
can change mass transfer and other chemical reaction which we expect in metal

surface. As it is clear surface pH value is less than same condition without deposit.
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Figure 4.47: Surface pH measurement under deposit during X352 carbon steel
corrosion under bulk pH 4.0: pC0>=0.97 bar, temperature= 25 °C. and [NaCl]=
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Figure 4.48: Surface pll measurement under deposit during X52 carbon steed
corrosion under bulk pH 4.0; pC0,=0.97 bar. temperature= 25 °C, and [NaCl}=

Iwi%.
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Figure 4.49: Surface pH measurement under deposit during X52 carbon steel

corrosion under bulk pH 4.0; pC0O,=0.88 bar, temperature =50 °C, and [NaCl] =

Iwt%.
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Figure 4.50: Surface pH measurement under deposit during X52 carbon steel
corrosion under bulk pH 6.0; pCO,=0.88 bar, temperature =50 °C, and [NaCl] =
3wt%.
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tigure 4.51: Surface pt measurement under deposit during X352 carbon steel
corrosion under bulk pH 4.0; pC();=0.53 bar, temperature= 80 “C and {NaCl| =

Iwt%,
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Frgure 4.32: Surface pH measurement under deposit during X352 carbon steel
corrosion under bulk pH 6.0: pC02=0.53 bar, temperature= 80 °C and {NaCl] =

3w1%4,
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4.5.3 SEM/EDX of corrosion product at three different temperatures

Figure 4.53 to Figure 4.58 show surface morphology (face view) and EDX results
of the under deposit X52 steel in pH=4 and pH=6, 3% NaC(l solution saturated with
CO; at temperature: 25 and 80 °C, respectively.

However pH condition was proper for creating of FeCO; film, it seems that
changing in mass transport affected the nature of corrosion product. Regarding to
FESEM images and EDX result, it can be concluded that FeC; film is likely to form
than FeCO; film.

! .00 kv : Date 29 Jul 2013
1‘-——{ WD = 50 mm tha K Lniversitl Teknologt PETRO!

Figure 4.53: SEM image of corroded X52 carbon steel surface at 25 °C, pH=4
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Iigure 4.55: EDX result of CO; corrosion product of X352 carbon steel at 25 °C.

pli=6.



Figure 4.56: SEM image of corroded X52 carbon steel surface at 80 °C.pH=4.

Figure 4.57: SEM image of corroded X52 carbon steel surface at 80 °C, pH=6.
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Figure 4.58: EDX result of CO- corrosion product of X352 carbon steel at 80 °C.

pH=6.

Figure 4.59: Surface of pH probe and carbon steel after exposure in COs-saturated 3%

NaC'l solution under deposit.

117



A top view picture of employed pH probe after experiment is shown in figure 4.59

which shows surface of pH sensor is stable after CO, corrosion experiment.

4.5.4 Corrosion rate in bulk pH=4

Corrosion rate of X52 carbon steel under deposit was simultaneously measured at
different temperature by means of another potentiostat and long term LPR approach.
As can be seen from Figure 4.60, first corrosion rate increased then decreased due to
formation of protective corrosion product layer. In contrast, Figure 4.61 shows
corrosion rate of sample at 80 °C gradually increased and then became stable due to

non-stable corrosion product film.
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Figure 4.60: Corrosion rate of X52 carbon steel in the 3% NaCl solution at 25 °C
under deposit, bulk pH=4.
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Figure 4.61: Corrosion rate of X52 carbon steel in the 3% NaCl solution at 80 °C

under deposit, bulk pli—4.

4.5.5 Conclusion

The pH value of the X52 carbon steel under deposit {agar) was monitored for the
first tme using the in-situ pH microsensor of iridium oxide during the CO; corrosion
at 25, 30, and 80°C. The design approves that the measurement was able to determine
the pH change correctly under agar. which is a critical requirement for studying
corrosion under deposit. In all cases, metal surface pH under deposit increased
compared with bulk solution pH atter the corrosion process began. This result is in

good agreement with theoretical hypothesis and prediction.

119



CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Based on statistical and experimental investigations that have been done in this

research work, following conclusions were achieved:

» This work demonstrates the efficiency of response surface methodology in
modeling and investigating the effect of various factors on IrOx
electrodeposition. Statistical results showed that the significant effect of
scan rate on the IrOx layers is higher than those of temperature and

number of cycles.

e The results of the electrochemical experniment indicated that all fabricated
electrodes were conductive and reduced the impedance of the stainless
steel electrode. The CV result showed that CSCe increased with an
increase in the electrodeposited layer. However, the FESEM images
revealed that cracks in electrodeposited layer also increased with an

increase in IrQy thickness.

e After successful result of electrodeposited IrOx on stainless steel as pH
sensor, a novel probe design with combination of pH sensors and carbon
steel working electrode proposed for real-time measurement of pH on
corroding carbon steel surface for befter corrosion monitoring in CO,

environment with or without deposit.



The pH value of the X52 carbon steel /solution interface was monitored at
25, 50. and 80°C. The design contirms that the measurement was able to
determine the pH changes correctly at the substrate/solution interface,
which is a key requirement for studying the mechanism of electrochemical
reactions and the refationship between corrosion process and the pH at the
working electrode/solution intertace during the corrosion. In all cases.
surface pil or the interfacial pH increased compared with bulk solution pH
after the corrosion process began. This result is in good agreement with

theorettcal hypothesis and prediction.

The pH value of the X52 carbon steel under deposit (agar) was also
monitored at 23 50, and 80°C. The design approves that the measurement
was able to determine the pH changes correctly under agar, which is a
critical requirement for studying corrosion under deposit. In all cases,
metal surface pH under deposit increased compared with bulk solution pH
afier the corrosion process began. This result is in good agreement with

theoretical hypothesis and prediction.

5.2 Recommendation for Future Works

The research reported above investigates just using proposed pH probe for CO»

COrroston,

More extensive studies will be invaluable. Some ideas developed here can be

rcterred to for tuture studies:

Proposed pH probe design in this study can be used to monitor surface pH

measurement in other environment such as: H-S and acidic solution.



Regarding to purposes, material of working electrode which was carbon

steel in our study can be changed.

IrOx was used as pH sensor material in our study, can be changed to any
other sensing material for monitoring of any other ions in corroding
surfaces which is very useful for monitoring of MIC or any other kind of

COorrosion,

More effort can be done by using proposed pH probe for high pressure
environment by just changing mounting material to a high pressure

resistant resin.
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