HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

UNIVERSITY OF SOUTHAMPTON

FACULTY OF ENGINEERING AND THE ENVIRONMENT

Electrochemical Monitoring of Nickel-Aluminium Bronze Crevice Corrosion Solutions

using Boron-Doped Diamond Electrode

by

Stefano Neodo

Thesis for the degree of Doctor of Philosophy

April 2013






UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT

Electrochemistry and Material Science

Thesis for the degree of Doctor of Philosophy

ELECTROCHEMICAL MONITORING OF NICKEL-ALUMINIUM BRONZE
CREVICE CORROSION SOLUTIONS USING BORON-DOPED DIAMOND
ELECTRODE

Stefano Neodo

This study has demonstrated the capability of electrochemically assessing the metal—ion
concentrations generated from the localised corrosion of nickel-aluminium bronzes (NAB).
Prior to investigating NAB crevice corrosion, its electrochemical properties were studied at
different pHs and chloride concentrations. At solution pHs higher than 4 NAB exhibited a
corrosion behaviour similar to that of unalloyed copper and its oxidation was controlled by the
dissolution of the copper-rich a—phase. However, as the pH was decreased below 4 the
corrosion mechanism changed and the other k—phases rich in aluminium, iron and nickel
underwent preferential oxidation. The NAB corrosion performance was also investigated in the
presence of benzotriazole (inhibitor) by using potentiodynamic polarisation. The excellent
corrosion properties showed by NAB when exposed to neutral benzotriazole solution made the
studied inhibitor a promising candidate for limiting crevice corrosion.

With knowledge of the NAB corrosion behaviour and the relatively high copper— and
nickel-ion extents present within the crevice corrosion solutions, a study related to their
electrochemical behaviour and detection was undertaken using a boron—doped diamond (BDD)
electrode at different pHs and chloride levels in order to establish viable electrochemical
protocols for effectively assess these concentrations. Before investigating the copper and nickel
electrochemical behaviours on BDD electrode, the diamond substrate was studied using a
number of different techniques such as potentiodynamic polarisation, cyclic voltammetry and
electrochemical impedance spectroscopy. Results highlighted its excellent performance having
a wide potential window (ca. 3 V) and a low capacitive current (20 uF cm ™ in 0.5 M H,SO,)
available for electroanalysis purposes.

Finally, the NAB crevice corrosion was monitored using a BDD microelectrode array. The

employed setup created an artificial crevice and accommodated the BDD microelectrode array



for in situ and a real-time monitoring. The electrochemical response showed the only presence
of copper(l) during the investigated time, whose concentration increased within the first two
hundred hours to a level of ca. 0.4 mM and then remained stable for the following hundred
hours. No copper(ll), or other metal-ions, were determined in the crevice solutions, thus
suggesting that within the investigated time the copper-rich o—phase dominated the NAB
corrosion behaviour.  Furthermore, results also indicated (ii) the low dissolved oxygen
concentration within the crevice (since it promotes the oxidation of copper(l) to copper(ll)) and
(i) that the local pH did not decreased below 4, where the NAB corrosion is controlled by the

selective  dissolution of the aluminium—, iron— and nickel-rich  k—phases.
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1. Introduction

1. Introduction

1.1 Overview of the Project

Corrosion is the process that takes place as a result of chemical and / or physical interactions
between a metal and the surrounding environment. Most metals are not thermodynamically
stable when in contact with the atmosphere (or aqueous solutions) and thus they spontaneously
undergo corrosion. However, for most applications the corrosion rate can be kept sufficiently
low by either using adequate preventative measures (surface treatment and coating) or
electrochemical protection.

Corrosion is generally enhanced by the presence of certain chemical species such as sulphur,
carbon dioxide or chloride, which can lead to serious consequences in terms of structural
integrity of the engineered components. Shutdowns, contamination, loss of material, costly
maintenance, waste of valuable resources are the main problems associated with corrosion,
which can jeopardize safety and inhibit technological progress. The direct implications of
corrosion on the society, i.e., cost and metal structural integrity, require an in—depth analysis of
the underlying problems in order to reduce expenditure and improve safety. Specifically, the
probability of risks implicated in structure failures must be peremptory reduced and the
probability of risk must be decreased as much as possible.

A report issued in 2003, sponsored by CC Technologies, NACE International and U.S.
Department of Transportation [1], showed that the costs of metallic corrosion is widespread in
many fields and can significantly affect the economy of a developed country, such as the USA.
The costs attributed to corrosion represent between 3 to 5% of the Gross National Product of an
industrialised country [1]. For the United States of America, in the period time between 1999
and 2001, an average annual expense of $276 billion was estimated in 26 different industrial
sectors [1]. In particular, the economic impact of corrosion was evaluated to be $47.9 billion in
the utilities sector (gas distribution, drinking water and sewer system, electrical utilities and
telecommunication), $29.7 billion in the transportation sector (motor vehicles, ships, aircraft,
railroad cars and hazardous material transport), $22.6 billion in infrastructures (highway
bridges, gas and liquid transmission pipelines, waterways and ports, hazardous materials
storage, airports and railroads), $20.1 billion in the government management (defence and
nuclear waste storage) and $17.6 billion in the production and manufacturing sector (oil and gas
exploration and production, mining, petroleum refining, chemical petrochemical, and
pharmaceutical, pulp and paper, agricultural production, food processing, electronics and home

appliances).



1. Introduction

With respect to the conditions and the characteristics under which corrosion takes place, it
can be categorised in different forms, such as, uniform corrosion, erosion—corrosion, galvanic
corrosion and localised corrosion (pitting and crevice corrosion). Crevice corrosion is a
particular type of localised corrosion occurring in confined spaces to which the access of a fluid
from the environment is limited. Examples of crevices are gaps and contact areas between
parts, under gaskets or seals, inside cracks and seams or small spaces filled with deposits. Due
to the geometrical and / or structural constraints crevice corrosion is difficult to detect, whilst
potentially affecting the integrity of metals that are generally passive under normal in—service
conditions [2]. Therefore, as a result, structural failure can occur in situations that may have
otherwise been unexpected [3].

Nickel-aluminium bronze is a copper—based alloy which due to its inherent mechanical and
physical properties, and its good corrosion performance, is widely used for marine applications,
such as seawater pumps and propellers [4]. However, unlike other copper—based alloys it has
been reported that they are susceptible to crevice corrosion when not cathodically protected [5].
Rowland [6] reported that when immersed in chloride containing solutions NAB experiences
significant crevice corrosion attacks; the NAB crevice corrosion rate was determined to be
significantly greater than that of stainless steel UNS S30400, having values ranging from 0.70
and 1.00 mm y* for NAB and 0.25 mm y* for stainless steel UNS S30400, respectively. The
reason behind the enhanced crevice corrosion rate of NAB was explained by Wharton et al. [7]
in terms of aggressive environment generated within the crevice, i.e., high chloride levels and

acidic pHs, which induce corrosion attacks of some NAB microstructural-phases [6].

1.2 Objectives of the Project

The main objective of this work is the development of an electrochemical sensor capable of
detecting in situ and at real-time metal-ions generated from localised corrosion. In order to
fulfil this achievement, different aims were required to be successfully attained, such as:

e deeply understand the NAB corrosion behaviour and the influence caused by
experimental variables such as pH and chloride concentration, which are relevant
to crevice corrosion;

e study the NAB electrochemical properties in the presence of corrosion inhibitor

(benzotriazole) in order to decrease the crevice corrosion rate;
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e consider and characterise a suitable and promising electrochemical tool for crevice
corrosion electroanalysis (BDD electrodes);

e investigate the electrochemical response of metal-ions likely to be present within
crevice corrosion solutions using the considered electrode, thus establishing
detection protocols for the in situ corrosion monitoring;

o electrochemically assess the NAB crevice corrosion using a setup which
artificially generates crevices in either the presence or absence of the corrosion
inhibitor.

Thesis Structure

The thesis has been structured in order to guide the reader through the various aspects of

crevice corrosion and electrochemical monitoring. Below is briefly described the content of the

thesis Chapters.

Chapter 2 establishes the available background knowledge which is relevant and
fundamental for this project. Topics such as (i) NAB corrosion performance, (ii)
crevice corrosion of NAB, (iii) inhibition properties of benzotriazole, (iv)
electrochemical performance of BDD electrode and (v) electroanalysis achieved using
BDD materials were reviewed to obtain better insights for the analysis and
understanding of the experimental part;

Chapter 3 details the materials and methods employed in this study;

Chapter 4 describes the NAB corrosion performance in either the presence or absence
of benzotriazole at different pH values and chloride concentrations;

In Chapter 5 is reported an electrochemical, morphological and chemical study of the
BDD electrode employed for electroanalysis of simulated crevice corrosion solutions;

In Chapter 6 the electrochemical reactivity of copper(l) and copper(ll) on a BDD
electrode is investigated, in the presence of different anion electrolytes such as
perchlorate, sulphate and chloride. Furthermore, a copper(l) / copper(ll) detection
protocol in the presence of chloride was established on the basis of its assessed
reactivity.

Chapter 7 highlights a new electrochemical protocol for the nickel(l) determination in
aqueous chloride solution in slightly acidic pH;

Chapter 8 reports the electrochemical performance of the BDD microelectrode array;
Chapter 9 demonstrates the potential of electrochemically assessing the NAB metal-ion

concentration within crevice environment on BDD microelectrode array;
3



1. Introduction

e Chapters 10 provides a final conclusion and overview of the research achieved in this
thesis;

o Chapter 11 outlines potential developments and further work.
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2.1 Nickel-Aluminium Bronze Properties and Corrosion Behaviour

2.1.1  Nickel-Aluminium Bronze Properties: Microstructure and Phase

Composition

Nickel-aluminium bronze alloys containing 9-12 wt.% aluminium, with additions of up to 6
wt.% each of iron and nickel, represent one of the most important groups of aluminium bronzes
due to their excellent mechanical properties and corrosion resistance [8]. Consequently, these
materials have been extensively used in a broad range of marine applications, including valves
and fittings, ship propellers (see Figure 2.1.1), pump shafts, valve stems and heat exchanger
waterboxes [9]. Regarding the influence of the alloying elements on the NAB properties, it has
been reported that aluminium and iron are principally responsible for the alloy strength whereas
nickel increases the corrosion resistance.

NAB alloys have replaced the binary 10 wt.% aluminium bronze in many demanding
applications [4]. In fact, the additions of iron and nickel alloying elements led to a reduction of
the y—phase within the binary aluminium bronzes. This particular phase, which is aluminium
rich, has been shown to be susceptible to corrosion and then responsible for the lower corrosion
performance exhibited by aluminium bronzes [4].

Figure 2.1.1. Nickel-aluminium bronze propeller.
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Figure 2.1.2. SEM backscattered of cast nickel-aluminium bronze and phase identification [5].

It has been reported that the alloying elements such as nickel and iron combine with
aluminium forming a series of new k—phases, thus effectively decreasing the content of the
corrosion—susceptible y—phase [4]. As can be seen from Figure 2.1.2, the NAB microstructure is
predominantly comprised of a light etched o—phase, rich in copper, and a dark etched
martensitic regions (p—phase), surrounded by a series of intermetallic k—phases [10]. The k-

phases are identified as k—, k;—, k;— and «yy, and characterised as follows [9]:

k—phase, globular or rosette forms which is rich in iron;
Ky—phase, globular form distributed at the o / p boundary, smaller than the «—phase;

ku—phase, lamellar form present at the o/  boundary and at the large x—phase;

YV V V V

Kiv—phase, fine precipitate within the a—phase rich in iron.

When cast, NAB solidifies as “high temperature 3” sometimes with large «; particles. On
cooling, most of the “high temperature B is transformed into o along with lamellar “eutectoid a
plus «; (oo + xy)” and globular k; precipitate. At lower temperatures, fine wky—phase
precipitates also form. Any residual “high temperature ” transforms into “retained B which

has a martensitic form [11].
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Figure 2.1.3. Phase equilibrium diagram of nickel-aluminium bronze (Cu—Al-5Ni-5Fe) at different Al

contents [12].

The thermodynamic stability of the a—, B—, k— and y— phases, as a function of the temperature
and the aluminium content, has been reported by Hasan et al. [12] for NAB with a nominal
composition of Cu-Al-5Ni-5Fe, as shown in Figure 2.1.3. By inspecting the phase
equilibrium diagram, it can be noted that at relatively low temperatures (less than 700 °C) and
low aluminium concentrations (less than 10 wt %) the o—phase, along with other k—phases,
predominate over the B—and the y—phases. Conversely, the stability regions of the — and the y—
phases can be found at either high temperature or high aluminium content, where the relative
low concentrations of the alloying elements are not sufficient to avoid the formation of the y—
phase. Culpan and Rose [10] investigated the chemical composition of the different phases of
NAB (Al 10 %, Ni 5% and Fe 5%) by using scanning electron microscope (SEM); the chemical

compositions of the different phases are listed in Table 2.1.1.
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Table 2.1.1. Chemical analysis of phases present in cast NAB [10].

Elements / wt.%

Phase Al Mn Fe Ni Cu
o 83+17 14+01 2.7+20 25+14 85.4+4.0

B 8.7 1.0 1.6 35 85.2
K 135+5.0 20+04 55.0+7.0 15.0+£3.0 15.0+£5.0
K| 19.0+3.0 2.2+0.6 32.0+3.0 27.0+4.0 21.0+5.0
Kini 18.0+1.0 20+£0.3 22.0+0.7 32.0+£2.0 26.4+4.0
Kiv 20.3+3.0 15+03 62.0+4.0 40+£10 13.0+1.0

2.1.2  Corrosion Behaviour of Nickel-Aluminium Bronze

Generally, NAB exposed to chloride—containing neutral solutions undergoes selective o—
phase corrosion within the “o + ky;, phase”. This has been related to the presence of a greater
proportion of the cathodic phase (i) in the eutectoid regions [4, 13]. The “retained B phase is
also susceptible to corrosion while the large «; particles are rarely attacked and usually remained
within the corroded structure [13].

Wharton et al. [9] and Kear et al. [14] studied the electrochemical behaviour of NAB in
chloride containing solutions by using rotating disc electrode (RDE) and rotating cylinder
electrode (RCE). Figure 2.1.4 shows the NAB Tafel performance at different angular rotation
velocities in filtered seawater reported by Kear et al. [14]. It is highlighted a series of distinct
anodic Tafel slopes with increasing currents and similar anodic slopes, which ranged from +55
to +65 mV dec* [14].

Cu+2CI" > CuCl; +e- 2.1.1

Analogously with unalloyed copper, the oxidation mechanism was reported to be primarily

driven by selective copper oxidation of the a—phase within the NAB microstructure, via the

formation of CuCl; , as shown in Equation 2.1.1 [9].
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Figure 2.1.4. NAB apparent Tafel slopes of nickel-aluminium bronze as a function of rotating cylinder

electrode angular velocity in aerated filtered seawater [14].

In the absence of cathodic protection, extensive crevice corrosion has been experienced on
NAB when immersed in chloride containing solutions [6].  Differently from copper—based
alloys, where generally the corrosion attack takes place at the exposed surfaces immediately
adjacent the crevice, the crevice corrosion occurring at NAB has been reported to proceed
through a selective phase attack and a microstructure dealloying [5]. Wharton et al. [5] studied
the initiation of the crevice corrosion and its effects on the NAB microstructure in a 3.5 % NaCl
solution using electrochemical measurements and SEM imaging. Regarding the mechanism, it
was claimed an initial dissolution of the copper rich a—phase within the (a+xy,) eutectoid. This
initial step induced the formation of a copper—ion concentration cell of primary importance for
the further evolution of the crevice corrosion process. Indeed, it was reported that hydrolysis of
the copper(l)—chloride complexes, accumulated within the crevice (see Equations 2.1.2-2.1.3),
generally leads to a local solution acidification, which in turn triggers the x;—phase selective
corrosion, vulnerable and susceptible to corrosion in acidic media [7].

The NAB crevice corrosion mechanism is highlighted in Figure 2.1.5. It can be noted that
within the crevice, the metal-ion and proton concentrations are higher than those of the bulk
solution, due to the NAB dissolution and the hydrolysis reaction of the corrosion metal—ions.
Furthermore, also the crevice chloride concentration is greater than that present in the bulk
solution, due to a diffusive process which attempts to maintain the crevice electroneutrality. On
the contrary, the crevice oxygen concentration is reported to be significantly lower than that of

the bulk of the solution [5], due to its rapid depletion attained by reduction reaction [7].

9
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Figure 2.1.5. Schematic of the crevice corrosion mechanism.

Figure 2.1.6 [5] shows the cross—section SEM backscattered images of NAB underwent
different corrosion mechanisms in a 3.5 % NaCl solution, i.e., (a) uniform corrosion and (b)
crevice corrosion. By inspecting Figure 2.1.6 a, it can be appreciated the selective corrosion of
the copper rich o—phase within the (o+k),) eutectoid after the NAB specimen underwent
uniform corrosion. Generally, during NAB uniform corrosion no marked local acidifications
are produced at the near metal surface (as contrary measured inside the NAB crevice) and the

pH reflects that of the bulk solution [5].

Attack of the «,—phases

Figure 2.1.6. Cross—section SEM backscattered images of cast nickel-aluminium bronze after selective

attack of (a) the a—phase within the (o+xky;;) eutectoid and (b) the «;—phases in a 3.5 % NaCl solution [5].

10
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Therefore, in these specific conditions, the mechanism was controlled by the copper—rich o—
phase dissolution [5]. Conversely, Figure 2.1.6 b highlights the selective corrosion attacks of
the ky—phases, associated with a NAB specimen underwent crevice corrosion. In this particular
instance, the conditions generated and present inside the crevice, i.e., high proton and chloride
concentrations, led to the preferential dissolution of the «;—phases within the NAB
microstructure [7].

It has been reported that the proton crevice concentration represents an insightful indicator of

the corrosion development [15]. Generally pH values ranging between 3 and 4 have been

reported after the hydrolysis of CuCl,,, and CuCl §(’aq) started inside the crevice, see

Equations 2.1.2 and 2.1.3 [8]. The predominance of CuCl},

over CuCl3, is dictated by the

chloride concentration within the crevice, as highlighted in Section 2.4.1.

2CuCl; +H,0 —Cu,0( +4Cl™ +2H" 212

2CuCl; +H,0 - Cu,0 +6Cl™ +2H* 2.1.3

Similar to the proton concentration, also the chloride concentration is an insightful indicator
of the crevice corrosion evolution. This can be related to an increasingly cation concentration
which lets the chloride ions to migrate from the bulk solution to the crevice, in order to maintain
the solution electroneutrality. Kelly et al. [15] studied by means of capillary electrophoresis the
effect of some aggressive anions on the crevice corrosion development of stainless steel. It was
claimed that during the stabilisation of the crevice corrosion, the chloride concentration
increased to approximately 3—4 M, from an initial concentration value of 0.9 M. Wharton et al.
[7] also studied by means of capillary electrophoresis the evolving of the chloride and the
metal-ion concentrations within NAB crevice corrosion solutions. Similarly to Kelly et al.
[15], it was reported a chloride concentrations which increased from an initial value of 0.6 M to
2.7 M, within the first month of the NAB exposure.

To date, due to the strict dependence established between the proton and chloride
concentrations and crevice corrosion, many studies have been addressed to the crevice corrosion
monitoring using chloride— and proton—sensitive electrochemical sensors [16, 17]. In this work,
a different approach has been used to monitor the crevice corrosion occurring at metals. As
highlighted in Chapter 9, the method relied on the assessment of the metal—ions levels generated
by crevice corrosion rather than the determination of indirect—corrosion related parameters, such

as pH and chloride concentration.

11
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2.2 Benzotriazole Inhibitor: Chemical Properties and Inhibition

Mechanism on Copper and Copper Based Alloys

This section highlights the corrosion inhibition properties of benzotriazole for copper and
copper—based alloys. The importance of the chemical characteristics of benzotriazole have been
widely recognised to improve the corrosion performance of copper and copper—based
substrates; accordingly an overview of the benzotriazole behaviour in aqueous media (pH-
dependence) will be discussed in Section 2.2.1, which will allow for a better understanding of
the adsorption mechanism and the high affinity of benzotriazole for copper surfaces. This is
followed by a review of the most significant studies that have been conducted establishing (i)
the chemical analysis of benzotriazole films (Section 2.2.2) and (ii) the inhibition mechanism
and adsorption of benzotriazole on copper and copper—based alloys (Section 2.2.3), in order to
allow an interpretation and analysis of the NAB electrochemical behaviour in the presence of

benzotriazole.

2.2.1  Chemical Properties of Benzotriazole

Due to its good corrosion inhibition, 1,2,3-benzotriazole has been extensively investigated
on copper to better understand the mechanism behind its corrosion performance as well as its
effectiveness. Benzotriazole (CgHsN3) is a heterocyclic molecule which consists of a benzene
and a triazole ring. The nitrogen atoms in the azole ring are responsible for the bonding with a
metal and are accountable for its good corrosion inhibition property [18, 19]. The extent of the
benzotriazole bonding with a metallic surface can be directly related to the solution pH in which

the inhibitor is present [18], since the benzotriazole molecule undergoes acid—basic equilibria.

a b C

H—,@N\ /N__ N\/ _.N\/@

N N N

N

Figure 2.2.1. Benzotriazole chemical structures, (a) protonated (BTAH; ), (b) neutral (BTAH) and (c)

anion (BTA") forms.

Indeed, it is well-known that the benzotriazole can exist in three different chemical forms,
as shown in Figure 2.2.1 a—c, depending on the pH of the solution. The two equilibrium

constants (pK,; and pKj,), Equations 2.2.1 and 2.2.2, establish the pH thresholds which define

12
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the existence—interval between the cationic, the neutral and the anionic forms of benzotriazole,

hereafter termed as BT AH; , BTAH and BTA™.

BTAH; <> BTAH+H"  pK,~1 221

BTAH&BTA +HY  pK,, =8.2 2.2.2

With respect to the solution pH, one species might predominate over the others: as the pH shifts

from either the pKg; or the pKg, towards more alkaline and more acidic pH conditions (Figure
2.2.2), the ratios [BTAH;]/[BTAH] and [BTA™]/[BTAH] increase until the prevalence of

either the cationic or the anion species occurs [18].
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Figure 2.2.2. Speciation of benzotriazole with respect to the pH: (o) BTAH; , (0) BTAH and (A)

BTA .

2.2.2  Composition of Adsorbed Benzotriazole Films at Copper Surfaces

Dugdale et al. [19, 20] provided one of the early seminal studies into the benzotriazole
corrosion—inhibiting effect on copper. They suggested that the corrosion inhibition was not
solely correlated to the blocking effect of the heterocyclic compound on the anodic process but
it also produced a decrease of the cathodic kinetics, associated with the oxygen reduction
reaction (ORR). Since the 1970s numerous studies have been reported in an effort to gain a

13
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deeper understanding of the influence of pH [21], the ionic species present [22, 23], the
temperature [24] and the chemical—state of the metallic surface [18, 24-26] on the structure as
well as the chemical composition of adsorbed benzotriazole films on copper substrates.

It is generally accepted that benzotriazole decreases the corrosion rate of copper and copper
based alloys due to the formation of chemisorbed multilayers of a polymeric structure of
benzotriazolium anion (BTA") with a cuprous cation, Cu(l) [18, 24, 26]. One of the original

studies regarding the composition of the benzotriazole—copper film was reported by Fox et al.

[27], who indicated that only Cu(l)BTA™ is formed at Cu,O substrate, and not a mixture of

Cu(l)BTA and Cu(ll)(BTA"), complexes. Subsequently, Hashemi et al. [28] using X-ray
photoelectron spectroscopy (XPS) studied the chemical composition of copper treated with
benzotriazole and identified the presence of the Cu(l)BTA™ complex on copper, where the
negative charge of the benzotriazolium anion was delocalised over the three nitrogen atoms.

The surface enhanced Raman scattering (SERS) spectroscopy was first employed by Kester
et al. [29] as a means to better comprehend the structure of adsorbed benzotriazole on copper in
organic solutions. In particular, the authors investigated the benzotriazole interactions that
occurred at the copper surface, when subjected to different polarisations. Direct conclusions of
the benzotriazole adsorption were drawn from SERS, due to significant changes between the
free and the adsorbed benzotriazole spectra. Furthermore, it was also suggested that the initial
layer of adsorbed benzotriazole was not present in the polymerised form but rather as a

molecular species, Cu(0)[BTAH ].,.

Figure 2.2.3. Polymeric structures of (a) BTA™ and Cu(l) and (b) BTA",Cu(l) and CI™ [30].

Da Costa et al. [30] also investigated the benzotriazole adsorption in hydrochloric acid (pH

1.0 to 6.5) on copper substrates under different applied potentials. SERS spectroscopy

distinguished two different complexes present at the metal surface, i.e., [Cu(l)BTA"], and

14
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[Cu()Cl,[BT AH],,], as shown in Figures 2.2.3a and 2.2.3b, whose concentrations were
related to the applied potential. Tromans et al. [18] proposed a bi—layer structure with an inner

film of Cu(0)[BTAH ],.c covered by an outer [Cu(l)BTA], matrix. The film structure

proposed by Tromans et al. was in agreement with that of Da Costa et al. [30] in spite of the
different electrolyte.
Brusic et al. [31] investigated by means of XPS, electrochemical and mass spectrometry

techniques the growth of the benzotriazole film on copper substrates in a sulphate environment.

They proposed an initial formation of Cu(0)[BTAH ], at the metal surface, which was

subsequently covered by [Cu(l)BTA"],. Moreover, they indicated that the film-structure

reflected the kinetic growth: the slowest is the growing film process and the more polymerised
and the more protective the inhibitor film.

In the 1990s, with the development of new surface—sensitive techniques such as atomic force
microscopy (AFM) and scanning tunnelling microscopy (STM), new insights were gained
regarding the chemical composition of the adsorbed benzotriazole films. Cho et al. [32] using
STM studied the adsorption of benzotriazole (vapour phase) on oxide—free copper. They
showed that BTAH adsorbed on oxide—free copper with a well-oriented structure. It was also
reported that the interactions between BTAH and copper occurred via the n—orbital of the
triazole ring and that BTAH was horizontally adsorbed at the metal surface.

The film composition of benzotriazole on copper substrate in 0.1 M HCI and 0.01 M

H,S0, solutions, using in situ STM and in situ fourier—transform infrared spectroscopy (FT—

IR), was first studied by Vogt et al. [33, 34]. For chloride—containing medium [33], three
different cases were distinguished by either the presence or the absence of benzotriazole. In
particular, a competitive adsorption behaviour of benzotriazole was established with chloride

and sensitive to the electrode potential: (i) at potentials below —0.6 V vs. SCE the metal surface
was covered by BTAH, Cu(0)[BTAH ].4, which was determined to be chemically adsorbed
and organised as superstructure film; (ii) at potentials ranging from —-0.6 V to -0.3 V vs. SCE
the copper surface was entirely covered by chloride, due to the replacement of BTAH by CI~;
whereas (iii) above —0.3 V vs. SCE the formation of an inhibiting [Cu(1)BT A"], film occurred

at the metal surface. Regarding the sulphate—containing solutions [34], a different adsorption

scenario was discussed by Vogt et al. due to the absence of the highly competitive adsorption

behaviour of ClI~ with BTAH. Indeed, at potentials lower than —0.12 V vs. SCE, in situ STM
suggested that benzotriazole was chemisorbed at the copper surface and formed ordered and

disordered adsorbed—layer (ad—layer) structures, where the ordered film was associated with
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Cu(0)[BT AH],4, whereas the disordered layer was related to [Cu(l)BTA™],. At potentials

higher than —0.12 V vs. SCE, the polymeric film [Cu(l)BTA"], covered the entire copper

surface.

Qafsaoui et al. [35] investigated the characteristics of adsorbed benzotriazole films in pH 9
borate buffered solutions using coulometry and electrochemical quartz crystal microbalance
(EQCM). The benzotriazole concentrations were either 10* M or 10° M. Electrochemical
tests were based on the anodic polarisation of copper by applying +0.4 V vs. SCE, forming
principally CuO, and reducing it afterwards by scanning the potential from -0.2 V to —1.2 V vs.
SCE, either in the presence or in the absence of benzotriazole. In the absence of benzotriazole
two layers of copper oxides, CuO and Cu,O, were reported, whereas in the presence of the

inhibitor [Cu(l)BT A"], along with CuO, covered a thick Cu,O layer. The thicknesses of Cu,O
and CuO were determined to be 303 nm and 167 nm, for the test carried out in the absence of

BTAH; and 588 nm and 32 nm for the test performed in the presence of BTAH, as shown

schematically in Figure 2.2.4.

CuO
Cu(l)BTA

CuO

Cu,0

Figure 2.2.4. Proposed structures for films in borate buffered solution (a) without and with (b) inhibitor

[35].

Stewart et al. [22] studied the anion effect in the growth process of the benzotriazole films
on copper using ellipsometry, SERS and mass spectrometry. The electrolytes were 0.1 M KCl,
0.1 M KBr, 0.1 M CH;COOH, 0.1 M K,SO, and 0.1 M KCIO, solutions at pH of either 8.5 or

2.0, while the benzotriazole concentration was 0.02 M. Thicker [Cu(l)BTA], films were

apparent on copper in the halide—containing electrolytes than those obtained in organic and
inorganic solutions. Therefore, an active participation of halides in the benzotriazole—film
growth was proposed, where bromide / chloride coordinated with Cu(l) within the film. This
insight was further confirmed by mass spectrometry, which indeed demonstrated the presence of
Cl" and Br in the protective benzotriazole layers. The protective film structure proposed by

Stewart et al. was in agreement with that advanced by Da Costa et al. [30].
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Recently, Kokalj et al. [36] investigated the inhibition of benzotriazole on copper in a neutral
chloride solution, by using a quantum calculation study. Several phenomena were considered in
the theoretical model, such as the interaction of neutral and deprotonated molecules, the role of
intermolecular association of inhibitors on the surface, solvation effects, double-layer electric
field and the effects on the molecule—surface bonding. High inhibition properties were
highlighted for benzotriazole on copper due to its ability of forming strong N-Cu chemical

bonds in the deprotonated form. Furthermore, the superior affinity for copper was associated
with the ability of forming intermolecular aggregates, such as [Cu(l)BT A'],, adsorbed at the

metal surface.

2.2.3  Inhibition of Benzotriazole: Mechanism and Adsorption

The inhibition mechanism of benzotriazole, as well as its adsorption on copper surfaces, has
been the focus of debate due to the controversial results often reported in different studies
throughout literature. Youda et al. [37] studied the corrosion behaviour of copper in the
presence of benzotriazole in a sulphate medium at different pHs and electrode potentials using
SERS. Regarding the inhibition mechanism an adsorption process was proposed dependent on
the electrode potential and on the pH. SERS indicated that at potentials below —0.5 V vs. SCE

the BTAH was predominantly adsorbed at the copper surface, Cu(0)[BTAH],,, whereas at

potentials more positive than —0.3 V vs. SCE the polymeric structure Cu(l)[BTA], was the

main adsorbed compound. At potentials ranging from —0.5 V and 0.3 V vs. SCE the coexistence

of both species occurred. Therefore, an adsorption mechanism based on the equilibrium

between Cu(0) [BT AH],,, and Cu(l)[BTA"], was suggested, as shown in Equation 2.2.3.

Cu(0) [BT AHL, <> Cu() [BTA ],4. + H* +e- 2.2.3

ads

The proposed equilibrium also suggested the prevalence of BTAH at low pH and cathodic
potentials.

Hope et al. [38] investigated the initial interactions of benzotriazole with copper ina 2 M
H,SO, solution using SERS and XPS. The adsorption mechanism established by Youda et al.
[37] was confirmed, where adsorbed BTAH on copper predominated at low pHs and at
potentials lower than —0.5 V vs. Ag/AgClI. Furthermore, the BTAH adsorption on copper was
shown to be a reversible process below pH 3.

Alkire and Cangellari [39] studied the influence of benzotriazole on the anodic behaviour of
copper in 1 N H,SO, under high dissolution rates and in the presence of fluid flow.

Electrochemical measurements provided information of a dual-layer structure, where the inner
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film was shown to be thin and highly resistive, associated with Cu(0) [BT AH] 4, whereas the

outer was porous and dependent on the flow rate, related to [Cu(l)BTA™],. Alkire and
Cangellari confirmed the previous studies [29, 31, 34, 38], where BTAH is present at the copper

surface as Cu(0) [BT AH] 4 and represents the incipit of the process, while the formation of

Cu(l)[BTAT], is the last step of the adsorption mechanism.

Xue et al. [40] proposed a process based on the initial interaction of BTAH with the copper
surface, followed by the further formation of Cu(l)[BTA™],. Using SERS, XPS and cyclic
voltammetry they investigated the adsorption of benzotriazole on freshly etched metallic copper
and on oxidised copper substrates in a 1:1 solution of water and ethanol (pH 6) containing 0.1 M
of benzotriazole. CV suggested that benzotriazole reacted faster with metallic copper than with
the oxidised specimen, thus providing a better inhibition. For the etched copper specimen, a
mechanism was proposed which proceeded through the initial adsorption of BTAH at the metal
surface (see Equation 2.2.4), followed by the oxidation of copper(0) to copper(l) by co-
adsorbed molecular oxygen, forming Cu(l)BTA™ (see Equation 2.2.5). The final step of the

adsorption mechanism was considered to be the formation of polymeric benzotriazole—Cu(l)

clusters, as reported in Equation 2.2.6.

Cu(0) + BTAH—> Cu(0)[BTAH].,. 224
ACU(0)[BT AH 1,4, —4(2ts , 4cy(1)BT A +2H,0 225
nCu(l)BTA™ —>[Cu(l)BTA], 226

In accordance with the mechanism discussed by Kester et al. [29], Tromans et al. [18]

suggested a dual-layer structure constituted of an inner thin film of adsorbed BTAH,
Cu(0)[BTAH 1.., and an outer thick layer of [Cu(I)BTA"],. The initial adsorption step was

the formation of Cu(0)[BTAH ], as shown in Equation 2.2.7, however, contrary to Youda et

al. [37] and Xue et al. [40] mechanisms, the formation of the polymeric structure

[Cu(1)BTA"], was shown to occur within the diffusion layer between the BTAH and CuCl,

(see Equation 2.2.8), rather than at the metal surface between Cu(0) and BTAH 4.

Cu(0) + BTAH—> Cu(0)[BTAH ].4, 22.7

nCuCl, + nBTAH—[Cu(l)BTA"], + nH" +2nCl~ 2.2.8
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NCu(0)[BT AH].,, +[Cu(l)BTA ], — [Cu(0)[BTAH],4, - Cu(l)BTA], 2.2.9

The further development of the protective inorganic matrix was indicated to occur through the

adsorption of [Cu(l)BTA"], onto Cu(0)[BTAH],, thus obtaining a structure

[Cu(0)[BTAH].s- Cu(l)BTA™],, as highlighted in Equation 2.2.9. Furthermore,

electrochemical investigations, performed on copper in chloride media at pHs ranging from 1.0
to 6.5 indicated a poor inhibition by benzotriazole films when the pH decreased below to 3 due

to the instability of the [Cu(I)BT A™], layer.

Xu et al. [41] studied the benzotriazole adsorption from aqueous solutions on Cu,O and CuO
surfaces by using XPS, Auger electron spectroscopy and ultraviolet-visible spectroscopy
measurements. The Cu,O surface was achieved by first depositing a metallic copper film over a
fused quartz substrate and then exposing the coated samples to the air for 3-5 h, whereas the
CuO surface was based on a heat treatment at 150 °C for 2 h of freshly deposited copper.
Results indicated the formation of a single chemisorbed layer of BTA", at low benzotriazole
concentrations ([BTAH] < 5x10°° M), occurring via dissociation of BTAH on BTA™ and H*

upon the benzotriazole adsorption.

Vogt et al. [33, 34] proposed a mechanism where [Cu(1)BTA™], was formed within the
diffusion layer, rather than at the metallic surface, in solutions containing either chloride [33] or
sulphate [34]. Regarding the chloride containing solution, as opposed to the mechanism
previously reported by Tromans et al. [18], it was indicated that BTAH does not undergo
interactions with copper surfaces before forming the ad—layer of [Cu(l1)BTA],,.

Metikos—Hukovic et al. [42] investigated the inhibitor action of benzotriazole on copper in a
1 M CH3;COONa solution varying the pH from 4 to 10 and using CV and EIS measurements.

At low inhibitor concentrations, less than 0.5 mM, BTAH interacted with the copper surface

forming Cu(0)[BTAH ].4, Whereas at benzotriazole concentrations higher than 1.0 mM the

process was related to the formation of [Cu(I)BTA™],. The adsorption isotherm employed to

fit the data was a modified Flory—Huggins isotherm, see Equation 2.2.10.
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where 0 is the adsorption of benzotriazole on copper, y is the number of water molecules

displaced by a molecule of inhibitor and G, is the standard adsorption free energy. The

S

authors highlighted a decreasing trend of the standard free adsorption energy when changing
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from acidic to alkaline conditions, thus suggesting a stronger interaction between the inhibitor
and the metallic surface at lower proton concentrations. The determined standard adsorption
free energies were —37.8 kJ mol ™, —39.0 kJ mol ™, —31.1 kJ mol™ and —30.0 kJ mol ™, while the
x values were 0.5, 1.5, 0.8 and 1.2, at pHs of 4.0, 6.0, 8.0 and 10.0, respectively.

Cao et al. [26] investigated the adsorption of benzotriazole inhibitor, as well as its inhibition
efficiency, on different metal substrates (copper, iron and nickel) using SERS and
electrochemical techniques. Measurements were made in a 0.1 M KCI solution at the open
circuit potential but also cathodically polarised at —1.1 V vs. Ag/AgCl. The ability of
benzotriazole to coordinate with the metals principally occurred through two of the triazole
nitrogen atoms, thus forming strongly adsorbed protective layers insoluble in water. The
interactions between benzotriazole and the metallic surfaces were determined to decrease in the
order: Cu > Fe > Ni. These results were in good agreement with the corrosion inhibition values
determined for the different substrates: 70.4%, 59.9% and 31.9% for copper, iron and nickel,
respectively. Moreover, SERS performed on cathodically polarised copper suggested a

dissolution of the polymer, [Cu(l)BTA'],, due to the penetration of H' into the polymeric

chain. The manner by which benzotriazole interacts with copper and copper—based alloys has
been described by a diverse range of adsorption isotherms. Generally, the standard adsorption
free energies reported in the literature for benzotriazole on copper varies between 25 k] mol™
and 47 k] mol . Subramanian et al. [21] electrochemically determined an adsorption behaviour
of benzotriazole on copper which followed a Langmuir isotherm, see Equation 2.2.11. The CV
and EIS tests were carried out in a 0.1 M NaCl solution in a benzotriazole concentration range
from 0.1 x 10° M t0 2.0 x 10° M. They reported a standard adsorption free energy of —27.9 kJ

mol™, thus indicating a spontaneous adsorption process.
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Antonijevic at al. [43] also used the Langmuir isotherm to describe the adsorption behaviour
of benzotriazole on copper. The electrolyte considered was a borate—buffered solution at
different pHs (8.0, 8.7, 9.3, 10.3 and 12.3), whereas the technique to assess the inhibitor
adsorption was the potentiodynamic polarisation. Using Equation 2.2.11 the standard
adsorption free energies were determined ranging from —34 kJ mol™ to —47 kJ mol™ (slightly

higher than those estimated by Subramanian et al. [21]).
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Table 2.2.1. Summary of the literature standard adsorption free energies on copper. CV (cyclic

voltammetry), CA (chronoamperometry), PP (potentiodynamic polarisation) and WL (weight loss).

Ref.  Substrate Electrolyte pH Method Isotherm AG,qs | kI mol™
[21] copper 0.1 M NaOH 13.0 cv Langmuir -27.9
[25] copperpol. 0.1 M H,SO, 0.7 CA Langmuir -3.8
[42] copper 1M CH;COONa 4.0 Ccv Flory—Huggins -37.8
[42] copper 1M CH;COONa 6.0 Ccv Flory—Huggins -39.0
[42] copper 1 M CH;COONa 8.0 cv Flory—Huggins -31.1
[42] copper 1 M CH;COONa  10.0 cv Flory—Huggins -30.0
[43] copper Buff. borate 8.0 PP Langmuir -44.0
[43] copper Buff. borate 8.7 PP Langmuir -
[43] copper Buff. borate 9.3 PP Langmuir -47.1
[43] copper Buff. borate 10.3 PP Langmuir -38.7
[43] copper Buff. borate 12.3 PP Langmuir -
[43] copper 0.05 M NaCl 8.0 PP Langmuir -
[43] copper 0.05 M NacCl 8.7 PP Langmuir -34.1
[43] copper 0.05 M NacCl 9.3 PP Langmuir -43.2
[43] copper 0.05 M NacCl 10.3 PP Langmuir -
[43] copper 0.05 M NacCl 12.3 PP Langmuir -
[44] copper 0.001 M H,SO, 2.7 WL Frumkin -27.4
[44] copper 0.005 M H,S0O, 2.0 WL Frumkin -27.2
[44] copper 0.01 M H,SO, 1.7 WL Frumkin -27.8
[45] copper 0.001 M HCI 3.0 WL Frumkin -25.0
[45] copper 0.005 M HCI 2.3 WL Frumkin -22.0
[45] copper 0.01 M HCI 2.0 WL Frumkin -24.0
[45] copper 0.05 M HCI 13 WL Frumkin -25.0
[45] copper 0.1 M HCI 1 WL Frumkin -20.0
[45] copper 0.5 M HCI 0.3 WL Frumkin -28.0
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Bastidas et al. [44, 45], in contrast to the previously reported adsorption mechanisms, i.e.
[21, 43], determined an adsorption behaviour of benzotriazole on copper following the Frumkin

isotherm, as shown in Equation 2.2.12.

9 _AGaodS
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Where g is the interaction parameter term, which denotes the lateral interactions occurring
between the different adsorbed molecules at the surface. Two different cases can be
distinguished: (i) g < 0 lateral repulsion between adsorbed BTAH and (ii) g > 0 lateral attraction
between adsorbed BTAH. Two electrolytes were considered, H,SO, and HCI at different
concentrations (from 0.001 M to 0.01 M for H,SO, and from 0.001 M to 0.5 M for HCI). The
benzotriazole concentrations ranged from 1.0 x 10> M to 1.0 x 10" M for both studies. Using
Equation 2.2.12, the standard adsorption free energies were reported slightly higher for the
sulphuric acid electrolyte (from —27.2 kJ mol™ to —27.8 kJ mol™) than those estimated for
hydrochloric acid (from —20.2 kJ mol™ to —20.8 kJ mol™). This behaviour contradicts those
results reported by Stewart et al. [22] where halides favoured the formation of thicker and more
protective films.

Considering the influence of the applied potential on the benzotriazole adsorption on copper,
Allam et al. [25] investigated the benzotriazole adsorption on cathodically polarised copper in a
0.5 M Na,SO, + 0.1 M H,SQ, solution. The electrodes were polarised at —1.0 V vs. Ag/AgCI
for 15 minutes, in order to remove the oxide film which covered the metal surface, and then at —
0.394 V vs. Ag/AgCI. The current was measured (a chronoamperometry process) in the absence
and in the presence of 1 x 10* M, 1 x 10° M and 1 x 10> M of benzotriazole. The adsorption
isotherm used was the Langmuir isotherm, see Equation 2.2.11. The standard adsorption free
energy was estimated to be —3.8 kJ mol™, considerably lower than those reported at the open
circuit potential [21, 43], thus suggesting a benzotriazole adsorption behaviour extremely
sensitive to the applied potential.

To date, the standard adsorption free energies of benzotriazole were all determined on
copper at different experimental conditions, i.e., electrolyte, pH, ionic strength and applied
electrode potential [21, 25, 43-45]. Regarding the adsorption mechanism of benzotriazole on
copper—based alloys to the best of our knowledge only a limited number of studies have been
undertaken and reported in the literature.

Babic et al. [46] investigated the corrosion behaviour of 90/10 CuNi in a 1 M CH;COOH
solution at pH 5.8, in the presence of benzotriazole. The inhibitor concentration ranged from
5.0 x 102 M to 10.0 x 10°* M, while the technique employed to testing the corrosion behaviour
was the CV. The best description of the benzotriazole adsorption was provided by the

Langmuir isotherm, see Equation 2.2.11, which resulted in a standard adsorption free energy of
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-36.7 k] mol™. Similar standard adsorption free energies were also determined by Metikos-
Hukovi¢ [42] for benzotriazole on copper in the same electrolyte conditions (1 M CH3;COOH).
The Langmuir isotherm was also employed by Kadhom et al. [47] for describing the corrosion
behaviour of 90/10 CuNi in a 5% HCI solution in the presence of benzotriazole. The inhibitor
concentrations were 8.4 x 10° M and 12.6 x 10 M while the technique used for the testing
was the weight loss (WL). Using Equation 2.2.11 the authors determined a value of standard
adsorption free energy of —22.1 kJ mol™. The value determined by Kadhom et al. was
comparable with those assessed by Bastidas [45] on copper in acidic chloride environments.
Tables 2.2.1 and 2.2.2 list the standard adsorption free energies and the system characteristics at
which the tests have been performed, i.e., type and concentration of the electrolyte, pH of the
solution, method by which the adsorption evaluations have been carried out and isotherm used

for the experimental fitting of benzotriazole on copper and on copper—based alloys.

Table 2.2.2. Summary of the literature benzotriazole adsorption free enthalpy values determined on

copper—based alloys.

Ref.  Substrate Solution pH Method Isotherm AG.gs kI mol™
[46] 90/10 CuNi 1M CH;COONa 5.8 Ccv Langmuir -36.7
[47] 90/10 CuNi 5% HCI - WL Langmuir -22.1

2.24  Summary

Benzotriazole is a well-established and an effective corrosion inhibitor for copper and

copper—based alloys. Even though its corrosion inhibition has been attributed to the formation
of a polymeric ad-layer of [Cu(I)BTA'],, the actual adsorption mechanism, as well as the
adsorbed films structures, are still being discussed. Indeed, the initial adsorption step has been

shown to take place via either the formation of adsorbed molecular BTAH, Cu(0)[BTAH ],
[18, 37, 39, 40] or the direct adsorption of [Cu(I)BTA], [33], whereas the issue related to

whether the formation of [Cu(l)BTA™], occurs at the metal surface [29, 37-40, 48] or within

the diffusion layer [18, 33] remains open [20]. Furthermore, the inconclusive results in the
literature regarding the ad—layer structure do not provide insightful indications for establishing
the most likely adsorption process of benzotriazole on copper.

Parameters such as pH and applied potential have been reported to significantly influence the

presence of adsorbed benzotriazole films. Generally, in low pH solutions (below 3) and at
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cathodically polarised copper surfaces the formation of [Cu(l)BTA"], has been shown to be

unfavoured.

As far as the adsorption isotherms are concerned, different models have been utilised in the
literature to describe the benzotriazole behaviour on copper and copper—based alloys.
Benzotriazole spontaneously adsorbs on copper and on copper—based alloys with a standard
adsorption free energy ranging from —22.1 kJ mol™ to —47.0 kJ mol™ depending on the

experimental conditions.

2.3 Boron-Doped Diamond Electrodes

This literature survey is focused on (i) the electrochemical properties of boron-doped
diamond (BDD) electrodes in aqueous media (see Section 2.3.2) and (ii) the chemical analysis
of BDD surfaces using X-ray photoelectron spectroscopy (XPS) (see Section 2.3.3). Regarding
(i), a detailed review of the most relevant electrochemical properties reported in the literature
will allow a comparison with the experimental results determined at the used BDD electrodes
(see Section 5.1). Furthermore, since a strict dependence has been established between the
chemical surface—state and the electrochemical properties of doped diamond films [49], the (ii)
will be surveyed to assess the functional groups likely to be present at BDD surfaces, thus
allowing to better understand the correlation present between the electrochemical properties
and the surface chemical composition. Moreover, a brief description of the BDD synthesis
procedures are highlighted in Section 2.3.1 in order to background on the main manufacturing

methods employed to date.

2.3.1  Synthesis of Boron-Doped Electrodes

Due to its complete C—sp® hybridisation, diamond has outstanding properties such as
chemical inertness, extreme hardness and low friction coefficient. The high inherent electrical
resistivity makes natural diamond an insulating material not suitable for electrochemical
purposes. However, addition of boron atoms in the diamond lattice, p—doping, will transform it
into a conductive material, thus making BDD substrates useful for a broad range of diverse
electrochemical applications [50]. As highlighted in Table 2.3.1, the BDD electrode
conductivity has been observed to increase from approximately 10* S cm™ to ca. 10 S cm™,
when the boron concentration (expressed either as ppm of B in the precursor gas phase or as B
atoms within the tetrahedral lattice), varied from 200 ppm to 10000 ppm and from 10’ atom

cm? to 10%* atom cm, respectively.
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Table 2.3.1. Conductivity of boron—doped diamond [51].

B/ C (gas phase) / ppm  [B] (solid phase) / atom cm™  Conductivity / S cm™

200 8 x 10" 2x10*
800 2 x 10" 5x 10"
1200 5x 10" 4x10°
1600 9 x 10" 0.02
2000 1% 10% 0.09
2800 4 x 10 _
6000 2 x 10% 17
6500 3 x 10% _
8000 5 x 10% 17
10000 7 x 10% 17

The outstanding chemical and physical properties of doped diamond films, originally
discovered in the early sixties by Union Carbide Corporation [50], led to extensive
investigations of these substrates in order to find better synthesis methods as well as
enhancement of their performance. To date, chemical vapour deposition (CVD) is the main
synthesis process exploited to produce doped diamond. This technique creates thin layers of
diamond, with desirable amounts of doping agent, deposited onto an inert substrate [52]. In
addition to CVD, vacuum annealing and the high pressure and high temperature process
(HPHTP) have been studied as alternative routes to produce doped diamond materials [50].
Herein are reported a brief description of the principal synthesis procedures of boron—doped
diamond and conductive diamond substrates.

» Chemical Vapour deposition: The CVD process was investigated after Union Carbide
Corporation discovered the potential to deposit diamond from hydrocarbon or CO/CO,
gas sources at low pressures and temperatures, where diamond is the metastable carbon
phase with respect to the graphite [50]. Consequently, when the diamond deposition is
performed it is essential to enhance the sp®~carbon content and simultaneously suppress
the sp>structure. To date, CVD has been the technique most employed to manufacture
doped-diamond electrode due to its high reproducibility and controllability [50]. This
particular procedure is based on a gas—phase non—equilibrium process which uses a high
super saturation of atomic hydrogen with various hydrocarbon radicals [50]. Activation
of the gas phase can be accomplished using hot filaments [53] or microwave radiation
[54], increasing the temperature of the gas phase to 2200-2800 °C. Generally, when the
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gas phase is activated by the hot filament it is possible to manufacture a large diamond
surface (for industrial purposes), up to 0.3 m? whereas using a microwave system a
smaller surface area, but with higher diamond purity, is usually produced. In both
cases, the gas phase is held at 10-50 mbar and is generally comprised of a carbon
source in hydrogen (H,) with boron or other dopant elements [50]. Specifically, the
carbon source methane (0.5-3.0% of CH, in hydrogen) has been the most frequently
employed compound, although others, such as an acetone / methane mixture (9:1
volume ratio), have been also reported in the literature [55]. As far as the dopant
element is concerned, the use of diborane (B,Hs) can be used in the CVD process as a B
source since its concentration can be varied by controlling the flow rate. However, its
explosive nature, when in the presence of oxygen, requires special attention. Therefore,
B,Os (dissolved in methanol) rather than B,Hg [55] is generally preferred. The role of
hydrogen in the CVVD process is not only confined to be the carrier phase. Indeed, it has
been reported that hydrogen promotes the termination of the carbon dangling bonds on
the diamond surface and reduces the graphitic carbon (C-sp?) in the diamond lattice
structure. Concerning the substrate material onto which the diamond is deposited, so far
the best material is silicon due to its ability to minimise the phenomenon of crossing
contamination [55]. Usually, regardless of the type of the substrate, the deposition
process is performed onto a substrate maintained a temperature of 750-825 °C [50].
High pressure and high temperature process (HPHTP): Doped diamond electrodes
prepared by the CVD process exhibit excellent electrochemical performances.
However, limitations principally due to the complexity of the preparation and the cost
of the equipment (high temperature in the presence of hydrogen atmosphere) have
limited wider usage [56]. Therefore, alternative diamond preparation methodologies are
still required in order to simplify the formation process. For instance, diamond powder,
with low specific surface area and a particle size ranging from 0.1 pm to 100 um, can be
produced by high pressure and high temperature synthesis. Problems related to the
size—controllability and the low conductivity of the produced diamond powder have
been reported to reduce a wider use of HPHTP.

Vacuum annealing: Doping is not a unique way to obtain conductive diamonds. An
alternative approach to impart conductance to polycrystalline CVD diamond is high
temperature annealing within a vacuum [57] which has been shown to be mainly
related to the graphitised of grain boundaries. Changes in the electrochemical
properties of the heat treated films are apparent at temperatures above 1552 °C (with an

increase of the conductivity from an initial value of 10™ S cm™ up to 10 S cm™). The
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practical use of this method to form conductive diamond from undoped diamond is still

limited and remains questionable [50].

2.3.2  Electrochemical Characterisation of Boron—-Doped Diamond Electrodes

BDD properties are influenced by a large range of factors, such as dopant concentration, type
of dopant, structural defects in the diamond film, impurities (sp>~C), crystallographic
orientation and surface termination [50, 58]. Chemical and physical properties have been
reported to be significantly altered by the surface chemical state of the diamond electrodes. For
instance, conductivity has been observed to slightly decrease passing from the hydrogen—
diamond surface to the oxygen—diamond surface [50, 59], whereas wettability, which has been
associated with the presence of highly oriented surface dipole moments (C—O groups) capable
of interacting with polar solvents, has been shown to increase passing from hydrogen— to
oxygen-terminated surfaces [50, 58]. It is well-known that doped diamond (produced via a
CVD process) has a hydrogen—termination surface, which can be easily transformed to oxygen—
termination by oxidation (electrochemical, thermal or by means of oxygen plasma) [50, 58, 60].
Due to the influence of different surface C—species on the chemical and physical properties of
BDD electrodes, Ferro et al. [49] chemically characterised the surface of an “as—formed”, an
electrochemically oxidised and a thermally oxidised boron—doped diamond electrode. X-ray
photoelectron spectroscopy (XPS) revealed that the “as—formed” doped diamond resulted in a
relatively low oxygen—bonded carbon content (mainly alcohols and ethers), while the oxidised
electrodes displayed greater carbon—oxygen surface speciation (alcohols, ethers, carbonyls,
carboxyls and esters). Regarding the stability of the oxygenated groups at the diamond surface,
Goeting et al., Ferro et al. and Kondo et al. [49, 61, 62] determined that these species display an
intrinsic stability that the recovery of the pristine surface is achievable only by using a hydrogen
plasma treatment.

Electrochemical BDD properties are also expected to change when the electrode surface is
transformed from hydrogen— to oxygen—termination [58, 59, 63]. Considering the investigation

3 on a diamond electrode, a reversible

of the redox couple ferri / ferrocyanide, [Fe(CN)g]
process is usually reported for hydrogen—terminated BDD electrodes, while a quasireversible
process is observed for oxygen—termination [59, 64, 65]. This indicates that the “as—formed”
diamond electrodes display faster electron transfer kinetics with respect to the oxidised diamond
substrates [63, 66].

The [Fe(CN)g]*™* redox system is often used to probe the electrode performance [67]. It is

1374 reacts at the diamond

frequently assumed that the mechanism by which the [Fe(CN)g
surface is a simple outer—sphere process [68], i.e., an electron transfer where the reactant and

the product do not interact strongly with the electrode surface [69, 70]. However, Granger et al.
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[71] indicated that the redox reaction of ferri / ferrocyanide on BDD electrodes is via an inner—
sphere process, through which there are specific interactions at the BDD surface. Subsequently,

more recent studies [72] have confirmed the sensitivity of the [Fe(CN)s>"*

system to the
condition of the diamond surface, suggesting the establishment of interactions between the
surface and the cyanide complex.

Concerning the reactivity of the [Fe(CN)s> "

redox system on different doped diamond
surfaces, Ferro et al. [66] investigated the ferri / ferrocyanide kinetics in a 0.5 M H,SO, solution
for an “as—formed” and an electrochemically oxidised diamond electrode, by using

electrochemical impedance spectroscopy (EIS). The apparent electron-transfer rate constants® (
ksp) for [Fe(CN)e]* ™ were determined to be 0.04 cm's * and 0.004 cm s * for the “as—formed”

and the oxidised electrodes, respectively, thus indicating a faster process promoted by the
hydrogen—terminated BDD.

Actis et al. [65] also compared the electrochemical behaviour of boron—doped diamond
electrodes with different surface termination: hydrogen, oxygen (obtained by UV irradiation in
air for 2 h) and amine surfaces (plasma treatment at 13.56 MHz in He/NH; system).
Electrochemical investigations were achieved using cyclic voltammetry (CV) and employing
the [Fe(CN)s]* ™ redox system in a 0.1 M KClI solution. A quasireversible electron transfer was
reported for all the diamond electrodes investigated, even though the faster process was
associated with the hydrogen—terminated surface, having an apparent rate constant of 0.012 cm
s'. The slowest electron transfer process was determined to occur at the oxygen—terminated
diamond electrode, having an apparent rate constant of 0.0003 cm s ™. The authors claimed that
the dipole surface C**—O®, present at the oxygen—terminated BDD, was responsible for the

3-/4-

reduced kinetic since it unfavourably interacted with the [Fe(CN)¢] anions (electrostatic

repulsion).

A slow electron transfer process of the [Fe(CN)e]* ™

redox system was also highlighted by
Zhang and co—workers [73] when an “as—formed” BDD electrode was subjected to anodic
treatments, i.e., +1.039 V, +1.539 V, +2.039 V, +2.539 V vs. Ag/AgCl in a 0.1 M H,SO,
solution for 20, 40 and 60 minutes. In particular, an increase of both the electrode potential and
time of the anodic treatments produced a decrease of the apparent electron—transfer kinetic
constants associated with the [Fe(CN)s]* ™ redox couple, 1.01 x 10* cms™*t0 2.49 x 10* cm s~
!, respectively for the “as—formed” and the oxidised electrodes (+2.5 V for 60 minutes).

Similarly, considering the influence of the diamond surface termination on the kinetics of the

[Fe(CN)s]*™ reduction / oxidation process, Boukherroub et al. [74] studied the photochemical

! The electron—transfer rate constants reported in the literature are generally termed as “apparent electron—
transfer rate constants” since they are not usually corrected with the double layer capacitance [24].
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oxidation of an “as—formed” BDD. The background solution employed was a 0.1 M KCI
solution while the boron doping level of the electrode was 2000 ppm. The photochemical
treatment applied to the BDD substrate consisted of vacuum irradiation process with ultraviolet
light at a wavelength of 172 nm for 3 h. The apparent electron transfer rate constants promoted
by the BDD electrodes for the ferri / ferrocyanide couple were determined to be 0.012 cm s™
and 0.0005 cm s for the hydrogen— and oxygen—terminated diamond electrodes, respectively.

The surface termination effect on the electrochemical properties of doped diamond
electrodes was also studied by Vanhove et al. [75] where a strong influence of the surface
chemical state was reported. The BDD electrode employed in the tests had a boron doping level
of 2000 ppm while the [Fe(CN)e]*™ redox system in a 0.1 M KCI solution was used to probe
its electrochemical reactivity. It was reported that after an “extensive” use of the diamond
electrode, the electron transfer rate constant decreased from 6 x 102 cm s (value determined at
the “as—formed” BDD) to 4 x 102 cm s, indicating a rapid decline of the electrochemical
properties. However, the recovery and stabilisation of the electrode reactivity was reported by
applying a post—electrochemical treatment cycling the electrode potential from —4 x 102 A cm™?
and 4 x 10° A cm . Data indicated that the post—electrochemical treatment conferred more
stability and enhanced the electron transfer kinetics, having an apparent rate constant of 2 x 102
cm s [75].

In contrast to the literature reported to date, McEvoy and Foord [76] suggested that the
oxidation treatment achieved on “as—formed” diamond electrode enhances the ferri /
ferrocyanide electron transfer kinetics. The background electrolyte employed for the testing

3 The anodic treatment

was a 0.1 M KCI solution whereas the redox system was [Fe(CN)¢]
was performed in a 1 M HNO; solution by applying an electrode potential of +1.035 V vs.
Ag/AgCl for 60 s. Cyclic voltammetry suggested an increase of the electron transfer kinetics
after the polarisation treatment (with a reduction of the peak—to—peak response from 0.200 V to
0.090 V). The electron-transfer rate constant, estimated using the Nicholson method, was
reported to be 5 x 10°° cm s* for the oxidised electrode.

Another important surface feature that has been suggested to markedly influence the electro—
catalytic properties of diamond substrates is the superficial graphitic carbon content. Duo et al.
[77] studied the electrochemical behaviour of diamond electrodes subjected to different anodic
polarisation treatments. The electrodes investigated were the “as—formed” diamond electrode
and two differently polarised diamond electrodes, i.e., “mild—polarised” (+0.01 A cm for 30
minutes in a 1 M H,SO, solution) and “severe—polarised” diamond electrodes (+1 A cm™ for
576 hina 1 M HCIO, solution).

29



2. Literature Review

3-/4-

Table 2.3.2. Summary of the literature kinetic values determined for the [Fe(CN)¢]* " redox system on

diamond electrodes.

k2 Jemst k2 /ems? Boron level
Reference app app oron leve
(H-terminated)  (O-terminated) Electrolyte Method / ppm
[65] 1.2x107 3x10* 0.1 M KCI cVv -
[66] 4 %107 4.0x10° 05MH,S0,  EIS, CV 3500
[73] 1.01x 10" 2.49x 10" 0.1 M H,S0, cVv -
[74] 1.2x 107 50x10" 0.1 M KClI cVv ~ 2000
[75] 6 x 10 4%x10° 0.1 MKCI cVv 2000
[77] 4x10" 8x10° 0.5 M H,S0, cVv ~3000
4.0x10*
[78] - to 0.5 M KNO; cv ~ 4000
1.2x10°
[76] - 5x10° 0.1 M KCI cVv -
[79] 9%x10* - 0.1 M KCI cVv ~ 1600

The diamond electrodes had a boron doping level of 3000 ppm. The ferri / ferrocyanide
redox system was employed for the electrochemical testing of all the diamond electrodes while
the supporting electrolyte was a 0.5 M H,SO, solution. Published data indicated that the
[Fe(CN)s]*™ electron transfer kinetic constant decreased significantly going from the “as—
formed” to the “mild—anodised” diamond electrodes. The evaluated values were 4 x 10* cm s
and 8 x 10° cm s, respectively for the “as—formed” and for the “mild—oxidised” diamond
substrates. Concerning the “severe—polarised” electrode, a similar electron—transfer rate
constant was reported to that of the “mild—anodised”, 9 x 10°> cm s*. The decrease of the BDD
reactivity was explained in terms of “elimination of the graphitic carbon species” from the

electrode surface, which were considered as promoters of the charge transfer reaction,
kographitic—c » kodiamoncLC .
Alehashem et al. [79] also investigated the influences of the graphitic carbon content on the

electron transfer kinetics of ferri / ferrocyanide redox system in a 0.1 M KCI solution. The

substrates were an “as—formed” and a chemically etched (for 30 s in a 3:1 vol. / vol. HNO3 / HF
solution) BDD. The reported kfpp for the “as—formed” electrode was 0.01 cm s while the

value determined for the chemically etched was 9 x 10% cm s*.  Hence, in line with
observations drawn by Duo et al., it was concluded that the presence of graphitic carbon
impurities, likely to be located at the edges of the diamond crystals, affects the catalytic activity

of doped diamond substrates.
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Table 2.3.2 summarises the rate constants for the electron transfer process related to the
[Fe(CN)s*™ redox system on BDD electrodes, the support electrolytes employed for the
testing, the electrochemical technigque used and the boron—doping level of the electrodes. The
reported Kinetic parameters indicate a general faster electron transfer kinetic associated with the
hydrogen-terminated doped diamond electrode with respect to the oxygen—terminated.

Another parameter which significantly alters the electrochemical properties of the BDD
electrodes is the type of dopant and its concentration. It is widely reported that the i—E curves
of the diamond electrodes show a ferri / ferrocyanide current peak—to—peak separation which
decreases as the doping level increases [68].

The characteristic surface—chemistry displayed by diamond substrates confers to these
electrodes a low background current, or capacitive current, due to the absence of redox couples
generally present in conventional electrode materials (noble metals and glassy carbon
electrodes) [50]. This remarkable feature is attractive especially for those electrochemical
measurements (electro—analysis) which require low background currents, since a high capacitive
response negatively reduce the faradaic efficiency of the electrochemical signal [79]. It is
generally believed that for high quality diamond electrodes, since there are no particular redox—
active functional groups and there is no known specific adsorption of electrolyte ions, the
capacitance is mainly related to the electrolyte concentration, or more precisely to the ionic
strength of the solution [72, 80]. The charging of the double layer is significantly affected by
the chemical state of the electrode surface, as well as the content of non—diamond carbon [81].
Martin et al. [81] reported a significant influence on the double layer charging caused by the
graphitic carbon content in the substrate. They investigated two different types of hydrogen—
terminated surface electrodes: a high quality BDD electrode and a low quality BDD electrode.
They determined, by using cyclic voltammetry and a 0.5 M H,SO, solution as the supporting
electrolyte, a higher capacitance for the low quality diamond electrode (5 uF cm ) than the high
quality diamond electrode (0.05 pF cm?). The electrode potential interval selected for the
capacitance determinations ranged from —0.105 V to +1.495 V vs. Ag/AgCl. The enhanced
capacitive current for the low quality diamond electrode was explained in terms of the presence
of graphitic sp? carbon, which was responsible for the strong interactions with the solution
species.

Duo et al. [77] indicated a reduction of the capacitance passing from the “as—formed” to the
“severe—0xidised” diamond electrodes of approximately two orders of magnitude, from 749 uF
cm?to 7 uF cm and from 180 pu F cm™ to 11 pF cm ? for potentials of +0.64 V and +0.895 V
vs. Ag/AgCI, respectively. The method employed to estimate the capacitance was cyclic
voltammetry, performed in a 0.5 M H,SO, solution. It was suggested that a change of the

capacitance occurs for the different diamond substrates due to the presence / absence of redox
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systems. Indeed, the “as—formed” diamond electrode was shown to display a high capacitance,
attributed to a (i) true double layer capacitance and a (ii) pseudo—capacitance, associated with
surface redox system (sp® graphitic C). Conversely, the lower capacitance value determined for
the “severe—oxidised” diamond electrode was an indication of the removal of the surface redox
system from the diamond surface, obtaining a capacitance—estimation entirely attributable to a
true double layer effect.

In accordance with Duo and co-workers, Granger et al. [71] determined a reduced
capacitance for an oxidised diamond electrode with respect to an “as—formed” diamond. The
oxidation procedure was performed by cycling the electrode potential between the anodic limit
of +2 V and the cathodic limit of -0.961 V vs. Ag/AgCl in a 1 M H,SO, solution. The
capacitance determined, by using cyclic voltammetry in a 1 M KCl solution, ranged from 6 pF
cm?to 11 pF cm™ and from 4 pF cm™ to 6 pF cm 2 within an electrode potential interval from
—0.461 V to +1.039 V vs. Ag/AgCl, for the “as—formed” and the anodically treated diamond
substrates, respectively.

Figure 2.3.1 shows a comparison between cyclic voltammograms performed on platinum and
on BDD electrodes in a 0.5 M H,SO, solution.
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Figure 2.3.1. Cyclic voltammograms carried out on (1) oxygen—terminated surface BDD and (2) on

platinum electrodes in a 0.5 M H,SO, solution at 10 mV s*. OER and HER indicate oxygen and

hydrogen evolution reactions.
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Noticeable differences are evident between (i) the background currents and (ii) the potential
windows (or window of polarisabilities) of the reported electrode responses. As far as (i) is
concerned, it should be noted that within the potential extremes determined by the oxygen and
hydrogen evolution reactions, hereafter denoted as OER and HER, the platinum displays a
higher background current than that of the BDD. Indeed, whereas the Pt response is constituted
of a double layer capacitance current and a pseudo—capacitive current (active redox—couples),
the small background current recorded for the BDD electrode has been often attributed to a true
double layer capacitance [77]. Results and experimental features will be highlighted and better
discussed in the Experimental Chapter 5.

Regarding (ii), it is generally known that it represents the potential range in which an
electrode can be used in a certain medium [82]. The potential window is usually delimited by
the HER and the OER and it is an important characteristic especially for the electrochemical
analyses, where a wide potential range is required to detect redox couples with high anodic or
cathodic potentials.  Generally, larger values of potential window are determined at BDD
electrodes than at Pt electrodes. Indeed, as can be seen in Figure 2.3.1, the window of
polarisability of the BDD electrode is delimited between —0.8 V and +1.8 V vs. Ag/AgClI
whereas that of the Pt electrode between —0.25 V and +1.25 V vs. Ag/AgCl.

The wide potential window exhibited by BDD electrodes in aqueous media is related to the
large overpotentials () displayed towards both the OER and HER [83] (#oer and #uer). The
high values of nogr and nper are in turn associated with the low stabilising interactions of the
intermediates (OHggs / Oqgs and Hygs) at the BDD surface during the OER and HER. As far as
the HER is concerned, it has been reported that at a metallic electrode it can take place
following either the Volmer—Heyrovsky (see Equations 2.3.1 and 2.3.2) or the VVolmer—Tafel
(see Equations 2.3.1 and 2.3.3) reaction paths [84-86].

Volmer: M+H"+e” > M—H, 231
Heyrovsky: M-H,,+H" +e" >H,+M 2.3.2
Tafel: 2M-H,, —»>H, +2M 233

Initially, atomic hydrogen is formed at the metal surface (M) as an adsorbed intermediate (Hags),
see Equation 2.3.1 referred to as Volmer reaction, and then, hydrogen gas can be generated
either via Equations 2.3.2 (the Heyrovsky reaction) or 2.3.3 (the Tafel reaction). Generally, on
metal electrodes the adsorbed hydrogen plays an important role in mediating the HER [84] and

determinates the overall kinetics [86, 87].
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Regarding the HER at hydrogen-terminated BDD electrodes, the high overpotentials
generally determined at these substrates suggest that the diamond surfaces undergo little
interaction with dissolved species, or in other terms, the adsorption of protons or atomic
hydrogen is negligible [81]. The potentials determined at hydrogen— or oxygen-terminated
BDD electrodes for HER are usually significantly more positive (approx. —1.45 V vs. Ag/AgCl)
[81, 82] than the standard electrode potential for the direct liberation of atomic hydrogen [82],

see Equation 2.3.4, with a standard electrode potential as described in Equation 2.3.5.

H*+e” >H- 2.3.4
E°=-2.505 Vvs. AJAGC 2.35

Therefore, the considerable increase in potential from —2.505 V to —1.455 V vs. Ag/AgCl can be
attributed to the interactions between the diamond surface and the atomic hydrogen. Regarding
the HER mechanism at BDD electrodes, it has been proposed the involvement of the dangling
hydrogens present at the surface. Yagi et al. [88] investigated the contribution of dangling
hydrogens to the HER mechanism by using mass spectrometry which indicated that hydrogen
evolution occurs at the diamond substrates via radical carbon formation, as shown in Equations
2.3.6and 2.3.7.

H+

@ T=C—H+e > H,gy+=C: 2.3.6

H+

@ +=C-+e&" > =C-H 23.7

The model took into account a number of interactions between the diamond substrate and the
hydrogen, since in the complete absence of stabilising interactions the potential at which HER
should occur should be —2.505 V vs. Ag/AgCI, as suggested by Martin et al. [81].

Concerning the OER, the values of the Tafel slope (b), which typically range from +30 mV
dec™ to +120 mV dec™ at metals and oxide—based electrodes [86], provide insights regarding
the rate determining step of the OER mechanism [89]. Considering the BDD electrode, atypical
b for the OER have often been reported. Indeed, Santana et al. [90] reported a b between +220
mV dec and +415 mV dec™ using a hydrogen—terminated diamond substrate with a doping
level of ca. 3500 ppm, Janssen and Blijlevens [91] indicated a b of +430 mV dec™ employing a
diamond electrode with a hydrogen—termination surface, while Beck et al. [92] determined a b
between +200 mV dec’ and +500 mV dec™ performing the test with a hydrogen—terminated
surface BDD with boron doping level ranging from 50 ppm to 230 ppm. Kapalka et al. [89]
reported a Tafel slope between +340 mV dec™ and +680 mV dec ™ at low HER overpotentials,
7, (n < 0.995 V vs. Ag/AgCl) and a value of +123 mV dec ™ at higher 5, (3 > 0.995 V vs.
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Ag/AgCl), using a hydrogen—terminated diamond electrode with 1000 ppm of boron doping
level. These findings were associated with the presence of surface redox couples / functional
groups which acted as a barrier for the OER, thus resulting in unusual b [89].

Enache et al. [93] also investigated the electrochemical evolution of oxygen on a BDD
electrode for different electrolytes and different pHs, from pH 1.0 to pH 11.5, by using
differential pulse voltammetry. The data indicated the existence of a shoulder—signal, present
immediately before the incipient OER at +2.15 V vs. Ag/AgCI (pH 1), which showed a linear
dependence with the proton concentration. The assessed potential peak—pH relationship was
0.059 V per pH decade, as shown in Equation 2.3.8, thus suggesting the involvement of the

same number of protons and electrons.

Eeq =+2.15-0.059 pH/V vs. Ag/AgCI 2.3.8

H,0 >OH -+H* +e 2.3.9

In light of the results, the authors attributed the oxidation signal to the formation of the hydroxyl
radicals, as shown in Equation 2.3.9.

Concerning the mechanism by which OER occurs at diamond electrodes, Santana et al. [90]
proposed that the most probable path of reaction was associated with the initial production of
the hydroxyl radical at the electrode surface (see Equation 2.3.10), followed by the oxidation of
the hydroxyl radical to atomic oxygen (see Equation 2.3.11) and the final recombination of

atomic oxygen radicals to form an oxygen molecule (see Equation 2.3.12).

H,O—>OH-+H" +e” 2.3.10
OH- < 0-+H" +e” 2.3.11
200, 2.3.12

20H & H,0, 2.3.13
H,0, <> 0, + 2H" +2¢e” 2.3.14

Equations 2.3.10, 2.3.13 and 2.3.14 have also been proposed as an alternative path of reaction
for the OER, where for high OH- superficial concentrations the recombination process can take
place forming hydrogen peroxide (see Equation 2.3.13), which is then electrochemically
oxidised to O, (see Equation 2.3.14).
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Table 2.3.3. Summary of the literature capacitances (C) and Tafel slopes (b) on diamond electrodes.

C/uFcem? C/pFcm? b/ mV dec?
Reference  Electrolyte H-terminated O-terminated OER
[71] 1 M KCI 6and 11 4 and 6 -
[77] 0.5 M H,SO, 749 and 7 180 and 11 -
5 (low quality) and
[81] 0.5 M H,SO, — -
0.05 (high quality)
[89] 1M HCIO,4 - — +340 to +680
[90] 0.5 M H,SO, - - +220 to +415
[91] 2.0 M HIO; - — +430
[92] 1.0 M H,SO, — — +340 to +680

However, due to the low concentration of H,0,, determined by Marselli et al. [94] during
HCIQ, electrolysis tests, it is more likely that the OER at BDD electrodes takes place via
Equations 2.3.10, 2.3.11 and 2.3.12, rather than Equations 2.3.10, 2.3.13 and 2.3.14. An
additional indication, that supports an OER pathway occurring through Equations 2.3.10, 2.3.11
and 2.3.12 instead of Equations 2.3.10, 2.3.13 and 2.3.14, has been reported to be the weak
Indeed, the
formation of H,0O, is generally promoted by those electrode surfaces which provide enough

adsorption energy displayed by hydroxyl radicals at diamond surfaces [90].

stabilisation of OH-, thus making the steps associated with Equations 2.3.13 and 2.3.14
favourable. Table 2.3.3 summarises the capacitances and the Tafel slopes values reported in the
literature for BDD electrodes.

2.3.3  Chemical Characterisation of Boron—-Doped Diamond Electrodes

Since the chemical state of the diamond surface fundamentally affects its electrochemical
performance [66, 77], investigations of the electrode surface state are essential to correlate the
electrochemical properties with the surface chemical composition. Ferro et al. [49] investigated
the chemical nature of different conductive diamond surfaces using XPS. The electrodes
studied were an “as—formed”, a “mild—oxidised” (electrode submitted to cyclic voltammetry in a
1 M HCIO, solution within the window potential ranging from —-0.561 V to +1.639 V vs.
Ag/AgCl), a “strong—oxidised” (electrode electrochemically treated under extreme oxygen
evolution at +3.0 V vs. SCE for 20 minutes) and a “thermally—oxidised” at 400 °C for 30

minutes at room atmosphere. The diamond films used had a boron doping level between 3500
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and 5000 ppm. Considering the C 1s spectrum, the “as—formed” diamond surface displayed a
band signal associated with four peaks: C(i) at 283.6 eV, related to the graphitic carbon, C(ii) at
284.1 eV, which presented the most intense signal and was attributed to the bulk diamond
component, C(iii) at 284.7 eV, associated with the alcoholic and etheric groups and C(iv) at
288.6 eV, related to the carboxylic and esteric carbon species. Regarding the electrochemically
treated samples, XPS spectra again revealed signals which were fitted with four different peaks,
as done for the “as—formed” electrode. However, the analysis of the relative peak—areas

/Coxygenbonded of about 23 % with respect to the “as—

indicated a decrease of the ratio CSp3

formed”, thus suggesting a high C content. Furthermore, an increase of the ratio

oxygenbonded

CS|03 / Cgraphiticc= C(1) / C(i1), of 10.5 % and 13.5% was observed for the “mild—oxidised” and

for the “strongly—oxidised” substrates with respect to the pristine electrode, respectively. Thus,
it was deduced that the electrochemical process contributed to the formation of oxidised forms
of carbon, mainly from the graphitic components. Analogous considerations were also drawn
for the thermally treated substrate, where the formation of oxidised species was reported to
occur at expense of the graphitic carbon. Concerning the O 1s spectra, the responses for the
“as—formed”, the “mildly—oxidised”, the “strongly—oxidised”, and the “thermally” treated
substrates have shown significant differences [49]. In fact, while the “as—formed” and the
“mildly—oxidised” signals were fitted with two different peaks O(v) and O(vi) (centred at 532.7
eV and at 533.9 eV for the “as—formed” electrode and at 532.4 eV and at 533.8 eV for the
“mildly—oxidised” substrate, respectively), the XPS analysis of the “strongly—oxidised”
electrode was fitted with only one peak, centred at 533.1 eV and identified as O(vi).
Conversely, the thermally treated electrode displayed a response fitted with three peaks O(v),
O(vi) and O(vii), centred at 532.8, 533.9 and 531.1 eV. Therefore, it was proposed that the
signal O(v) was related to the etheric / alcoholic aliphatic compounds, the signal O(vi) to the
aromatic oxygenated species and the signal O(vii), only present at “thermally—treated” diamond,
to the aromatic carbonyls. In summary, the O 1s study corroborated the findings observed for C
1s: electrochemical and thermal treatments lead to the formation of new oxygenated species
depleting the non—diamond carbon species.

Simon et al. [95] investigated the effect of the annealing treatment, carried out at 1100 °C for
12 h in a high vacuum chamber, on the electrochemical diamond properties of a boron doped
diamond substrate (boron doping level of 800 ppm). It was reported that the “as—formed”
diamond presented three components in the XPS spectrum, centred at 283.8 eV, at 284.5 eV and
at 286.0 eV, assigned to the C 1s signal of the hydrogenated carbon (C-H), the non-
hydrogenated bulk carbon (C—sp®) and the alcoholic / etheric carbon. Moreover, the annealed

sample showed an additional peak related to carbonyl C, centred at 287.5 eV.
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Girard et al. [96] studied the effect of anodic and the cathodic pre—treatments on the
electrochemical properties as well as the evolution of the surface termination of a diamond
substrate with a boron doping level of 2000 ppm. Two different anodic pre—treatments were
taken into account in their study, a “mild” one, consisting of 10 s of polarisation at a current
density of +0.1 mA cm? and a “severe” one, performed for 10 s at a current density of 100 mA
cm . After each galvanostatic step applied to an “as—formed” specimen, they investigated the
reversibility of the electrode transformations by imposing a cathodic treatment which involved
the same coulometric charge, that is, a mild cathodic treatment of -0.1 mA cm 2 after the mild
anodic process and a severe cathodic treatment —100 mA cm 2 after the severe anodic process.
The XPS C 1s spectrum for the “as—formed” substrate was fitted with three peaks, i.e., 284.0 eV
(attributed to the bulk diamond component), 284.7 eV (related to the polyhydride carbon
species), and 285.6 eV (associated with the alcoholic / ether carbon components). After the
“mild” oxidation process, the XPS C s spectrum was fitted with two further peaks centred at
287.2 eV and 288.3 eV, associated with the carboxylic and the ester groups. A similar XPS
response occurred for the “severe” oxidised electrode, even though the abundance of the
oxygenated species was reported to be slightly greater. Finally, XPS spectra for cathodically
treated substrates, performed after the “mild” and the “severe” anodic procedures, did not show
any significant differences with respect to the anodically recorded spectra. This finding
corroborated the irreversibility of the surface diamond transformation observed with
electrochemical measurements [49, 61, 62].

Salazar—Banda et al. [85] investigated the electrochemical behaviour of an “as—formed”, a
cathodically treated, an anodically treated and a thermally treated conductive diamond
substrates, with a 800 ppm of boron doping level. They reported for the pristine and for the
cathodically specimens a XPS C 1spectra deconvoluted into four different peaks, centred at
283.5, 284.4, 285.5 and 286.4 eV and assigned to graphitic carbon, bulk diamond carbon,
alcoholic / etheric carbon and carbonyl carbon groups, respectively.

Boukherroub et al. [74] studied the oxidation process effects on the electrochemical
behaviour of BDD electrodes achieved by a photochemical treatment. They reported a XPS C
1s spectrum for the “as—formed” diamond substrate featured by a bulk signal centred at 284.0
eV. After the photochemical process the presence of an additional peak at 287.0 eV was

attributed to the carbonyl groups.
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Table 2.3.4. Summary of the literature B.E. (eV) of the C 1s XPS spectra recorded on doped diamond

films.
R-C(0)-H
Ref. Substrate C-sp’® Csp* oy -CH, -COH 0CO ReC=0  R-C(O)-C
(diam.) (graph.) (x>2)  (alcohol) (ether) (Carbonyl)  (Carboxyl)
—Ester)
[49] H-BDD 284.1 283.6 - - 284.7 284.7 288.6 288.6
[49] O-BDDmu 284 1 283.4 - - 286.0 286.0 288.1 288.1
[49]  O-BDDstrong 284.1 283.4 - - 285.6 285.6 288.3 288.3
[49] O-BDDerm. 284.1 283.8 - - 285.6 285.6 288.6 288.6
[74] H-BDD 284.0 - - - - - - -
[74] O-BDDphoto. 284.0 - - - - - 287.0 -
[75] H-BDD 283.7 - - 284.2 286.1 - - -
[75] H-BDDyreat. 283.7 - - 284.2 285.8 287.1 -
[95] H-BDD 2845 - 2388 286.0 286.0 - -
[95] H-BDDanneal. 2845 - 2388 286.0 286.0 2875 -
[96] H-BDD 284.0 - - 284.7 285.6 285.6 - -
287.2
[96]  O-BDDnig 284.0 - - 284.7 285.6 - -
288.3
287.2
[96] O-BDDsevere 284.0 - - 284.7 285.6 - -
288.3
[85] H-BDD 2845 2835 - - 2855 2855 286.4 -
[97] H-BDD 2845 284.0 - - 285.3 285.3 2875 287.5
[62] H-BDD 284.0 282.7 - 284.5 285.2 285.2 - -
[62] O-BDDgiasma 284.0 282.7 - 284.5 285.2 285.2 287.6 287.6
[62] O-BDDeectro. 284.0 282.7 - 284.5 285.2 285.2 287.6 287.6
[62] H-BDDpiasma 284.0 282.7 - 284.5 285.2 285.2 - -
[62] H-BDDeiectro. 284.0 282.7 - 284.5 285.2 285.2 - -

39



2. Literature Review

Wang et al. [97] also monitored using XPS the diamond electrode surface modifications of a
BDD electrode (1000 ppm) induced by an electrochemical anodic treatment performed at +0.1
mA cm 2 for 17 minutes in a 0.5 M H,SO, solution. They reported that the “as—formed” XPS C
1s spectrum was fitted with four peaks, at 284.0, 284.5, 285.3 and 287.5 eV, and attributed to
the graphitic C, the bulk diamond C, the alcoholic / ether C and the carbonyl / carboxylic C,
respectively. The anodically treated sample again displayed a response featured with four fitted
XPS peaks, centred at similar binding energies of those of the “as—formed” electrode signals.
Moreover, it was underlined a diminution of the —-C—H bonds at the surface and a simultaneous
enhancement of both the alcoholic / ether C and the carbonyl / carboxylic C, due to the
formation of oxidised species during oxidation.

OH OH (@] (@]
e . o
2.3.15

Furthermore, Wang et al. attempted to quantify the hydroxyl carbon groups (—C—OH) present at
the BDD surface by coupling it with trifluoroacetic acid and detecting the —C—F carbon signal
(C 1s), as shown in Equation 2.3.15. The hydroxyl group content in the “as—formed” diamond
sample was determined to be 0.2-0.3 %, while a higher value, ca. 6%, was obtained for the
oxidised surface. It was also concluded that at least 18% of the C bonded with oxygen was in
the form of an alcohol.

Vanhove et al. [75] studied the effect of the surface termination on the electrochemical
properties of a hydrogen—terminated diamond electrode and reported for the “as—formed”
electrode a XPS C 1s response fitted with three peaks, centred at 283.7, 284.2 and 286.1 eV
which were attributed to the bulk diamond C, to the polyhydride C and to the alcoholic C
groups, respectively. After an “activation” treatment, cycling the electrode potential in a 0.5 M
LiClO, solution from —0.4 A cm? to +0.4 mA cm?, they reported a XPS C 1s spectrum fitted
with four signals, centred at 283.7, 284.2, 285.8 and 287.1 eV, and assigned to the bulk
diamond C, to the polyhydride C, to the etheric C and to the carbonyl C.

Goeting et al. [62] also investigated how the electrochemical and plasma treatments can
influence the chemical state of diamond surfaces. The electrochemical modifications were
performed by means of both cathodic and anodic treatments, carried out cycling the electrode
potential from 0 V to —1.661 V vs. Ag/AgCl and from 0.039 V to +2.539 V vs. Ag/AgCl in a
0.2 M phosphate buffer solution at pH 2, whereas the plasma treatments were achieved in
hydrogen and an oxygen plasma chambers for 3 h and for 1 h at 320 W. The XPS C 1s spectra
showed that the bulk diamond carbon was the main species for all the considered substrates,

having a peak centred at 284.0 eV. For the “as—formed” substrate, it was also reported a small
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content of oxygen, ratio O 1s/ C 1s of 3.2 %, either in the form of an alcohol or ether, both at
285.2 eVV. Moreover, signals at 284.5 eV and at 282.7 eV were related to the polyhydride and
to the graphitic carbon species. Regarding the oxygen—plasma treated electrode and the
anodised surface, the authors highlighted in addition to the C 1s signals presented in the “as—
formed” substrate spectra, a further peak at 287.6 eV associated with the carbonyl and the
carboxyl chemical functionalities. Concerning the cathodically treated and the hydrogen
“plasma—treated” substrates, the similarities observed with the “as—grown” BDD C 1s spectra

corroborated the irreversibility of the diamond surface transformation.

Table 2.3.5. Summary of the literature binding energies (eV) of the O 1s XPS spectra on doped diamond

films.
R-C(0)-OH
Ar-OH Ar,—C=0
—-C-OH 0-C-O R-C=0  R-C(0)-OC
Ref. Substrate (Aromatic (Aromatic
(Alcohol) (ether) alcohol) (Carbonyl) (Carboxylic— Carbonyl)
Ester)
[49] H-BDD 532.7 532.7 533.9 — — -
[49] O_BDDmiId OX. 5324 5324 5338 - - -
[49] O_BDDstrongox. - - 5331 - - -
[49] O-BDDiperm. 532.8 532.8 533.9 - - 531.1

Tables 2.3.4 and 2.3.5 summarise the binding energies reported in this literature chapter for
the C 1s and O 1s spectra of BDD electrodes.

2.3.4  Summary

This survey has assimilated the literature regarding the (i) principal synthesis, the (ii)
electrochemical performance and the (iii) chemical characterisation of BDD electrodes.
Regarding (i), it has been highlighted that with respect to the manufacturing method, the
produced diamond electrodes have different physical and chemical characteristics, such as
electrical conductivity, dimension and chemical composition. To date the most employed BDD
synthesis has been shown to be the CVD, since it provides doped diamond films with the
desired conductivity in a high reproducibility and controllable way.

Concerning (ii), the literature data indicated that the BDD electrochemical performance is
significantly controlled by the chemical-termination of the electrode. The “as—formed” BDD

electrode, which has a hydrogen—terminated surface, generally promotes a faster electron
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transfer for the [Fe(CN)s]*™* redox system with respect to the oxidised BDD, which has an
oxygen-terminated surface [66]. This behaviour has been associated with the establishment of
interactions between the electrode surface and the chemical species undergoing the electrode
reaction (inner—sphere process) [70, 71]. Other important characteristics that feature and
distinguish the electrochemical BDD response from other traditional electrodes have been
highlighted to be the wide potential window [82] and the low background current [77]. The
former characteristic has been associated with the poor catalytic activity towards the HER and
the OER, due to the low stabilisations of adsorbed intermediates (H- and OH- / O-) at the
diamond surface [82, 83]. Regarding the latter characteristic, i.e., the low background current, it
has been shown to be significantly lower than those displayed by other traditional electrodes
[50], due to the absence or limited content of surface redox couples [77]. The capacitance of a
BDD electrode has been also reported to be influenced by the content of graphitic carbon within
the diamond matrix, that is, the higher the sp? graphitic carbon and the higher is the capacitance
[77], thus providing an indication of the electrode quality.

Concerning (iii), different chemical functions have been reported on the BDD surface using
the XPS technique. The wide range of the identified chemical groups, such as bulk diamond C,
polyhydride C, graphitic C, alcoholic C, ether C, carbonyl C, carboxylic and ester C [49], has
been mainly associated with the manufacturing process and the electrode usage. To date, XPS
has been proven to be an insightful tool to study the chemical composition of the diamond-—
surface and of the diamond quality, by estimating the content of the graphitic carbon. This
information can be considered crucial since the BDD electrochemical performance is influenced
by the surface BDD termination and the content of graphitic carbon.

The insights gained in this literature survey will be employed for an evaluation and
comparison of the experimental results of Chapters 5, 6, 7, 8 and 9 in order to have a better

understanding of the quality and the electrochemical performances of the electrodes employed.

2.4  Electroanalysis on Boron—-Doped Diamond Electrodes

In the following sections the most relevant electrochemical studies regarding the detection of
copper—ions (Section 2.4.2) and nickel-ions (Section 2.4.3) in chloride solutions using BDD
electrodes have been reviewed in order to establish the most suitable electrochemical detection
strategy for crevice corrosion solutions.

It has been reported that the chloride concentration represents a crucial factor for the
electrochemical behaviour of copper—ions, due to the establishment of different copper(l)— and

copper(I)—chloride complexes [98]. Therefore, the formation and quantitative distribution of
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these complexes have been initially examined and reviewed in Section 2.4.1, as a function of the
chloride concentration, to acquire a better understanding of the copper(l) and copper(ll) species
likely to be present in crevice corrosion solutions. The information provided in Section 2.4.1
can be also used to better comprehend the speciation of copper(l)— and copper(ll)—chloride

complexes during NAB corrosion (Chapter 4).

2.4.1  Chemical Behaviours and Speciation of Copper(l)-Chloride and
Copper(I11)-Chloride Complexes

The chemical behaviour of copper(l) and copper(Il) ions within different electrolyte types is
a subject which attracts considerable attention mainly due to their direct and fundamental
involvement in chemistry, biochemistry and biology [99]. Regarding the electrochemical
detection of copper—ion, the chemical composition of the supporting electrolyte is of importance
since copper(l) is subject to different stabilities when in the presence of different anions and
complexing agents. It is well-known that copper(l) is not stable in solution as an aqueous

complex (Cu(aq)) since (i) it is readily oxidised to copper(ll) by molecular oxygen and (ii)

2+

undergoes disproportionation reaction forming Cu,, and Cu® [100]. However, it has been

shown that when the electrolyte contains chlorides, a number of different copper(l)—chloride
complexes, which are rapidly formed in solution, significantly enhance the stability of copper(l)
[99]. Focusing on chloride containing electrolytes, it has been reported that copper(l) can form
several complexes. Suckova et al. [101] calculated the stability constants of nineteen copper(l)
complexes, up to and including Cu.Clg . However, the constants were found to be in
disagreement with those reported in the literature [102, 103]. At chloride concentrations lower
than 5 M, the main cuprous chloride complexes present are the CuCl, and CuCl3~ [102, 104];
this was established by Sharma and Millero [104] via a spectrophotometric study.

One of the earliest studies which provided a CuCl;, formation constant, henceforth named as

K , was carried out in 1918 by Noyes and Chow [105]. The determination of the

Cuch
thermodynamic value for the complexation reaction, as expressed in Equation 2.4.1, was
achieved by determining the total dissolved copper by electrolysis and the total chloride
concentration by precipitating it with silver(l) nitrate. The chloride concentrations investigated
were 1.1650, 0.3165, 0.2156 and 0.0978 M (hydrochloric acid). The formation constant of
CuCl;, was reported to be 0.0611 at 25 °C. McConnell and Davidson [106] also determined the

formation constants, for the reactions expressed in Equations 2.4.1 and 2.4.2, using

spectrophotometry. The ionic strength (I) solution was 1.0 M (perchloric acid) with chloride
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concentrations ranging from 0.08 M to 0.3 M. The reported values for KC - and KC ot
u u

were 0.075 and 0.034 mol™ L, in agreement with the previous study [105].
Fritz [102] reviewed the available formation constants of a number of cuprous chloride
complexes, thus extrapolating the thermodynamic values at a zero ionic strength. The copper(l)

complexes considered were the CuCl,, CuCl5 , Cu,Cl; and Cu,CI} associated with

equilibria of Equations 2.4.1-2.4.4 at 25 °C.

CuCl

= CuCl  +ClI~ — CuCl, 24.1
CuCh a
cr-
a
Cuch™ _ 9
Cuck~ = o7 CuCl , +2CI~ — CuCl 3 2.4.2
cr-
a
Cu,Cl3~ _ o
cucl a; a 2CuCl ) +2CI~ — Cu,ClI; 2.4.3
cr-
a
CusCIE™ _ 3
et = ag 6 3CuCl , +3CI~ — Cu;CIg 24.4

The thermodynamic values reported were 0.0602 for CuCl;,,.,, 0.0128 mol™* L for CuCl?, 8.2

2(aq) 1
x 10* mol™* L for Cu,Cl3 and 3.5 x 10°° mol* L* for Cu,CI3 . Later, Fritz [107] reviewed

the data related to the formation constants of CuCl,, CuCl3~, Cu,Cl{ and Cu,CI3 present
in the literature and corrected them using activity coefficients, as can be seen in Table 2.4.1.
The formation constant of CuCl2~ was also determined by Sharma and Millero [108] in

chloride containing solutions at a fixed ionic strength of 1 M and pH 1. The method employed
for evaluating the thermodynamic data was based on the spectrophotometric determination of
the oxidation kinetics of copper(l) to copper(ll) by molecular oxygen. Spectrophotometric
measurements in oxygen saturated solutions and chloride concentrations ranging from 0.5 M to

6.0 M provided a KC . value of 0.398 mol* L.
u

Fritz [102] also derived the formation constants of CuCl, and CuCl3~ from the Cu,,

concentration instead of CuCl s) - These thermodynamic values, hereafter termed as ,BC - and
u

B, g+ ere calculated using a CuCl solubility constant (Ks) of 2.3 x 10" mol® L ?, as shown
u

in Equation 2.4.5. The assessment of the ﬂc o and ﬁc were then achieved using
uth

uCﬁ_
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Equations 2.4.6-2.4.7 [102]. The values determined ﬂc o and ﬂc _ were 3.0 x 10° mol® L
uth

uC%
Zand 0.64 x 10° mol® L3, respectively.

Ki=a_.,a_ CUCl ) — Cuy, +CI™ 245
Kc ch < ch
_ u _ u + - _
’Bcch " "4 o CU g, +2CI" — CuCl, 2.4.6
s cuter
Kc cg™ ac cg~
_ u _ u I - 2-
ﬂCuCé_ N KS - a +a3 Cu (aq) +3ClI" —» CUCI3 247
Cu™ CI”

Wang et al. [103] surveyed the stability constants and enthalpies of cuprous and cupric ions

chlorides complexes. By using a weighted linear regression they extrapolated from the

available data the formation constants for CuCl, and CuCl §’ at infinite dilution, as can be

seen in Equations 2.4.8 and 2.4.9. The reported ﬂ:: o and ﬂ; ot (infinite dilution) values of

4.85 x 10° mol? L? and 1.05 x 10° mol® L?, by using a K, equal to 1.51 x 10" mol? L2
log KCucE =log KCuCE -0.06-1,, =-1.14-0.06-1, 24.8

IogKC _=log K; - -0.27-1,=-1.89-0.27-1, 2.4.9

cg 8

where K°
KCu f"

. and Kg,c, are the formation constants at infinite dilution and I, the molality of

the solution.

Since the ionic strengths used in the Result and Discussion Chapters are 0.6 M and 3.0 M (see
Chapters 4 and 7), the K and g were re—determined taking into account the used I, and
Equations 2.48 and 2.49, see Table 2.4.1. Figure 2.4.1 shows the speciation of dissolved
copper(l) complexes considering the thermodynamic constants provided by Wang et al. [103]

at I, of 0.6 M, since these are more accurately treated than those previously determined and

reviewed [102, 107]. As can be seen by the distribution of the dissolved species CuCl, and

— 2—
CuCl; (denoted as a, - Gty d a - Cucls ) an increase of the chloride

= —— < an = —
uCh Cu(l)total CuCI% Cu(l)total
concentration leads to a decrease of the CuCl, complex and to a simultaneous increase of the

CuClZ complex.
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Figure 2.4.1. Speciation of dissolved copper(l) complexes as a function of the chloride concentration at a

ionic strength of 0.6 M.

Other polynuclear complexes, such as Cu2CI§’ and Cu3CI3’, were not considered since
Sharma and Millero [108] spectrophotometrically proved their absence for chloride

concentrations lower than 3 M. Table 2.4.1 lists all the thermodynamic values ( K Ko
cuch ' cuCi

) and S, ) reported so far in the literature for the copper(l)—chloride complexes and
cuch Cuci

the I, at which they have been determined.

Regarding the stability of cupric chloride complexes, it has been shown that in chloride

containing solutions four copper(ll) species such as Cu2’,, CuCl;,,,, CuCl

(aa) * (a0) * CUCl (o) and

2(aq) 3(aq

CuCl izaq) can be present [109, 110]. The presence of the chloride complexes becomes

significant especially at high chloride contents (higher than 1 M) while at low chloride

concentrations it has been shown that the Cu** aquo—complex is the predominant species. The

formation constants for the CuCl? yand CuCl

(ag complexes (see Equations 2.4.10 and

2(aq)
2.4.11) were determined using spectrophotometry by McConnell and Davidson [106], where the

ionic strength was maintained at 1.0 by additions of HCIO,. They reported values of ﬁc o
and . of 1.20 mol™ L and 0.21 mol 2 L?, respectively.
CuC
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Table 2.4.1. Literature values for CuCl, and CuCIg’. I, represents the ionic strength, KC o and
uth

KC _ are the formation constants from CuClI(s) whereas ﬂc - and ﬂc are the formation
u

) _
ucly uch

constants determined from Cuy,, (using the solubility constant of CuCl (K) = 1.5 x 10”7 mol® L?).

Ref. I,/ mol Kg* KCuCIZ_ KCuC %_/ mol ™ L ﬂcchl mol? L2 ﬁcch—/ mol 3 L®
[105] - 0.0661 - - -

[106] 1.0 0.075 0.034 - -

[102] 0.0 0.0602 0.0128 3.00 x10° 0.64 x 10°
[107] 2.0 0.052 0.040 10.00 x 10° 9.70 x 10°
[108] 0.5 - 0.398 - -

[103] 0.0 0.0725 0.0158 4.85 x 10° 1.05 x 10°
[103] 0.6 0.0667 0.0089 4.44 x 10° 0.59 x 10°
[103] 3.0 0.0479 0.0020 3.13 x 10° 0.14 x 10°

Libus [111] spectrophotometrically determined the stability constant of CuCl .,y in a 0.005
M HCIO, solution with a low chloride concentration (0.01 M) to reduce the formation of further

copper(l)—chloride complexes, such as CuCl ., and CuCly,,,. The ionic strength was kept
constant at 1.2 M, 4.0 M and 7.7 M. The CuCl,,, formation constants (,BC cg)’ associated
u

with Equation 2.4.10, were determined to slightly increase with the ionic strength: 0.30 mol ™ L,
0.40 mol™ L and 0.68 mol™ L, for 1.2 M, 4.0 M and 7.2 M of I,,, respectively.

cucl
_ 2+ - +
'BcUcr* T o o Cuigy +CI7 — CuCl 2.4.10
Cu Cl
a
=k Cu +2Cl~ — CuCl, 2.4.11
cucl, @ 2+a2_ (aq) (aq)
Cu Cl
a
—_ Cuck CuZ, +3Cl~ — CuCl; 2.4.12
cuch ac 2+a2, (aq) 3(aq)
u
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a

cucg™ 24 _ o

cucg = W Cu (aq) +4Cl~ — CuCl 4(aq) 2.4.13
cu*t err

Carlsson and Wettermark [112] studied the chemical equilibria of the copper(l)—chloride and

copper(I)—chloride systems using UV—spectrophotometry, with a 1.0 M ionic strength solution

at pH 1 and chloride concentration ranging from 0.0 M to 0.25 M. From the absorption spectra

the authors determined values of g . and A o of 2.19 mol™ L and 1.51 mol? L?
u u

respectively.

Ashurst and Hancock [113] characterised the inner— and the outer—sphere copper(Il)-
chloride complexes by means of spectrophotometry with chloride concentrations ranging from
0.0 M to 4.8 M, at a fixed ionic strength of 6.58 M and a pH of 1.

Table 2.4.2. Literature values for the formation constants of cucl®, CuCl, and CuCl, and CuCli_ from

Cugy - Im is the fonic strength.

Ref. I,/ mol kg™ ﬂCuCI’" /mol™ L ﬁCuClz / mol L2 ,BCU%_ /mol® L8 ﬂCuCﬁ_ /mol™L*
[106] 1.0 1.20 0.21 - -
[111] 12 0.30 - - -
[111] 4.0 0.40 - _ _
[111] 7.1 0.68 - - -
[112] 1.0 2.19 1.51 - -
[113] 6.58 143 0.53 0.011 0.003
[114] 1.0 0.70 - _ _
[103] 0 436 3.98 - -
[103] 0.6 2.84 2.74 - _
[103] 3.0 0.51 0.62 - -

For the evaluation of the formation constant ,BC o the chloride level was maintained below
u

0.03 M in order to reduce the formation of CuCl ,,,,, CuCl;,, and CuCl ﬁ(aq) , Whereas for the
study of CuCl,.q,, CuCl;,, and CuCl ﬁ(‘aq) the chloride concentration ranges were 1.2 M —

22 M, 25-4.0M and 5.0 - 6.58 M, respectively. The ﬂc o’ ﬂc o’ ﬂc - and ,BC ot
u u u u
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were assessed to be 1.43 mol™ L, 0.53 mol L? 0.011 mol™ L® and 0.003 mol™ L*. Byrne et al.

+

[114] also evaluated, via spectrophotometry, the formation constant of the complex CuCl (aq)

from aqueous copper(ll) ion. The electrolyte considered was a 1.0 M HCIO,. The authors
indicated a value of 0.70 mol 2 L%

Wang et al. [103] revised the formation constants of copper(ll)-chloride. The stability

constants extrapolated to infinite dilution for CuCl *(aq) and CuCl,,,, were reported to be 0.64

2(aq

mol™ L and 0.60 mol? L2 Furthermore, the authors also reported the weighted linear

regression of the CuCl ", and CuCl

(aq) formation constants as function of I, see Equations

2(aq)

2.4.14 and 2.4.15.

IogﬁCuCﬁ = Iog,B(‘;uCrF -0.31-1,=0.64-0.31-1, 24.14

l0g Beycy, =100 Boye, —0.27-1,, =0.60-0.27-1,, 2.4.15

where ,B; o and S, cy, are the formation constants at infinite dilution and. The K and / were
u

then recalculated taking into account the used I, at 0.6 M and 3.0 M and Equations 2.4.14 and
2.4.15. Table 2.4.2 lists all the thermodynamic values reported in this literature section for the

copper(I—chloride, whereas Figure 2.4.2 shows the speciation of copper(ll) as a function of the

chloride concentration, obtained using ﬂc o and g at I, of 0.6 M [103] and CuCl 3,
u

CuCl,
2— .
and CuCly,, from [113] (aCu2+, a o aCuCE, aCqu_ and acUcﬁ— are defined as
CUC|;<"+2>)
Cu (1) ora

2+

From Figure 2.4.2, it appears that Cu,,

predominates over the other copper(ll)—chloride
complexes up to a concentration of 1 M of chloride, whilst at higher chloride concentrations the

CuCl? y and CuCl

(ag y Species became the most important. The other copper(ll)—chloride

2(aq

2—

a2@aq)» are present in negligible concentrations even at the

complexes, CuCly,,, and CuCl

highest chloride content (3M) explored. In conclusion, from the surveyed literature it appears
that chloride significantly affects the formation of both copper(l) and copper(Il) species, having
speciation of different chloride complexes. This is particularly true for the copper(l) species,

where copper(l)—chloride complexes have been proven to greatly enhance its stability.
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Figure 2.4.2. Speciation of dissolved copper(Il) complexes as a function of the chloride concentration at

a ionic strength of 0.6 M.

2.4.2  Copper Detection on Boron-Doped Diamond Electrodes

Nakabayashi et al. [115] performed the detection of copper(ll) in a sulphate solution using a
BDD electrode (ca. 5000 ppm of doping level and with a hydrogen—terminated surface) and

compared the response with a platinum electrode. Preliminary CV tests, carried out using the
IrCIZ">" redox couple in 0.1 M KCI, indicated a metal-like behaviour of the carbon-based

substrate since it promoted a reversible electron transfer, similarly to that of platinum. The
copper(Il) behaviour was then investigated in a 0.1 M Na,SO, electrolyte, on both platinum and
doped diamond electrodes at 20 mV s*. Significant diversities were reported between the two
different substrates; indeed, while the platinum displayed a reduction / oxidation of Cu®* / Cu
system with an anodic / cathodic charge ratio (Qa / Qc) of 1, the BDD electrode response
showed an intense reduction peak and a small, broad oxidation signal determined at more
anodic values than that recorded on platinum electrode. These differences were explained in
terms of metallic—copper cluster formation at the BDD electrode and the Cu" disproportionation
mechanism. Specifically, the low anodic current at the BDD electrode indicated that only a
trace of the reduced copper remained on the electrode surface. This insight was further

confirmed by Mie scattering experiments [115], which indicated the formation of weakly
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adsorbed metallic—copper clusters at the electrode surface, see Equation 2.4.16, that diffused in

the bulk solution undergoing disproportionation, see Equations 2.4.17 — 2.4.19.

NCuZy, +2ne” — n[Cu®],4 —Fm s [Cu O], 2.4.16
[Cu©@7,, —2Muston_, 1y @] 2.4.17

[Cul’1— nCufy, +ne” 2.4.18

2nCu,,y — nCu?y, +nCu® 2.4.19

Tamilmani et al. [116] studied the recovery of copper(ll) from waste solutions performing
electrolysis on BDD electrode. From the preliminary CV performed in a 0.05 M sulphate
solution, see Figure 2.4.3, the Cu®** behaviour significantly differed from that by Nakabayashi et

2+

al., where the electrode response of copper(l1) was featured by a bi—electronic exchange (Cu

/Cu (*aq) /Cu® ), as shown in Equations 2.4.20 and 2.4.21.

Cufyy+€ = Cuy 2.4.20
Culy +€ > Culdly 2.4.21

+

gy » CU® species, was

Furthermore, the two overlapped redox peaks, attributed to Cu (2;1) Cu

indicated as direct evidence of the low stability of Cu (*aq) :

Zak et al. [117] studied the copper deposition / stripping processes on a BDD electrode using
CV and different electrolytes, i.e., 0.05 M H,SO,4, 0.1 M HNO; and 0.05 M HsPO,. Cyclic
voltammograms, performed at 50 mV s, indicated a process undergoing an electron transfer
via the Cu®* / Cu° species, rather than Cu®* / Cu* / Cu® as reported by Tamilani et al..

The literature cited so far [110, 115, 117] has referred to copper investigations on a BDD
electrode in the sulphate medium. Regarding the copper detection in chloride electrolyte on
diamond-like electrode, Yoo et al. [118] quantitatively investigated the copper deposition and
stripping on a tetrahedral amorphous carbon incorporating nitrogen (taC:N) electrodes in a
chloride medium. The copper—ion response proceeded via a copper(l) intermediate, due to its

stability in the chloride solution.
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Figure 2.4.3. Cyclic voltammograms on a BDD electrode in: (1) 0.05 M K,SO,4 pH 4, (2) 0.05 M K,SO,

pH 4 + 0.4 M Cu**, (3) 0.05 M K,SO, pH 6 + 0.8 M Cu?* and (4) 0.05 M K,SO, pH 6 + 0.8 M Cu?*
[116].

Concerning the electrochemical behaviour of copper—ion at platinum electrodes, several
studies have been addressed the effect of the anion on the electron transfer process [119-121].

In addition to significantly influencing the stability of the species undergoing the electron
transfer process (Cu®, Cu’, Cu°), it has also been claimed that some anions, such as Cl~ and

HSO, , have the ability to co—adsorb and interact with copper at the platinum electrode surface,

thus enhancing the metal deposition. This particular behaviour, known as underpotential
deposition (UPD), gives rise to a bulk deposition at a more anodic potential than that predicted
by the Nernst equation [120]. Copper UPD on platinum was studied by White and Abrufia et al.

[121] using CV in the presence of different active anions, such as CI", Br~, I" and S They

reported an increase of the UPD following the chemical series CI" > Br > | > S*, thus
indicating the establishment of more favourable interactions between platinum / copper /
chloride than platinum / copper / other anions.

Regarding UPD on doped diamond electrodes, to date, little research has been reported in the
literature, most likely due to the poor adsorption phenomena on the inert BDD surface. Only
one work has been dedicated to study the UPD of copper on a BDD electrode (boron-doping
level = 2600 ppm) [122], where the presence of a “pre—wave” was associated with the bulk

copper deposition, attributed to the metal UPD occurring on the crystalline defects present on
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diamond electrode surface. It was also highlighted that the observed deposition regarded only

1% of the bulk copper deposited, thus underlining the weakness of the adsorption phenomenon.

2.4.3  Nickel Detection on Boron—Doped Diamond Electrodes

Nickel-ion quantification has been carried out using a wide number of different analytical
techniques, such as ion chromatography [123], absorption spectrometry [124], capillary
electrophoresis [125] and electrochemical techniques [126-130]. Of these, electrochemical
techniques offer sensitive, inexpensive and rapid ways of trace metal determination and the
possibility of being used in miniaturised and portable ion detecting devices. The most common
protocol for the electrochemical detection of nickel-ions is based on adsorptive stripping
voltammetry (AdSV), which relies (i) on the initial formation of a Ni(ll)-complex using a
suitable chelating agent, followed by (ii) its adsorption and (iii) detection at the electrode
surface. The use of a chelating agent in these AdSV methods is indispensable since the redox
system Ni/ Ni(ll) displays an irreversible electrochemical behaviour [129], therefore not
employable for the actual metal ion detection. Due to its high selectivity and ability of forming
a stable complex with Ni(ll) [131] dimethylglyoxime (DMG) is commonly used as a chelating
agent for electrochemical detection of trace nickel-ions [126, 131-140]. The extensive use of
DMG in electroanalysis began with Vinogradova et al. [141], who reported that DMG enhances
the Ni / Ni(Il) signal, transforming if from a broad and weak peak into a more intense and sharp
signal. Besides DMG, a number of other different chelating agents have also been explored
[142-145]; 2-aminocyclopentene—1-dithiocarboxylate [144], 7-iodo—8-hydroxyquinoline—5—
sulfonic [144], 8-hydroxyquinoline-5-sulfonic acid [144], methyl-8—hydroxyquinoline [144],
morpholine-4—carbodithioates  [143], hydroxynaphthol  blue [142], and N,N’-
bis(salicylaldehydo)—-4—carboxyphenylenediamine [145] are all examples of alternative ligands
reported to be successfully used in the published research literature.

In addition to AdSV, nickel-ion detection has also been achieved using a cathodic stripping
voltammetry (CSV). This procedure involves the redox couple Ni(lll) / Ni(Il) hydroxide and
avoids the introduction of the essential chelating agent into the sample solution. CSV for
nickel-ion determination, has been performed on a bare glassy carbon electrode [127] and on a
bare boron—doped diamond electrode (BDD) [128], (i) initially depositing metallic nickel on the
electrode surface in a strongly alkaline solution (pre—concentration step), (ii) then oxidising it to
Ni(lll) hydroxide (transformation step) and (iii) finally reducing the electro—formed Ni(lll)
hydroxide to Ni(ll) hydroxide by a sensitive voltammetry technique. Due to the instability of
the nickel hydroxides in acidic and neutral pH solutions [100], the procedure strictly required an
alkaline environment, a 0.1 M NaOH / 0.1 M NH4NO; solution [127, 128], for the
transformation Ni / Ni(I11) / Ni(ll).
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Figure 2.4.4. Schematic of the cathodic stripping voltammetric method for nickel detection: (1)

reduction of Ni(Il) to Ni(0), (2) oxidation of Ni(0) to Ni(lll) in alkaline solution and (3) final reduction of
Ni(H1) to Ni(l1) [128].

Furthermore, the cleaning of the electrode surface immediately after the formation of the nickel
hydroxide layer in alkaline environment has been reported to be a problem whenever the
recovery of the initial electrode surface condition was required. Mechanical polishing [127],
ultrasonic cleaning [127] and electrochemical acidic cleaning (0.1 M H,SQO,4) [128] have been
used to re—generate the electrode surface. Figure 2.4.4 shows the chemical pathways for the
nickel-ion detection and the electrode surface cleaning reported by Davis et al. [127] and Zhang
et al. [128]. For in situ corrosion monitoring, and in particular crevice corrosion, the
introduction of a chelating agent in the monitoring environments, as well as the change of the
solution pH, are not feasible in most cases since this will significantly modify the operating
system environments, possibly adversely affecting performance [146]. Indeed, it has been
demonstrated that when crevice corrosion process initiates the pH of the environment rapidly
decreases typically achieving ranging between pH 3 and 4 [6]. Therefore, the severe conditions
generally employed for nickel-ion detection protocols, i.e., alkaline environment [127, 128] and
presence of chelating agents [126, 130], often do not adapt well within crevice corrosion

solutions.

24.4  Summary

The electron transfer occurring for the copper(ll) / copper(0) redox has been shown to be
significantly influenced by the presence of the electrolyte anion. In the presence of chloride the
electron transfer occurring generally proceeds via the formation of copper(l)—chloride

complexes, thus having a double-step electron transfer process, related to the copper(ll)-
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copper(l)—copper(0) species. Conversely, in the presence of other anions, such as sulphate,
nitrate, perchlorate, the electron transfer promoted by the electrode has been reported to involve
the copper(1l) and copper(0) species, due to the low stability displayed by the copper(l) aquo
complex. Consequently, the speciation of copper(l)- and copper(ll)-complexes has been
investigated considering the most significant thermodynamic studies reported in the literature.
Due to the high chloride concentration generally reported within crevice corrosion solutions [7],
the electrochemical detection of copper—ion can be potentially assessed by studying both the

copper(I1) / copper(l) and copper(l) / copper(0) redox systems.

Regarding the nickel-ion electrochemical detection, the most common protocol reported
relies on the formation and detection of a nickel(ll) complex, by using a chelating agent. The
use of the complexing agent in the electron transfer process has been reported to be essential,
since the redox couple nickel(Il) / nickel(0) displays an irreversible electrochemical behaviour
not employable for assessing the nickel(ll) concentration. In addition to the electrochemical
protocol which requires the presence of a complexing agent, another electrochemical method
has been developed for evaluating the nickel(ll) concentration. This procedure is based on the
study of the electron transfer occurring between NiOOH and Ni(OH), in alkaline solutions (ca.
pH 14). Both the techniques for the evaluation of the nickel-ion concentration can be difficult
to employ in crevice corrosion solutions due to significant modifications of the operating

environmental conditions required.
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3. Materials and Methods

This Chapter reports the material characteristics (for NAB and BDD electrodes) and details
the techniques employed in this study, i.e., electrochemical method, atomic force microscopy,
scanning electron microscopy, X—ray photoelectron spectroscopy and capillary electrophoresis

analysis.

3.1 Materials

3.1.1  Nickel-Aluminium Bronze

The NAB (CuAlgNisFesMn) ustilised conformed to British naval specification NES 747 Part
2, annealed at 675°C for 2-6 h and cooled in air. Before testing, the specimens were subjected
to mechanical surface polishing (to a surface roughness (R,) of ca. 200 nm, determined with a
Taylor Hobson Talysurf 120-L Profilometer) and then cleaned with acetone and rinsed with
distilled water. The specimen electrodes were either discs (radius of 0.7 cm and thickness of 0.4

cm) or rectangular—shaped electrodes (3.5 cm x 1.5 ¢cm x 0.5 cm).

3.1.2 Boron-Doped Diamond Electrodes

BDD electrodes were electrochemically and chemically investigated in the as received state,
supplied by Diamond Detectors Ltd (Poole, UK). Each BDD electrode had a boron-doping
level of 10 atom cm™ (corresponding to 2000 ppm of boron) and an oxygen—terminated
surface. The electrode geometry was 0.5 cm in diameter, a thickness of ca. 0.05 cm, and a R, of
less than 10 nm. The BDD electrode was mounted within a polypropylene (internal diameter of
0.6 cm) and sealed using epoxy resin. The electrode was electrically connected via a brass wire
attached to the reverse surface. Prior to performing electrochemical testing, the BDD electrode
was electrochemically cleaned in a 0.5 M sulphuric acid solution, cycling the potential from —

0.60 V to +1.25 V vs. Ag/AgCI until a reproducible electrode response was obtained.

3.1.3 Boron-Doped Diamond Microelectrode Array

The BDD microelectrode array, manufactured by Diamond Detectors Ltd (Poole, UK),
consisted of five BDD disc electrodes with diameter of 500 um and thickness of 500 um
embedded into a non—conductive intrinsic diamond-like carbon (DLC) disc with diameter of 1.0
cm and same thickness as BDD disc. Regarding the disposition of the microelectrodes, one was

located in the centre of the DLC disc, and other four were arranged with equal separation
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between each other around the central one along the circle with a radius of 2.5 mm, see Figure
3.1. The BDD microelectrode array was used for crevice corrosion monitoring.

Figure 3.1.1. Fabrication materials and assembly details for the five boron—doped diamond electrode

array (scale: BDD disc electrode diameter = 500 um). (1) Diamond blank front—plate, (2) infill, (3)
Boron—doped diamond insert —electrode, (4) metallisation, (5) silver epoxy, (6) connecting pin, (7)

encapsulation and (8) silicon support.

3.2 Electrochemical Setup

3.2.1  Electrochemical Setup for Nickel-Aluminium Bronze Corrosion Testing

Investigation of the NAB electrochemical properties were achieved using NAB discs. The
discs were inserted into a Teflon holder, where an area of 1.13 cm? was exposed to the test

solution.

3.2.2  Electrochemical Setup for Nickel-Aluminium Bronze Crevice Corrosion
Testing

The NAB crevice corrosion monitoring was achieved using the BDD microelectrode array.
The array was positioned within the crevice former and then assembled with the NAB specimen
as shown in Figure 3.2.1a-b. The NAB specimens used for the crevice corrosion tests had
rectangular shape and were directly placed and tightened at the crevice former, thus forming an

artificial crevice. As can be seen in Figure 3.2.1, a thickness of ca. 100 pm was maintained
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between the microelectrode and the NAB surfaces. The crevice corrosion setup was then
immersed in a 0.6 M NaCl solution, allowing the crevice to be completely filled by the

electrolyte.

100 um gap

Figure 3.2.1. (a) Schematic of the crevice corrosion setup and of (b) the crevice former with the hosted

BDD microelectrode array.

3.3 Methods

3.3.1  Electrochemical Testing

Electrochemical testing was performed at room temperature (ca. 22 °C) using a Gamry
Reference 600 potentiostat (Gamry Instruments, USA) and a three—electrode, single—
compartment glass cell. The BDD and the NAB electrodes were used as the working
electrodes, whereas a large area graphite rod and a 3.5 M KCI Ag/AgCl electrode served as the
counter and the reference electrodes, respectively. All potentials reported in this work are with
respect to the 3.5 M KCI Ag/AgCI reference electrode. All the solutions were prepared with
deionised water (> 18 MQ cm) using analytical grade chemicals. The supporting electrolyte
generally used in this study was a 0.6 M NaCl solution. However, when the analysis required a
stable pH environment, phosphate buffered solutions were also used (see Chapters 4 and 7).
The NaH,PO, and Na,HPQO, concentration solutions generally did not exceed 20 mM.

The techniques employed in the current study were:

» Cyclic voltammetry. This is a potentiodynamic reversal technique which vyields
information on the i-E dependence. It is generally performed scanning the working
electrode potential back and forth, at a certain scan rate and potential step size, and
measuring the current response [147]. CVs were carried out at 10 mV s with a step size
of 1 mV as the default scanning condition, but also at 25, 50, 100, 200 and 300 mV s in

order to study the effect of the scan rate on the electrochemical response. A number of
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CV scans were performed for each investigation until reproducible results were observed
and it is the data from the last cyclic scan that is reported here.
Differential pulse voltammetry. DPV belongs to the pulse voltammetry methods which
have been historically developed to suppress the charging current flowing in an
electrochemical system [148]. Therefore, DPV provides better sensitivity with respect to
the CV technique due to removal of the capacitive current [149]. DPV consists of voltage
pulses superimposed on the potential linear sweep or stair steps. The current is measured
immediately before each pulse application and at the end of the pulse. The current
difference between the recorded values is plotted as a function of potential [150]. DPVs
were carried out at 10 mV s with a step potential of 2 mV, a potential pulse size of 25
mV, an interval time of 0.2 s and a pulse time of 0.1 s. This technique was particularly
useful in Chapters 6 and 9. DPVs reported in Chapter 7 were also carried out to initially
pre—concentrating the metal—ion on the electrode surface, —1.5 V vs. Ag/AgCl for 30 s,
(pre—concentration step) and then scanning the electrode potential from —-1.1 V to 1.3 V
vs. Ag/AgCI.
Potentiodynamic polarisation. Similar to CV, the PP tests were performed scanning the
working potential and measuring the i—E dependence at a certain scan rate and potential
step size. PPs are generally achieved sweeping the potential in one direction, rather than
back and forth as conversely carried out for CVs [147]. PPs reported in this work were
achieved using the following conditions:
(i) scan rate of 0.10 mV s and a step potential size of 0.15 mV in a potential
interval of £10 mV with respect to the open circuit potential (OCP).
These particular conditions were applied for the so—called “quasi—steady
potentiodynamic polarisations” (see Chapters 5 and 8);
(i) scan rate of 1.00 mV s and a step potential of 0.50 mV from the potential
intervals ranging from +0.5 V to 2.8 V vs. Ag/AgCl and from -0.5 to -1.9
V vs. Ag/AgCI (see Chapter 5);
(ili)  scan rate of 0.15 mV s with a step potential of 0.50 mV, scanning the
potential from —0.200 V up to +0.500 V vs. OCP (see Chapter 4).
Electrochemical impedance spectroscopy. EIS is a powerful electrochemical tool which
provides insights into the physical and electrochemical properties of a system by applying
a potential perturbation (generally ranging between 5 mV to 10 mV) and recording the
impedance response. Since these measurements are achieved at different frequencies, this
technique has been named “spectroscopy”. Unless otherwise stated, the EIS tests were
carried out by applying a potential perturbation of 5 mV [151] at the OCP over the

frequency range of 10° Hz to 0.1 Hz with ten frequency points per decade.
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» Chronoamperometry (CA). CA is an electrochemical technique which is generally
carried applying a stable electrode potential and recording the current [152]. In this
study, CAs were employed for the determination of the BDD electrode area (Chapter
4).

3.3.2  Morphological and Chemical Characterisation

The morphological characterisation was carried out using an atomic force microscopy
(AFM) MAC I11 Agilent 5500 in contact mode equipped with a standard silica nitrite tip (Nano
World from Windsor Scientific) with a nominal spring constant of 0.32 N m™* and nominal tip
radius < 10 nm.

The chemical characterisation of the substrates was assessed using either an X-ray
photoelectron spectroscopy (accessing the instrument at Cardiff University) or a Scanning
electron microscopy—energy dispersive X—ray spectroscopy (SEM—-EDS). The XPS employed
was a Kratos Axis Ultra—DLD equipped with a monochromatic dual Al-Mg X-ray source and
magnetic lens, which allowed the system to obtain high collection efficiency and high spatial
resolution for the test recorded at low angle collections. The spectrometer was equipped with a
delay—line detector (DDL). Four different types of spectra were recorded: normal angle (0°),
plus 45°, 65° and 75° degrees, in order to follow the chemical average composition of the
probed surface layers. The fitting procedures have been achieved after a linear background
subtraction and the analytical functions used were linear combinations of Voigt functions, each
representing the distinct chemical forms that contribute to the peak shape. The SEM-EDS
system used was a scanning electron microscopy JSM 6500F equipped with an energy X-ray
dispersive spectrometer Oxford Inca 300.

3.3.3  Capillary Electrophoresis

Within this study, capillary electrophoresis (CE) was used to validate the metal-ion
concentrations estimated via electrochemical methods and was particularly employed in
Chapters 7 and 9.

CE is a powerful analytical technique that can separate different ionic species within a
solution filled capillary under an applied electric field in the range 100-300 V cm™. It only
requires a very small sample volume (several nanolitres), but offers high separation efficiency,
high separation selectivity and sensitivity, fast analysis and potentially simple sample
preparation methodologies. This technique relies on the different electrophoretic mobilities that
generally characterise different metal ions. The separation in capillary electrophoresis is usually

performed within a fused silica capillary using a carrier electrolyte (also known as running
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buffer solution with a slightly acidic pH), which contains a chelating agent (in the current work
2,6—pyridinecarboxylic, PDCA). The pH of the buffer solution was 4.0 since it represented the
best compromise between the ionisability of the PDCA (pKa.; = 2.16; pK,, = 6.92) and the metal
ion hydrolysis [7]. Indeed, at pH 4 the PDCA is deprotonated (thus, acting as a chelating agent)
and the eventual hydrolysis of the metal ions is significantly depressed. In addition to PDCA,
the buffer solution also contained a cationic surfactant (cetyltrimethylammonium hydroxide,
CTAH) which reversed the direction of the electroosmotic flow, hence allowing the detection of
all ions in a single run. The buffer solution was prepared adding 10 mM of PDCA and 2.5 mM
of CTAH and adjusting the pH with HCI or NaOH. Before running the CE analysis, all the
sampled crevice—corrosion solutions containing the buffer electrolyte were rested for 12 h
(overnight), allowing the formation of the metal ion—PDCA complexes.

The system employed was a Prince Technologies PrinCE-560 capillary electrophoresis
instrument with a TraceDec contactless conductivity detector with a 100 cm fused silica
capillary (93 cm effective length and a 50 um internal diameter).

The limit of detections (LOD) of the metal ions likely to be present within the crevice
corrosion solution (Cu®, Ni**, Fe** and AI*") were determined in 0.6 M NaCl in either the
presence or absence of 0.01 M BTAH. The LODs were estimated by linear regression,
determining the confidence interval with Equation 3.1.1 [153].

by +bxet, ys [2aty Ko=X) 3.1.1
mon Y (X -X)

where by and b; are the intercept and slope of the calibration curve, respectively, t ., is the
student’s t parameter associated to n—2 degrees of freedom at 97.5% of the confidence of, m is

the number of times that each measure has been replicated, n is the number of x points forming

the calibration curve, x is the average of the x values and s represents the standard deviation of

the calibration curve normalised on the degrees of freedom, determined by Equation 3.3.2 [153].

2
SNCESZE 32

where ¥ is the value predicted by the linear regression whereas y; represents the i value of y.

Table 3.3.1 lists all the LODS determined for the investigated metal ions. The calibration
curves for the studied metal ions, in either the presence or absence of 0.01 M BTAH, are

reported in the Appendix of Figure Section, displayed at the end of the thesis.
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Table 3.3.1. Capillary electrophoresis Limit of Detections for metal ions in a 0.6 M NaCl solution and

0.6 M NaCl + 0.01 M BTAH solutions.

Metal lon  LOD in 0.6 M NaCl/pumol L*  LODin 0.6 MNaCl + 0.01 M
BTAH / ymol L™

cu® 30.3 56.1
Ni®* 80.1 79.9
Fe*' 715 295.0
AP 108.0 565.1
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4. Electrochemical Behaviour of Nickel-Aluminium
Bronze in Aqueous Chloride Solutions in either the

Presence or Absence of Benzotriazole

In this Chapter the corrosion properties of nickel-aluminium bronze were studied in aqueous
chloride media by using potentiodynamic polarisation and scanning electron microscopy.
Potentiodynamic polarisation was initially employed to determine the dependence of the NAB
oxidation on protons and chloride (therefore establishing their order of reaction), since it has
been reported that NAB exhibits an electrochemical behaviour similar to that of copper [9, 14].
The pH interval ranged from 8.2 to 3.0, whereas the chloride concentration was varied from 0.4
M to 1.0 M. Furthermore, a kinetic model for the NAB oxidation was developed on the basis of
the determined parameters, i.e., proton and chloride order of reactions. Finally, considering the
high affinity of benzotriazole for copper, the corrosion performance of NAB was studied in the

presence of the inhibitor in neutral (pH of 6.2) and acidic (pH of 3.5) solutions.

4.1 NAB Microstructure and Phase Chemistry

Figure 4.1.1 shows the SEM of cast NAB with the identification of the different phases

present within the microstructure.

K
Km

a
K

KIV

JSM 6500F COMPO 150KV X500 10um WD 8.9mm

Figure 4.1.1. Backscattered electron microscopy image of cast nickel-aluminium bronze and phase
identification.
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As reported in the literature, the NAB microstructure is mainly constituted of an a—phase, which
is rich in copper, and of a series of k—phases, which have different shapes, sizes and chemical
compositions [10]. Notably, four x—phases were clearly identified within the NAB
microstructure, namely K, Ky, Ky and Ky, 8 shown in Table 4.1.1 The elemental analysis of the
different phases was consistent with data published by Culpan and Rose (see Table 2.1.1 of
Section 2.1.1) [10] since (i) the a— and p—phases had a high content of copper, ca. 86 % for both
the phases, (ii) the «; and the «;y phases were characterised by a high content of iron, 35.69 %
and 42.70 % for the «; and k, phases, respectively, and (iii) the k; and «;;; phases displayed a

chemical composition relatively rich in aluminium, nickel and iron.

Table 4.1.1. Energy dispersive X-ray spectroscopy analysis of the cast NAB phases.

Alloy component / wt. %

Phase Al Mn Fe Ni Cu
o 7.90 0.20 2.58 291 86.41
8.51 0.52 2.20 2.58 86.19
K 17.35 1.25 35.69 18.07 27.64
Ky 19.09 0.93 26.60 26.04 27.34
Ky 18.87 0.45 12.86 26.80 41.03
Ky 8.12 0.84 42.70 35.32 13.01

4.2 Electrochemical Behaviour of NAB in Neutral and Acidic
Chloride Media

Figure 4.2.1 shows the PPs after 30, 300 and 720 minutes in the chloride electrolyte. It is
evident that increasing the immersion time slightly resulted in a decreased of the corrosion
current density which was probably associated with a thickening of a developing protective
layer [4] . The jeor were determined as 4.1 pA cm %, 3.3 pA cm 2 and 1.4 pA cm? for immersion
times of 30, 300 and 720 minutes, as listed in Table 4.2.1. The cathodic branch in Figure 4.2.1 is
attributable to the dissolved oxygen reduction reaction (ORR) at the metal surface, which has
been indicated to occur on NAB with a limiting step determined by a single—electron exchange
[9, 154].
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Regarding the anodic Tafel slopes, values of +60 mV dec™ in the initial stage and +210 mV
dec™ in the following part, were determined to remain constant for all tests, thus suggesting
similar limiting—step processes taking place at the working electrode. Comparable anodic
performance has been reported between NAB [9, 14] and copper [155] in chloride
environments, where both were observed to have an anodic Tafel slope of +60 mV dec ™, related
to a process controlled by a combination of both charge and mass transfer.

The anodic behaviour of copper in chloride media has been the focus of several
investigations [155-158]. Lee and Nobe [155] reported that the copper dissolution in chloride

media is a pH-independent process which involves: (i) a non-activation—controlled anodic

mechanism highlighted by an apparent Tafel region (bX") of +60 mV dec™ (both charge and

mass limited), where CuCl, is the limiting—diffusion species; and (ii) a subsequent limiting—
current region associated with the formation of a CuCl film on the metal surface. Different

mechanisms have been considered to explain the b"".
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Figure 4.2.1. Potentiodynamic polarisations for NAB in 0.6 M NaCl (ca. pH 6) at 0.15 mV s * after

immersion times of (1) 30, (2) 300 and (3) 720 minutes. Dashed lines represent the extrapolated Tafel

slopes.

65



4. Results and Discussion

Bacarella and Griess [159] proposed a model where CuCl, is initially formed at the active

interface and then diffused away into the bulk solution, with the latter being the rate determining
step (rds). However, this mechanism has been more recently superseded by a two-step reaction,
where the first is the reversible electrochemical formation of adsorbed CuCl, see Equation 4.2.1,

whereas the second is the CuCl chemical-transformation into CuCl, , see Equation 4.2.2 [157].

k

Cu +CI’;—1>CuCI ads TE€ 42.1
-1
CuCl_ +CI" < CuCl, 4272
ads K-y

With k; and k_; expressed ask, (t) =k, exple, FE(t)/RT]and k ,(t) =k, exp[-¢, FE(t)/RT],
where k, and k. are the anodic and cathodic rate constants, o, and « are the anodic and

cathodic transfer coefficients, k,and k_, are the desorption and adsorption rate constants [157,

158], R is the gas constant, T is the temperature, F is the Faraday constant and E is the electrode
potential. The overall process which includes Equations 4.2.1 and 4.2.2 can be summarised by

Equation 4.2.3, with an equilibrium electrode potential as expressed in Equation 4.2.4 [18].

Cu+2CI «<CuCl, +e 4.2.3
a
E°cuchicu = +0.019+ 0.05910g O‘;CE IV vs. Ag/AgClI 4.2.4
cl~

To corroborate the involvement of the copper oxidation in the NAB dissolution, the order of
reactions with respect to protons and chloride were determined. Figure 4.2.2 shows the
potentiodynamic polarisation for NAB in a 0.6 M NaCl deaerated solution (dissolved O, < 3
uM) at a pH ranging from 8.2 to 3.0. Regarding pHs 8.2 to 4.0 (PPs 1-5), the anodic
behaviours were similar to those in Figure 4.2.1, that is, the presence of Tafel slopes of +60 and
+210 mV dec™ and an OCP of about —0.21 V vs. Ag/AgCl. Figure 4.2.2 inset shows the trend
of the log j determined at —0.110 V vs. Ag /AgCI with respect to the log [H'], whose slope

represents the proton order of reaction of NAB, EREH , as defined by Equation 4.2.5 [160].

ologj
[¢ =R, 425

dlog [H+]j[u} T, Im, E
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where [Cl™] is the chloride concentration (0.6 M) and I, is the ionic strength of the solution

(1.0 M). [CI"], T, I, and E were all constant. The electrode potential selected was —0.110 V
vs. Ag/AgCl, since at this value all the PPs exhibited +60 mV dec* slopes. As can be seen by

. . -110mV . .
the Figure 4.2.2 inset, the R, ™" Was evaluated to be zero between the pH interval ranging

from 8.2 to 4.0, hence indicating that the NAB oxidation in a chloride environment is governed
by the dissolution of copper present within the NAB microstructure. Furthermore, also the
anodic currents within the potential range from -0.080 V to 0.050 V vs. Ag/AgCl and
dominated by a slope of +210 mV dec* showed a pH-independent behaviour.
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Figure 4.2.2. Potentiodynamic polarisations for NAB at 1.0 mV s * in deaerated 0.6 M NaCl (dissolved

0, <3 uM) at different pHs: (1) 8.2, (2) 7.2, (3) 6.2, (4) 5.0 (5) 4.0, (6) 3.8, (7) 3.5, (8) 3.3 and (9) 3.0.
Tests (1), (2) and (3) were conducted in 0.6 M NaCl + 0.02 M phosphate—buffer solution. Inset shows the
NAB order of reaction with respect to the proton concentration at —110 mV vs. Ag/AgClI for tests (1) to

(5).

Concerning the mechanism behind the copper dissolution, Diard et al. [161] theoretically
studied it in chloride media on rotating disc electrode. Different models were proposed [161],

all of which considered (i) an initial apparent Tafel slope of +59 mV dec™, associated with the
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formation of CuCl,g, see Equation 4.2.1, whose coverage (I') was assumed to be negligible (I
— 0), followed by (ii) a kinetic process which depended on the CuCl,s coverage and the
desorption and adsorption rates, see Equation 4.2.2. The model described by Diard et al.
differed from previously published work [157, 158], since no assumption was made on the low

CuCl,gs coverage of the electrode surface. Among the models suggested by Diard et al. [161],

our particular results, i.e., an initial b of +60 mV dec ™ with a subsequent slope value of +210
mV dec*, approach the case combining an initial b®*® of +59 mV dec* followed by a pseudo-

Tafel b of +236 mV dec™ [161]. These two distinct Tafel behaviours were related to different

kinetics, where the former relied on a reversible electron transfer process (Equation 4.2.1 is the
fast step), achieved at low current densities (then at CuCl,s I' — 0) with a semi—logarithm

expression as follows:

. . FE
109 jopp = Iog[ FTk,[CI T (k/k,) / A+ kom_ )} [2.3 = j 4.2.6

whereas the latter was associated with a complete surface coverage of CuClys (I'— 1),
(Equation 4.1.1 represented the slow step whilst Equation 4.2.2 the reversible process), with a
kinetic model expressed as in Equation 4.2.7.

- _ — ]/2 aa F E
109 Jas —Iog{ F [CI ]((kzlk_z)lemCuCE) J+[4_6 RTJ 42.7
Where ju, and Jugs are the currents, T"is the total surface site concentration, m_ s the ratio
uth

between the CuCl, diffusion coefficient and the diffusion thickness layer and «, is the transfer

coefficient (0.5). The order of reaction of chloride considered on Equation 4.2.6 was 2, thus
suggesting high dependence of the copper oxidation on the chloride concentration. This value,
which can be considered as a characteristic for copper dissolution at a chloride concentration
less than 1 M [158], has been determined and reported in different studies [157, 158].

In this work, the NAB order of reaction for the chloride, within the apparent Tafel slope, was
assessed with potentiodynamic polarisation at different chloride concentrations, ranging from
0.4 Mto 1.0 M at pH 6.2, as shown in Figure 4.2.3. The ionic strength of all the solutions was
maintained constant at 1.0 M, by adding aliquots of NaClO,. It is worth noting that as the
chloride concentration increased, the OCP shifted towards more negative values, thus indicating
a less noble behaviour of the substrate. Figure 4.2.3 inset shows the dependence of the current

density (at —0.170 V vs. Ag/AgCl) on the chloride concentration, both expressed in logarithmic
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form, where the slope of the extrapolated trend represents the chloride order of reaction of
NAB, as shown in Equation 4.2.8.

[MJ —RE 428
010g[CI] )y 710 e c=

The NAB % "™ was evaluated to be 2, thus indicating that the copper oxidation occurring

within the NAB microstructure has the same electrochemical behaviour of unalloyed copper.
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Figure 4.2.3. Potentiodynamic polarisations for NAB at 1.0 mV s *in (1) 0.4, (2) 0.5, (3) 0.6, (4) 0.8 and

(5) 1.0 M NaCl deaerated solutions at pH 6.2. Inset shows the NAB order of reaction with respect to
chloride concentration at —170 mV vs. Ag/AgCl.

According to Figure 2.4.1 of Section 2.4.1 (which highlights the chemical speciation of
copper(l) in chloride solution) and considering the experimental conditions present in Figures

4.2.1 and 4.2.2, it can be inferred that after the electrochemical step has occurred (Equation

4.2.1) the formation of CuCl, dominated the chloride—complexation reaction, since in the

explored conditions CuCl; is thermodynamically favoured over CuCl 2.
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Table 4.2.1. Kinetic parameters at different NAB immersion times in a 0.6 M NaCl solution.

Time / minute
Parameters 30 300 720
joorr { Acm’? 41x10° 33x10° 1.4x10°

b / mV dec* +60 +60 +60
b / mV dec* +210 +211 +210

ER:jOmV (PH >4.0) 0

SROHTV (PH >4.0) 0

—-170mV
mcr 2.0

Table 4.2.1 shows the kinetic parameters, i.e., corrosion current density, Tafel slopes and
orders of reaction, determined for the different conditions shown in Figures 4.2.1 and 4.2.2
(tests 1-5).

The formation of cuprite (Cu,O) during the copper oxidation in a chloride solution at pH 6.2,

see Equation 4.2.9, is thermodynamically favoured over CuCl.

2Cu+ H,0 & Cu,0+2H" +2e™ 429
E°cu,ocu =+0.256—0.059pH / V vs. Ag/AgCl 4.2.10
E"cucuou = +0.088-0.059loga__/ V vs. Ag/AgCI 4.2.11

In fact, by considering the equilibrium electrode potential of Equation 4.2.10 [162], the Cu,O
formation should occur at —0.110 V vs. Ag/AgCI (at pH of 6.2), whereas that for CuCl should
occur at —0.064 V vs. Ag/AgCI, estimated using Equation 4.2.11 [18] and a chloride activity (

acl_) of 0.0403 mol kg (calculated with a NaCl solution density of 1.002 g cm® and an

activity coefficient of 0.673 [162]). However, as can be seen from Figure 4.2.2, the Tafel slopes
determined within the pH range from 4.0 to 8.2 all displayed values of +60 mV dec ' and +210
mV dec?, hence indicating that similar oxidation mechanisms, associated with Equations 4.2.1
and 4.2.2, took place on polarised NAB. This insight is in line with results reported by Tromans
et al. [18] and Deslouis et al. [163], where the formation of the thermodynamically favoured
Cu,O was reported to be negligible whereas that of CuCl dominated the copper oxidation in

chloride environments. The establishment of the Cu / CuCl equilibrium can be confirmed by
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the good agreement obtained between the thermodynamic potential assessed using Equation
4.2.11, i.e.,, —0.064 V vs. Ag/AgCI at 0.403 m (molality), and that experimentally determined
from the intersection of the +60 mV dec* and +210 mV dec Tafel slopes, i.e., —0.068 V vs.
Ag/AgCl, associated with a NAB active surface covered by CuClys (I' —1) [161]. The

formation of cuprite at the NAB surface cannot be precluded a priori, since thermodynamically

favoured over CuCl at pH higher than 5.4 and at CLCI_ of 0.403 m. However, its formation

seems to be confined to a chemical (hydrolysis) rather than an electrochemical process [161].
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Figure 4.2.4. Experimental (A) and theoretical (B) potentiodynamic polarisations for NAB in deaerated

0.6 M NaCl at pH of 6.2. Test (A) was carried out at 1.0 mV s . Test (B) was obtained considering the
current expressed by Equations 4.6 and 4.7 with and an equilibrium potential of —0.294 V vs. Ag/AgCl.

Figure 4.2.4 shows a comparison between the anodic PP on NAB in 0.6 M NaCl at pH 6.2
(curve A) and the oxidation model proposed by Diard et al. [161] for copper using Equations
4.2.6 and 4.2.7 in 0.6 M NaCl (curve B) and an overall current given by j = (Japp * Jads) / (Japp +
Jags)- According to the model advanced by Diard et al., the following parameters were

considered in the determination of curve (B): I' = 10° mol cm ™, k, = 10° mol* cm3s?, k , = 10°

mol™* cm®s™? ky =10° mol em®s™, k4 =10°s™, T=298 K, @, = 0.5 and m_ _— 10 cm.
u
The good agreement obtained between curves (A) and (B), notwithstanding the different
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conditions of the systems considered (curve (A), NAB oxidation carried out in an quiescent
chloride solution; curve (B), theoretical data associated with copper dissolution in chloride
media at high mass transfer [161]), can be explained by the charge— and mass—transfer
controlled copper dissolution [14] at both T' — 0 and ' — 1. The equilibrium electrode
potential (E.) employed for determining curve (B) was assessed using Equation 4.2.4. Equation

4.2.4 was particularly considered since at low overpotentials the electrode surface is negligibly

covered by CuCl (I' — 0) and cuprous chloride is readily transformed into CuCl, [161], hence

establishing the existence of an equilibrium between Cu and CuCl, . Wharton et al. [9]

reported an OCP for a NAB rotating—disc electrode of —0.294 V vs. Ag/AgCI under high mass
transfer conditions (angular velocity of 9500 rpm) [9]. This value is considerably lower than

those shown in Figure 4.2.2, due to a high mass transport which de—polarises the anodic

equilibrium via the removal of CuCl, from the Nernst diffusion layer [9, 14]. Assuming the

establishment of the Cu and CuCl, equilibrium and using Equation 4.2.4, the CuCl,

concentration was determined to be 1.8 uM for the specific case of [9]. This concentration
value was then used for assessing the E, (—0.274 V vs. Ag/AgCl) of Figure 4.2.4 curve (B),

considering a of 0.403 m (molal), since the model put forward by Diard et al. [161] was
uth

based on a high mass transport process.

In Figure 4.2.2, PP tests 6-9 were carried out on NAB in a 0.6 M NaCl solution at pHs lower
than 4.0, after an initial electrode immersion of twenty minutes. Marked differences can be
appreciated between tests 1-5 and 6-9 in terms of OCP and shape of the recorded responses.
Indeed, as soon as the solution pH was reduced below 4.0 the OCP significantly decreased, i.e.,
-0.280 V vs. Ag/AgCl at pH 3.8 and -0.450 V vs. Ag/AgCl at pH 3.0, suggesting a pH-
dependent behaviour in contrast to that observed at pHs higher than 4.0. Furthermore, the tests
6-9 were clearly characterised by the presence of a pseudo passivation peak (A,,) and, at
potentials more positive than —0.135 V vs. Ag/AgCl, the current density followed a typical
copper oxidation behaviour (i.e. initially with a Tafel slope of +60 mV dec* and then +210 mV
dec™). This behaviour suggests that copper dissolution predominated at an onset potential of —
0.135 mV vs. Ag/AgCI. To better understand the NAB dissolution in different pHs and possibly
identify the phases subject to corrosion, SEM was used to determine the microstructure
corrosion features for anodic treatments at —0.100 V vs. Ag/AgCl and —0.250 V vs. Ag/AgCl in
neutral (6.2) and acidic (3.5) pHs, respectively, see Figures 4.2.5 and 4.2.6.
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COMPO 15.0k¥ X1,000 10um WD 10.4mm

Figure 4.2.5. Backscattered electron microscopy image of cast NAB after an anodic treatment at —0.100

V vs. Ag/AgCl for 600 s in 0.6 M NaCl at pH 6.2.

From Figure 4.2.6 it can be observed that the anodic treatment carried out in neutral pH
resulted in a darker—colour of the copper rich a—phase of the corroded part with respect to the
uncorroded NAB surface.

COMPO 15.0kV X800 10um WD 9.9mm

Figure 4.2.6. Backscattered electron microscopy image of cast NAB after an anodic treatment at —0.250

V vs. Ag/AgCl for 600 s in 0.6 M NaCl at pH 3.5.
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This feature was particularly evident for the copper rich a—phase within the o + «;;, eutectoid,
where evidence of an electrochemical etching can be seen as related to an active copper
dissolution. These results, which corroborate the NAB electrochemical data in Figures 4.2.1
and 4.2.2, are consistent with findings reported in the literature, which indicate an initial
corrosion attack of the copper rich o—phase within the o + «y;, eutectoid [4]. Conversely, Figure
4.2.6 highlights that after being subjected to an anodic treatment at —0.250 V vs. Ag/AgCl in
chloride containing solution at pH 3.5, NAB underwent selective phase corrosion at the k—
phases rather than the o-phase. In fact, a number of the k—phases within the NAB
microstructure, particularly the k; and k;, at the boundary with the o—phase and the k, within the
Kiv t a eutectiod, showed darker regions than others k—phases, thus suggesting that a change in
their chemical composition has occurred due to the anodic treatment. The pH-dependent
behaviour of NAB shown in Figure 4.2.2 was therefore confirmed by SEM, which supported the
existence of selective dissolution processes dependent on pH. In particular at pHs above 4.0,
the NAB oxidation was dominated by copper dissolution of the a—phase within the o + Ky,
eutectoid, whereas the other k—phases were cathodically protected. Conversely, at pHs below
4.0 the NAB corrosion behaviour was characterised by an inversion of the anodic—cathodic
phase behaviour: the copper—rich a—phase (which acted as an anodic phase at pHs greater than
4.0) displayed a cathodic behaviour whereas the other k—phases, rich in nickel, iron and
aluminium, underwent oxidation (anodic sites).

The NAB potentiodynamic polarisations at different pHs in 0.6 M NaCl, shown in Figure
4.2.2, were all carried out after monitoring the OCP for twenty minutes (OCP not shown in
Figure 4.2.2). It was noted that, above pH 4.0, the OCP remained stable at —0.21 V vs.
Ag/AgCI, whereas at pHs below 4.0 the OCP markedly decreased after a few minutes, to a
potential dependent on the proton concentration. Figure 4.2.7 shows an overlay of PPs
undertaken in 0.6 M NaCl at pH of 6.2 (test 1) and 3.5 (tests 2 and 3), after the OCP was
monitored for twenty minutes for tests (1) and (2) and three hundred minutes for test (3).
Substantial differences are evident when comparing tests (2) and (3), where in the former case
the anodic behaviour is initially attributable to the x—, x;— and k—phases dissolutions (at
approximately —0.3 V vs. Ag/AgCl) and then to the o—phase oxidation (above —0.14 V vs.
Ag/AgCl), whereas in the latter the anodic behaviour is dominated only by copper dissolution of
the o—phase. As shown in the Figure 4.2.7 inset, which reports the OCP as a function of the
time at pH 3.5, it can be proposed that NAB underwent inversion of the anodic—cathodic phase
behaviour within the first two minutes of immersion. However, for an extended immersion the
OCP gradually increased, reaching —0.235 V vs. Ag/AgCl after three hundred minutes. It can be

speculated that under these conditions the a—phase still remains cathodically protected due to its
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higher equilibrium potential (at —0.21 V vs. Ag/AgClI) than that after three hundred minutes at
pH 3.5 (-0.235 V vs. Ag/AgCl).

-0.204
> o22f\
O  -0.241 :
0.4 S { ———T
< -0.26]
(@] .
< .0.28] l 2 3
2 30 i
- ’ . A4.1
> -0.32 \r
= 0 5 10 15 20 285 290 295 300
% 0.0 1 Time / minute
<
o)
<
g) -0.2 1 1
L 3 =
2
-0.4 4
e ' . T T T T T T 1
-6 5 4 3 -2 -1 0 1 5

logj/ mA cm™

Figure 4.2.7. Potentiodynamic polarisations for NAB at 1.0 mV s in 0.6 M NaCl: (1) pH 6.2, both (2)

and (3) at pH 3.5. Tests (1) and (2) were conducted after 20 minutes, whereas test (3) after 300 minute
from the initial NAB immersion. Inset shows OCP trend and the time interval at which potentiodynamic

polarisations (2) and (3) were performed.

4.3 Electrochemical Behaviour of Nickel-Aluminium Bronze on the

Presence of BTAH in Chloride Solutions of various pH

The characteristic behaviour of NAB in chloride media (i.e., (i) copper dissolution taking
place at the copper rich a—phase within the o + «;;; eutectoid at pHs above 4.0 and (ii) inversion
of anodic—cathodic phase behaviour at pHs below 4.0) was investigated in chloride media in the
presence of different BTAH concentrations initially in neutral (pH 6.2) and then acidic solutions
(pH 3.5), chosen to represent the pH conditions found within crevice environments [4].

Preliminary corrosion inhibition were performed on NAB using a fixed BTAH concentration

and PP up to immersion times of 720 minutes, in order to assess the adsorption / desorption
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equilibrium. The BTAH adsorption / desorption equilibrium was achieved after about 300
minutes, established by similar j., values.

Figure 4.3.1 shows the PPs for NAB after a 300 minute immersion in a 0.6 M NaCl solution
with and without the BTAH inhibitor at different concentrations, i.e., 0.05 mM, 0.10 mM, 1.00
mM, 5.00 mM and 10.00 mM. A decrease of j. is clearly evident with increasing inhibitor
concentration. Comparing the inhibited responses (lines 2-6) with the uninhibited (line 1), it is
evident that an increase of the E, equal to +85 mV, occurred with a reduction of the current

densities in both the cathodic and anodic branches.
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Figure 4.3.1. Potentiodynamic polarisations for NAB at 0.15 mV s * after a 300 minute immersion in 0.6

M NaCl with BTAH additions: (1) 0 M, (2) 0.05 mM, (3) 0.10 mM, (4) 1.00 mM, (5) 5.00 mM and (6)
10.00 mM. (i), (ii), (iii), (iv) and (v) indicate different potential regions of the potentiodynamic
polarisations. Upper—left inset shows an expansion of voltammograms (1) and (6) with extrapolated Tafel
slopes, whereas upper—right inset shows a comparison between Kastening—Holleck (1) and Langmuir (2)

adsorption isotherm fittings.

Specifically for the cathodic response, the oxygen response on NAB in the presence of
BTAH displayed a behaviour mainly governed by both charge and mass transfer processes over
the potential range considered (potential interval of Figure 4.3.1, named “iii”), while the

cathodic responses on NAB for the not inhibited solution presented two distinct parts, i.e., (“i”)
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controlled by mass transfer process and (“ii”) controlled by both electron transfer and mass
transfer. Therefore, the rather linear and sloping trend “iii” can be taken as a proof of the
incomplete oxygen mass transport. This behaviour can be ascribed to the adsorption effect of
BTAH on the NAB surface which hampers the oxygen diffusion. Regarding the anodic PP
responses, it is apparent a marked shift towards more positive electrode potentials, which
indicates a less pronounced copper dissolution of NAB. Contrary to the uninhibited PPs, which
shows only one characteristic Tafel plot of +60 mV dec™, the inhibited response has two
distinct trends: (“iv”’) one at slightly more positive potentials than the E., of approx. +50 mV
dec?, and another (“v”) at a more positive value, at which a small increase of the electrode
potential produced a rapid rise of the anodic current density. Therefore, it can be proposed that
the different anodic Tafel slopes in the presence and absence of BTAH, i.e., +50 mV dec and
+60 mV dec, are likely to be associated with different anodic mechanisms, where BTAH may
play a significant role. The excellent BTAH inhibition properties for copper have been not only
related to its affinity towards the metal surface (formation of an adsorbed layer of molecular

BTAH), but also, and in particular, to the presence of an inorganic film of Cu(l) and BTA™,
[Cu(l)BT A™],, further adsorbed on the metal surface [164, 165]. Therefore, it is proposed that

above a pH of 4.0 the NAB oxidation mechanism may involve the formation of both
Cu(l)BTA™ and CuCl, , the latter through Equations 4.2.1 and 4.2.2, as it has been discussed
in the literature [18]. However, as the NAB applied potential is increased, the formation of
CucCl Z_(aq) prevails over Cu(l)BTA™, due to the higher solution concentration of CI~ than

BTAH. This insight can be inferred by the upper Figure 4.3.1 inset, which shows the presence
of a +210 mV dec* Tafel slope on both tests (1) and (6), within a potential interval from —20 to
0 mV vs. Ag/AgCl, thus indicating a NAB surface significantly covered by CuCl.

Table 4.3.1. NAB potentiodynamic polarisations kinetic parameters obtained after 300 minutes of NAB

immersion in a 0.6 M NaCl solution with different BTAH concentrations.

BTAH Concentration / mM

Parameters 0 0.05 0.10 1.00 5.00 10.00

I.E. % 0 95.2 96.7 98.7 99.2 99.4
joorr / Acm™? 14%x10°% 66x10°% 45x10® 1.8x10%® 1.0x10° 0.8x10°
b2 / mV dec™? +60 +52 +50 +48 +50 +51
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Regarding the BTAH adsorption mechanism, several models have been proposed describing
the structure of the growing BT AH—protective layer, as well as its binding on the metal surface
[18, 30, 37, 40, 166]. Musiani et al. [166] studied by means of electrochemical and SERS
techniques the influence of the pH and the electrode potential on the adsorption of benzotriazole
on copper in chloride solutions. The existence of potential-dependent surface acid-basic
equilibria was reported to be due to the diverse adsorbed benzotriazole species (BTAH 4 and
Cu()BTA") at the investigated pHs. In particular, SERS suggested the presence of both
BTAH,4 and Cu(l)BTA™ when either the solution was kept at acidic conditions (pH 1) or the
electrode was cathodically polarised (-0.561 V vs. Ag/AgCl). Conversely, Cu(l)BTA
predominated over BTAH,4s at neutral pHs and at OCP. Youda et al. [37] also considered the
existence of a pH-sensitive equilibrium behind the adsorption mechanism of benzotriazole on
copper. Indeed, as shown in Equation 2.2.3 of Section 2.2.3, the benzotriazole adsorption relied
on the establishment of an equilibrium between adsorbed BTAH and Cu(l)BTA". In agreement

with Musiani et al., unfavourable formation of [Cu(l)BTA"], was observed at low pHs and at

more cathodic potentials than the zero charge potential. Also, Tromans et al. [18] proposed a
pH-dependent process taking place with the initial BTAH adsorption on copper, as shown in
Equation 2.2.7 of Section 2.3.3. However, in contrast to Youda et al., they suggested that the

formation of a polymeric [Cu(l)BTA™], film occurs within the diffusion layer, see Equation
2.2.8 of Section 2.2.3, which was adsorbed on the initial BTAH,g layer, see Equation 2.2.9 of
Section 2.2.3.

The ineffectiveness of benzotriazole as an inhibitor in acidic environments (pH 1) has

principally been attributed to the inability to form the [Cu(1)BT A'], film and to the difficulty of

creating the initial BTAH,4 layer, due to the protonation of benzotriazole, BTAH;' [18]. ApH

of 3.0 was highlighted as the threshold for the effective and ineffective BTAH inhibition [18].

In addition to pH, the applied potential has also been identified as critical parameter which
significantly influences the growth of [Cu(l)BTA™], [26, 37, 166] and therefore the

benzotriazole inhibition efficiency. Allam et al. [25] determined a BTAH adsorption Gibbs
energy, on cathodically polarised copper (-0.355 V vs. Ag/AgCl), associated with a
physisorption process. The estimated value (3.8 kJ mol™) was considerably lower than those
assessed for unpolarised copper, which generally range from —30 kJ mol™* to —39 kJ mol ™ [42,
46, 167]. Metikos—Hukovic et al. [42] reported a BTAH adsorption Gibbs energy dependent on
the solution pH (pH investigated from 4 to 10). The Flory—Huggins isotherm described the
benzotriazole adsorption and provided adsorption Gibbs energies from —30 to -39 kJ mol ™, as
the pH changed from 4 to 10. In this work, the assessment of the benzotriazole adsorption on

NAB in a neutral chloride media was achieved by using I.E. % listed in Table 4.3.1 and fitting
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different adsorption models (Langmuir, Témkin, Frumkin, VVolmer Hill-De Boer, Helfand-
Frisch—Lebowitz, Parsons, Damaskin—Parsons, Kastening—Holleck, Flory—Huggins, Dhar—
Flory—Huggins and Bockris—Swinkles [168]). The I.E. % was determined using Equation 4.3.1.

=0 -
1.E9% = Joor ~Jeor 19 431

JCOIT

where jo . is corrosion current estimated in 0.6 NaCl solution whereas jcor is the corrosion

current evaluated in BTAH containing solutions. The determination of the adsorption isotherm
was then assessed by considering the inhibition efficiency as the BTAH coverage and assuming
an inhibition property associated with the “surface blocking effect” [25] of the organic
molecules on the metal surface. The accuracy of the adsorption isotherm fitting with the

experimental data was evaluated as follows:
2
S=23; (Xi, experimental — Xj, fitting) 4.3.2

Where Xi experimental 1S the i experimental value and Xifiting 1S the i" fitted value. The fitting
procedures were attained considering the interaction parameter ( g ) and solvent molecule
displacement (y) values, ranging from -5 to 5 and 0 to 5 [169], respectively. The best fit
occurred for the Kastening—Holleck isotherm. The upper—right Figure 4.3.1 inset shows a
comparison between the fittings using the Kastening—Holleck [170] and the Langmuir isotherms
[169]. The adsorption Gibbs energy was determined to be —44.0 kJ mol ™, see Equation 4.3.3,

and thereby indicated a chemi-type adsorption process.

6 6 1 - AG,
—1-0+—|(x-1 -2090)= K C= ads 3.
- 0)1( +Z](z )exp(-296)= Ky 55_5e><|o{ — J 433

Where 6 is the benzotriazole surface coverage on NAB, y is the solvent molecule displacement
per adsorbed BTAH molecule, g is the interaction parameter occurring between adsorbed
BTAH molecules, K, is the adsorption equilibrium constant and ¢ is the concentration. The
BTAH adsorption free enthalpy obtained for NAB is similar to those obtained on copper and on
copper—based alloys, which are typically in the range between —20 and —45 kJ mol™ [25, 43,
167]. Other indications from the adsorption model suggest that the adsorption mechanism
occurs by displacing two adsorbed solvent molecules (y = 2) and (ii) that benzotriazole

molecules attract each other when adsorbed at the metal surface (g = 0.8) [169].
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Figure 4.3.2. Potentiodynamic polarisations for NAB at 1.0 mV s * in 0.6 M NaCl at pH 3.5 with (test 2)

and without (tests 1 and 3) 0.01 M BTAH. Test (1) was performed after a 20 minute immersion, whereas

tests (2) and (3) after a 300 minute immersion. The inset shows the fractional ionisation of BTAH and

BTAH; )

The benzotriazole adsorption behaviour was also investigated on NAB in 0.6 M NaCl
solution at pH 3.5, at which the copper rich a—phase was cathodically protected and the anodic
behaviour of NAB was controlled by the oxidation of the k—phases, as shown in Figure 4.2.6.
Figure 4.3.2 shows an overlay of PPs on NAB in 0.6 M NaCl at pH 3.5 in the presence (tests 2)
and in the absence (test 1 and 3) of 0.01 M BTAH after different NAB immersion times: test 1
after 20 minutes, while tests 2 and 3 after 300 minutes. Comparing PPs 2 and 3, it is evident the
effects of the BTAH adsorption on the NAB electrochemical behaviour, which significantly
reduced the OCP and prevented the passivation of the k—phases. This latter feature can be
particularly appreciated in PP 2 of Figure 4.3.2, which shows the presence of the peak Ay,
whereas PP 3 does not. Furthermore, the pseudo passivation peak A,, of PP 2 was anodically
shifted of 0.13 V with respect to that of PP 1, thus indicating that benzotriazole competitively

interacted with chloride or water on the k—phases, preventing their oxidation.
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The good inhibition properties exhibited by benzotriazole on NAB in neutral pH, attributable
to the formation of an adsorbed [Cu(l)BTA], [18], were not observed when the pH decreased

below 4.0 (jeor = 5.7 MA cm 2 for test (2) and 7.0 mA cm? for test (1)).

It has been reported that the benzotriazole inhibition is significantly reduced in acidic pHs due

to the presence of BT AH, , which has difficulty to adsorb onto copper surfaces [18]. However,

as shown in Figure 4.3.2 inset (which highlights the BTAH and BTAH; fractional

distributions), the inhibitor species that predominated at pH 3.5 was BTAH. As such, the low
benzotriazole inhibition determined at pH 3.5 results from the weak interactions established
between BTAH and the NAB k—phases, rather than a low adsorbability of benzotriazole when

present as a protonated species (BT AH3).

4.4 Summary

In this Chapter the corrosion performance of NAB has been investigated using
potentiodynamic polarisation and scanning electron microscopy in 0.6 M NaCl over a pH range
from 8.2 to 3.0, either in the presence or absence of benzotriazole.

It was observed that the NAB anodic behaviour was controlled by copper oxidation when the

solution pH was maintained above 4.0. The mechanism was consistent with the initial and

reversible electrochemical formation of adsorbed CuCl followed by the production of CuCl, .

The NAB order of reaction for protons and chloride were determined to be zero (within the pH
interval from 8.2 to 5) and two (within the chloride concentration from 0.4 M to 1.0 M),
respectively, as expected for a process driven by copper dissolution. A different form of
selective phase corrosion occurred below pH 4.0. Indeed, SEM analysis carried out after an
anodic treatment at pH 3.5 in a chloride solution confirmed the selective corrosion attack of the
«—, Ky— and kyy—phases, whereas, SEM results achieved on anodically polarised NAB at neutral
pHs highlighted a marked dissolution of the copper-rich a—phase. Therefore, it was concluded
that pH variations across the limit value of 4.0 led to an inversion of the anodic—cathodic phase
behaviour of NAB.

The Electrochemical tests conducted on NAB in the presence of benzotriazole indicated the
high inhibitor affinity towards NAB, provided the solution pH was maintained above pH 4.0.
Conversely, as the pH decreased below 4.0, the NAB electrochemical behaviour changed and

the inhibition of benzotriazole drastically decreased. This behaviour suggests that the beneficial
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use of benzotriazole on NAB is not always exploitable, but is limited to a range of experimental

conditions that do not trigger the inversion of the NAB oxidation mechanism.
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5. Electrochemical, Morphological and Chemical
Characterisations of Boron—Doped Diamond

Electrode

In this Chapter chronoamperometry, cyclic voltammetry, potentiodynamic polarisation and
electrochemical impedance spectroscopy were employed to investigate the electrochemical
performance of the BDD electrode, whereas AFM and XPS were used to gain insights into its
surface morphological and chemistry.  Regarding the electrochemical characterisation,
potentiodynamic polarisation was used to study the oxygen and hydrogen evolution reactions,
whereas cyclic voltammetry, electrochemical impedance spectroscopy and quasi-steady
potentiodynamic polarisation were used to study the BDD reactivity towards the [Fe(CN)g]*> "+
redox system. Moreover, since a strong relationship has been observed between the
electrochemical properties and the surface chemistry of a BDD electrode, XPS tests were also
carried out to characterise the electrode surface chemistry. Full details and protocols of the

techniques and equipment used are provided in Chapter 3.

5.1 Electrochemical Characterisation

Figure 5.1.1 shows the chronocoulometry carried out in a 0.6 M NaCl test solution with the
addition of 10.0 mM KsFe(CN)s. Chronocoulometry measurements were made by first
applying an electrode potential of +0.7 V vs. Ag/AgCI for 10 s (E,), at which no reduction of
ferricyanide takes place, and then followed by stepping the potential to -0.5 V vs. Ag/AgCl
(E»), an electrode potential sufficiently negative to promote the reduction of ferricyanide to

ferrocyanide. The inset displayed in Figure 5.1.1 shows the electrode potentials applied in the
chronocoulometry test with respect to the electrochemical activity of the Fe(CN)Z species. It

can be seen that E; is above the reduction peak (centred at +0.1 V vs. Ag/AgCl) by
approximately 0.6 V, while E, is below the reduction peak. The actual electrode area was

determined using the Cottrell equation [171], see Equation 5.1.1.

2zF AJDC WVt

Q, 7 5.1.1

where @) is the faradaic charge associated with the diffusion controlled reduction process, z is

number of the electrons involved in the electrochemical reaction (e.g. in this instance 1

electron), D is the diffusion coefficient (7.6 cm? s%) [172], ¢ is the surface concentration of
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the electro—active species, that in a quiescent solution equals the bulk concentration (10> mol
cm®) and t is the time (s). The electrode area was evaluation to be 0.184 cm? using the slope of
the reductive charge trend against the square root of the time, as can be seen in Figure 5.1.1.
Equation 5.1.1 shows that the diffusional component of the faradaic charge is zero at time
zero (t). However, from the fitted charge trend of Figure 5.1.1, it is clearly evident that at t, the
charge does not correspond to zero. This behaviour can be explained by additional charge

components, such as the double layer capacitance and surface adsorption phenomenon [172].
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Figure 5.1.1. Chronocoulometry on oxygen-terminated BDD electrode in a 0.6 M NaCl + 10 mM K;Fe(CN)g

solution at (E;) +0.7 V vs. Ag/AgCI for 10 s and at (E;) —0.5 V vs. Ag/AgCI for 100 s. Inset shows the cyclic
voltammogram in 0.6 M NaCl + 10 mM K3Fe(CN)g at 25 mV s. E; and E, indicate the potentials at which the
chronocoulometry was made with respect to the stability of the [Fe(CN)]*>"* redox system.

In order to test the electrochemical behaviour of the BDD substrate, anodic and cathodic
potentiodynamic polarisations were performed in a 0.5 M H,SO, solution within the electrode
potential domain of both oxygen and hydrogen evolution reactions. The sulphuric acid solution
was chosen instead of a 0.6 M NaCl solution to avoid the possible interference due to the
simultaneous chlorine evolution reaction (ChlER) during the anodic polarisation. Figure 5.1.2
shows the anodic PP carried out on the oxygen—terminated BDD electrode in 0.5 M H,SO,. The

reaction involved in the anodic process of Figure 5.1.2, at a potential greater than 2.1 V vs.
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5. Results and Discussion

Ag/AgCI, is expressed by Equation 5.1.2 with an equilibrium electrode potential (Ee,) as
assessed using Equation 5.1.3.

2H,0 >0, +4H" +4e” 5.1.2
Ee :+1.025+%I0ga02 —0.059pH/V vs. Ag/AgCI 5.1.3

where a,, is the oxygen activity. For an oxygen concentration of 0.20 mM (experimentally

determined) and a pH of 0.88 (calculated using a molal activity coefficient of 0.1316 and a
density of 1.0045 g cm™ [173]) the equilibrium electrode potential was determined to be 0.974
V vs. Ag/AgCl. Therefore, at an onset OER potential of 2.10 V vs. Ag/AgCI the 7ogr Was
estimated to be 1.12 V, using Equation 5.1.4.

n=E-E 5.1.4

eq

As can be seen in Figure 5.1.2 inset, the extrapolated Tafel slope was +334 mV dec™, in line
with results reported in the literature [89-92] (see Table 2.3.3). The estimated kinetic values
(boer and #oer) indicate an inhibited OER taking place at the BDD electrode, due to the
establishment of weak interactions between the electrode surface and the reaction intermediates,
i.e., OH- and O- radicals [82].

It is generally reported that at BDD electrodes the OER undergoes a reaction mechanism
which proceeds via the initial formation of OH- [90], as shown in Equation 2.3.9 of Section

2.3.2, with an equilibrium electrode potential as described in Equation 5.1.5[93, 174].

E,, =2.15-0.059pH/ Vvs. Ag/AgCl 5.1.5

However, from Figure 5.1.2 there is no evidence of the oxidation signal H,O / OH- at potential
of about 2 V vs. Ag/AgCI [93], as instead reported in the literature [82, 93], at hydrogen— and
fluorine—terminated BDD electrodes. This clearly suggests that in spite of the poor BDD
property towards OER, stabilising interactions occurred between the BDD surface and the
reaction intermediates due to the absence of the signal H,O / OH-.

Figure 5.1.3 shows the cathodic PP for an oxygen-terminated BDD electrode in 0.5 M
H,SO,. The predominant electrochemical reaction involved is the hydrogen evolution (see
Equation 5.1.6).

2H' +2¢” > H, 5.1.6

E., =-0.205-0.059pH/ V vs. Ag/AgCI 5.1.7
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As can be seen in the Figure 5.1.3 inset, the Tafel slope was estimated to be -600 mV dec™.
Depending on the rate—determining step, which limits and controls the reaction kinetics, the
Tafel slopes for HER are reported to range from —30 mV dec™* to —120 mV dec™* on platinum
and ruthenium oxide electrodes [84, 86].
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Figure 5.1.2. Anodic potentiodynamic polarisation on oxygen—terminated BDD electrode in 0.5 M

H,SO,at 1 mV s Inset displays the Tafel plot within the electrode potential interval from +1.5 V to
+2.4 V vs. Ag/AgCI.

However, the byer value evaluated for the BDD electrode was significantly greater than those
obtained using the more traditional electrodes and thus indicates an inhibited process.

The formation of atomic hydrogen on BDD has been observed only on substrates with a
fluorine—terminated surface [82]. In fact, the HER at potentials close to the thermodynamic
value for the H- / H" (see Equation 5.1.8 [82]) has been determined by Ferro and De Battisti on
fluorine—terminated BDD and explained in terms of “lack of stabilising interactions between the

electrode surface and the H- species” (7p+m. = 0).
H"+e  —>H- E°=-2.505V vs. Ag/AgCI 518

2H'%H2 5.1.9

The reaction mechanism proposed accounted for the direct production of H- (Equation 5.1.8)

followed by a chemical recombination step (Equation 5.1.9). In the current study the HER
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clearly started at an onset potential of —1.2 V vs. Ag/AgCl, significantly distant from the
equilibrium electrode potential of H* / H-. Therefore, a reaction mechanism which relies on the
formation of hydrogen radicals cannot adequately describe the process occurring at our BDD
substrate. A different reaction mechanism has been advanced by Yagi et al. [88] for BDD
electrodes, see Equations 2.3.6 and 2.3.7 of Section 2.3.2. For this proposed mechanism, the
BDD surface actively takes part in the HER via the formation of a carbon radical, see Equation
2.3.6 (see Chapter 2.3), and accordingly justifies the smaller 74er 0n oxygen—terminated BDD
than that at fluorine—terminated BDD. Considering the increase of the surface hydrophilicity
observed when the BDD is cathodically and anodically polarised, Equation 2.3.7 can be
replaced with Equation 5.1.10 [82].

H"+H,0+=C-+e- > =C-0OH+H, 5.1.10

In our specific case, the uer Was determined to be —0.95 V considering an HER onset potential
of -1.2 V vs. Ag/AgCIl and an equilibrium electrode potential of —0.257 V vs. Ag/AgCl
(calculated using Equation 5.1.7 and considering a pH of 0.88).

0.0
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Figure 5.1.3. Cathodic potentiodynamic polarisation on oxygen—terminated BDD electrode in 0.5 M

H,SO4 at 1 mV s Inset displays the Tafel plot within the electrode potential interval from —0.9 V to —
2.0 V vs. Ag/AgCI.
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The low double layer capacitance exhibited by the doped diamond electrodes is an important
electrochemical characteristic that means this type of substrate is attractive especially for
electro—analysis purposes. It has been reported that the double layer charging for BDD
electrodes is directly linked to the quality of the electrode itself, i.e., content of surface graphitic
carbon [77]. High quality BDD electrodes (low levels of graphitic carbon) generally show
lower capacitance values than those with high unsaturated carbon content. However, for low
quality BDD electrodes, oxidation treatments have generally indicated decreases in the
capacitance due to transformation of the graphitic carbon to the less active aliphatic alcohol,
ketone or carboxylic—like groups [77]. According to Table 2.3.3 of Section 2.3 (which lists the
literature capacitance values) the measured capacitance ranges from 0.05 uF cm 2 to 749 pF cm™
2 depending on the quality of the electrodes and the solution ionic strength. In our particular
case, the double layer capacitance was evaluated by current density approach from CV tests (0.5
M H,SO, solution), and using Equation 5.1.11.

I, =ACu 5.1.11

Where 1, (A) is the capacitive current, A (cm? is the electrode area, C (F cm™) is the
capacitance and » (V s) is scan rate at which the CVs were carried out [149]. The double
layer capacitance, estimated at +0.400 V vs. Ag/AgCl, was determined to be 20 pF cm 2 Since
the electrochemical responses displayed in the current study are made on oxygen—terminated
BDD electrodes, the calculated capacitance is in good agreement with those published in the
literature for the same substrate (ca. 10 uF cm?) [71, 77]. Evidently, experimental differences
between the compared systems, such as electrolyte concentration and electrolyte type and
doping level of the electrode, must be taken into account. Table 5.1.1 summarises the
electrochemical characteristics (7, b and C) determined for the oxygen—terminated BDD
electrode in 0.5 M H,SO.,.

Table 5.1.1. Summary of the electrochemical values (overpotential, Tafel slope and capacitance)

determined on BDD electrode in a 0.5 M H,SO, solution.

HER IV 1OER IV bHER I mV dec71 bOER / mV deC71 C/ I.LF Cm72

-0.95 +1.12 —600 +334 20

Figure 5.1.4 shows the CV tests carried out in a 0.6 M NaCl + 10 mM [Fe(CN)s]*™
solution at different scan rates, ranging from 25 mV s* to 300 mV s*. From cyclic
voltammogram 1, performed in 0.6 M NaCl, the capacitive current was estimated using

Equation 5.1.11. The double layer capacitance, determined at +0.4 V vs. Ag/AgCl, was
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evaluated to be 6 uF cm?, slightly lower than that obtained in a 0.5 M H,SO, solution. This
behaviour was expected since the ionic strength of the sulphuric acid solution (1.5 mol L™) was
more than two—fold greater than that of the 0.6 M NaCl solution (0.6 mol L™). Before making
the CVs, the OCP of the system was determined for the redox system under investigation. The
measured value was 0.147 V vs. Ag/AgCI, in close agreement with the equilibrium electrode
potential associated with an equimolar concentration solution of [Fe(CN)¢]*™*", (0.153 V vs.
Ag/AgCl), see Equation 5.1.12.

[Fe(CN); ]

E._ =+0153+0.059l0
. I IFe(CN)t ]

'V vs. Ag/AgCI 5.1.12
Considering the electrochemical features displayed by cyclic voltammograms 2-6 shown in
Figure 5.1.4, two current signals (Cs, and As) are apparent within the potential range from —
0.2 V to 0.5 V vs. Ag/AgCI. These responses are associated with the reduction / oxidation

processes of the ferro / ferricyanide complexes, as shown in Equation 5.1.13.

ke
[Fe(CN) ]* +e- <K—>[Fe(CN)6]4‘ 5.1.13

€
with k. and k. (constant rates) expressed as K, :k;)ppexp[— aan/RT] and
k.= kﬁppexp[aaFn/RT]where kfpp is the standard apparent electron transfer rate constant

[175]. The electron transfer of the [Fe(CN)s]*’* redox couple can be attributed to a
quasireversible process, since the peak—to—peak potential difference (AE,) was dependent on the

scan rate and ranged from +0.186 V to +0.270 V, as can be seen in Table 5.1.2.

Table 5.1.2. Peak-to—peak potentials for an oxygen—terminated BDD electrode at different scan rates in

2 0.6 M NaCl + 10 mM [Fe(CN)s]>"* solution.

Scanrate / mV s AE, IV

10 0.319
25 0.387
50 0.414
100 0.434
200 0.502
300 0.543
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5. Results and Discussion

This behaviour was found to be in line with results reported in the literature, where generally
oxygen-terminated BDD electrodes promote quasireversible electron transfers for the ferro /
ferricyanide system [66].

2.4/
“"E 2.0
37 2 -1.61
1S
Z 12
2 4 - -0.8
4 6 8 10 12 14 16 18
-1/2 -1/2
v/ mVs
1_
Ry
. 1
<
=
~
-1 4
24
-3 T T T T T 1
-1.5 1.0 0.5 0.0 0.5 1.0 1.5

E vs. Ag/AgCI / V

Figure 5.1.4. Cyclic voltammograms on oxygen—terminated BDD electrode in a 0.6 M NaCl + 10 mM

[Fe(CN)g]*™ solution at: (1) 25, (2) 50, (3) 100, (4) 150 (5) 200 and (6) 300 mV s*. Cyclic
voltammogram (1) was carried out in 0.6 M NaCl at 50 mV s™*. Inset shows the trend of the cathodic

current peak density with respect to the square root of the scan rate.

Figure 5.1.4 inset shows the trend of the current density with respect to the square root of the
scan rate: the good linear relationship between the two variables indicates a diffusion controlled
process. In order to assess the electrochemical behaviour of the used oxygen—terminated BDD

electrode, the standard apparent electron transfer rate constant for the [Fe(CN)e]*"*

system was
estimated and compared with values reported in the literature [65, 66, 73-79]. Different
electrochemical protocols and techniques can be used for assessing a quasireversible standard
rate constant of an electron transfer process. For instance, Nicholson [176] correlated the peak—
to—peak potential separation of a quasireversible process with a dimensionless parameter (y),

0

which in turn was related to the kfpp, see Equation 5.1.14. The simplicity of the procedure (kapp

calculated from CVs) means that this method is often used in the literature.
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D Qe l2
(D“] op
| N — 5.1.14

zF
D, tv—
(a RT)

where D, and D, are the diffusion coefficients (cm? s ) of the oxidant and the reducer,
respectively, and a. is the symmetry factor [177]. In this case, the y parameter cannot be
evaluated from the CVs found in Figure 5.1.4, since the AE, provided in [176] are restricted to

0 .
app Was achieved

an interval ranging from 0.061 to 0.212 V. Therefore, the assessment of the k
using quasi—steady PP and EIS.

Figure 5.1.5 shows the quasi—steady PPs at an oxygen-terminated BDD electrode in 0.6 M
NaCl with [Fe(CN)¢]*™ concentrations ranging from 1.0 mM to 7.5 mM. Tests were

conducted at 0.1 mV s over the potential interval from (OCP —10 mV) to (OCP +10 mV).
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Figure 5.1.5. Quasi-steady potentiodynamic polarisation curves on an oxygen-terminated BDD

electrode for: (1) 1.0, (2) 2.5, (3) 5.0 and (4) 7.5 x 10> M [Fe(CN)s]*’* in a 0.6 M NaCl solution at 0.1

mV s

374 electrode—surface concentrations to be

The experimental conditions allowed the [Fe(CN)g]
stable, due to the low currents obtained by the slow scan rate and the restricted potential
interval. Inspecting the quasi-steady PPs, an increase of the current density is clearly evident
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as the concentration of the electro—active species increased. The model which approximates the
electrode response, for these conditions is Equation 5.1.15 [178], which represents the low—field

approximation of the Butler—\Volmer equation, see Equation 5.1.16 [175].

. . ZF
1=1Jo ﬁ’? 5.1.15
j= j{c; exp(a‘é—_ll___nj—c: exp(%ﬁrlznﬂ 5.1.16

where j, is the exchange current density and c; and c: are the surface concentrations of the

0

app Was then achieved

oxidation / reduction species, respectively. The determination of the k

using Equation 5.1.17.

jo = F kS, &) ¢ () 5.1.17

Assuming «, = «a, = 0.5 and approximating the surface concentrations with those of the bulk

solution (c) (due to the low current flowing), Equation 5.1.17 can be rewritten as follows [175].

jo=F kgpC 5.1.18

Therefore, considering Equation 5.1.18, the kfpp values were estimated for all the concentration

experiments, as seen in Table 5.1.3. The average value was assessed to be (8.3 +0.2) x 10 cm

st

Table 5.1.3. Kinetic parameters determined from quasi—steady potentiodynamic polarisation curves in a

0.6 M NaCl solution with different [Fe(CN)s]*>”* concentrations.

Conc. / mM jo/ nA cm? kS, fems™
1.0 72 75%x10"
2.5 188 78x10"
5.0 424 8.8x10"
7.5 667 9.3x10™
Average — (8.3+0.2)x10*

Figure 5.1.6 shows the (c) Nyquist and (b and d) Bode (phase angle vs. frequency and
modulus vs. frequency) plots for the oxygen—terminated BDD electrode at different [Fe(CN)¢]*
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= concentrations in a 0.6 M NaCl solution. It can be noted that the impedance behaviour is

3-/4-

controlled by the electron transfer reaction occurring between the [Fe(CN)¢] redox couple,

having one characteristic semicircle associated with the time constant (R«C), as also shown in
the Bode plot at ca. 2 kHz. Estimation of the kfpp was achieved from the fitting of the

impedance responses, using an equivalent circuit shown in Figure 5.1.6 a, which consisted of a

solution resistance, Rs, a charge transfer resistance, R, and a double layer capacitor, C. The

0

assessment of the jo and Ky,

was achieved considering the extrapolated R values and by means
of Equation 5.1.18 [179] and 5.1.19.

RT

jo = 5.1.19
ZF Ry
. . 0 . .
The charge transfer resistances, C, j, and kapp are listed in Table 5.1.4.
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Figure 5.1.6. (b) Bode (Modulus vs. frequency), (c) Nyquist and (d) Bode (Phase angle vs. frequency)
plots on an oxygen—terminated BDD electrode for: (1) 1.0, (2) 2.5, (3) 5.0 and (4) 7.5 mM [Fe(CN)]*"*

ina 0.6 NaCl solution using a potential perturbation of +5 mV at the open circuit potential over a

frequency range of 10* Hz to 0.1 Hz.
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As can be seen, the average C was estimated to be (4.1 = 0.1) uF cm?, slightly lower than that
obtained from CV tests, whereas the average of the kfpp was calculated to be (9.0 £ 0.3) x 10
cm s, in agreement with the value obtained with the quasi—steady PP.

Table 5.1.5 summarises the kfpp and the C determined at the oxygen-terminated BDD

electrode by means of CV, quasi-steady PP and EIS. Comparing the kfpp available in the

literature and reported in Table 2.3.2 of Section 2.3.2 and those experimentally determined in

this section (by EIS and quasi-steady PP, see Table 5.1.5), a similar order of magnitude is

0

apparent between 10° cm s and 10 cm s™ for the Ky,

reported in the literature [65, 66, 73-

79], and ca. 10 cm s* for those experimentally assessed in this thesis.

Table 5.1.4. Fitted parameters determined from the electrochemical impedance spectroscopy of Figure
5.1.6; Ry charge transfer resistance, C double layer capacitance, y° accuracy of the fitting, j, exchange

current density and the & ;,, apparent electron transfer constant rate.

Conc. / mM Re/Qcm®  C/pFem? w jo/ pA em™? K, fems™
1.0 315 4.2 20x 10°° 81 8.4x10"
2.5 129 43 15% 103 197 8.2x10*
5.0 64 4.0 12 x10°° 397 8.2x10"
75 31 4.1 9x10° 820 11.3x10™
Average - (4.1£0.1) - - (9.0+£0.3)x 10"

Evidently, the wide kfpp value range found in the literature probably reflects the diverse

experimental conditions, i.e., doping level of the diamond substrate, type and concentration of

the supporting electrolyte, temperature, etc. [176]. From the electrochemical characteristics
shown in Figure 5.1.4 (peak—to—peak potentials) and the kinetic values (kfpp and jo) estimated

by quasi-steady PP and EIS for the [Fe(CN)¢]*™* redox system, it appears that the BDD
investigated in this work promoted a quasireversible electron transfer rather than a fully
reversible behaviour, as generally determined at metallic electrodes. This indicates that the
used oxygen—terminated BDD electrode has a semiconductor behaviour (rather than a metal—
like behaviour), which is likely to be due to its relatively low boron—doping concentration (10%

atom cm®). Furthermore, the significantly low C values (estimated using CV and EIS) indicate
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the good quality of the used diamond electrode and its promising characteristics for electro—

analysis purposes.

Table 5.1.5. Apparent electron transfer rate constants and double layer capacitances determined using quasi-steady

potentiodynamic polarisation and electrochemical impedance spectroscopy on the BDD electrode.

2 -2
C/uFcm C/uFcm ke /Cms™ ke /Cms™
(cv) (E1S)
(PP) (EIS)
(83+0.2)x10* (9.0+0.3)x10*

Average 6 (4.1+£0.1)

5.2 Morphological Characterisation

Figures 5.2.1 and 5.2.2 show the AFM images of the BDD electrode surface. The BDD
morphology has a flat and uniform surface characterised by the presence of aligned nano-

abrasions.
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Figure 5.2.1. Atomic force microscopy 3D image of the BDD electrode surface features (50 x 50 um

area scale).
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These surface nano—scratches are related to the polishing treatment performed by the original
manufacturer. From Figure 5.2.2 and from its 2D roughness profile inset, it was possible to
assess the abrasion roughness; the estimated value (ca. 5 nm) was in agreement with that

provided by the manufacturer.

Figure 5.2.2. Atomic force microscopy 3D image of the BDD electrode surface features (2.0 x 2.0 pm

area scale). Inset shows the 2D roughness profile of the scanned surface area.

5.3 Chemical Characterisation

As evident from the carbon binding energies (B.E.) often discussed in the literature (see Table
2.3.4 of Section 2.3.3), several chemical species are present at the diamond surfaces as a direct
result of the deposition procedure and the electrode usage. The Scienta ESCA300 Database
[180] reports a binding energy of 285.0 eV for quaternary carbon in a long aliphatic chain and a
B.E. shift within the range —0.3 and 4.2 eV caused by the presence of double bonds and
different oxygen—containing chemical functions, see Table 5.3.1. Figure 5.3.1 shows the XPS
survey spectrum of the BDD electrode. The characteristic B.E. signal centred at 283.9 eV was
attributed to C 1s carbon, while the signals at 530.9 eV and at 189.9 eV were associated with O
1s and the B 1s responses, respectively. The relative chemical abundance determined for each
component was estimated to be 89.2 % for carbon, 10.3 % for oxygen and 0.5 % for boron.
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Table 5.3.1. Scienta ESCA300 Database energy shifts for the C 1s binding energy (eV) with respect to
the C 1sp® [180].

Chemical functions Binding energy shift/ eV
c=C -0.3
C-0-C +1.4,+15
C-OH +15
R-C(0) -R +2.8,+3.5
R-C(O)O-R +3.9, 4.2

Considering the C 1s response, see Figure 5.3.2, the fitting of curve 1 produced three peaks,
centred at 284.7 eV (peak 2), 286.1 eV (peak 3) and 288.4 eV (peak 4). According to Table
5.3.1 the peaks 2—4 can be assigned to the bulk diamond carbon (peak 2), the alcoholic / etheric
group carbon (peak 3) and the carbonyl / estheric carbon (peak 4). Table 5.3.2 summarises the
B.Es as well as the atomic abundances, i.e., C, O and B, and the different photo—electron take—
off angle tests; as can be seen there is good agreement between the B.E. determined for the
oxygen-terminated BDD electrode and those reported in the literature (also see Table 2.3.4 for

comparison).

Table 5.3.2. Summary of the experimental binding energy (eV) and atom abundances for the BDD electrode

surface.

R-C(O)-OH
-C-OH 0O-C-0 2R-C=0 R*C(O)*OC
(alchol)  (ether)  (carbonyl)

Csp

Angle C% OoO% B % O1s B 1s (bulk
(Carboxyl;

Esther)
75 89.2 103 0.5 5309 1899 2847 286.1 286.1 288.4 288.4

diam.)

65 89.2 102 0.6 5309 1899 - - - - -
45 90.1 9.3 0.6 5309 189.9 - - - - -

0 91.7 7.9 04 5309 189.9 - - - - -

The related carbon abundances of the bulk diamond, alcoholic / etheric and carbonyl /

estheric species were determined to be 79.7 %, 15.7 % and 4.5 %, respectively. This finding
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revealed a surface abundance of the carbon oxygen—containing species of more than 20 % of the

total carbon content, (peak 4 + peak 3) / peak 2.
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Figure 5.3.1. XPS survey spectrum of BDD electrode at an incident X—ray angle of 75°. Inset shows an

enlargement of the O 1s spectrum.

It is well-known that the XPS technique is a characterisation method which provides
information of the average chemical composition of the top 3—10 nm of the surface. The size of
the investigated superficial thicknesses is directly related to the angle of the incident
photoelectron X-ray to the surface: the higher the angle and the smaller the thickness of the
investigated surface, meaning a more superficial analysis [49]. Regarding the XPS
measurements carried out at different incident X—ray angles, an increase of the photoelectron
take—off angle produced a marked weakening of the O 1s signal and a simultaneous increase of
the C 1s response, while the boron content was present in the concentration range 0.4 % to 0.6
% for all the XPS tests. In particular, the oxygen abundance was evaluated to be 10.2 %, 9.3 %
and 7.9 %, while the carbon abundance was estimated 89.2 %, 90.1 % and 91.7 %, respectively

for the 75°, 45° and the 0° XPS measurements (Figures not displayed).

This behaviour was expected since the 75° photoelectron take—off angle test produced an

average chemical composition more representative of the sample surface (the thickness
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surveyed was generally 3 nm) than the normal photoelectron take—off angle test, which provides

a chemical average composition response associated to the first 10 nm layer of the sample [49].
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Figure 5.3.2. C 1s spectrum of BDD electrode at an incident X—ray angle of 75° angle (1). Peaks (2), (3)

and (4) represent the fitted signals of the recorded XPS response.

In conclusion, from the XPS data it is possible to infer the good quality of the BDD substrate
utilised in the current study, since the spectra did not show any significant graphitic sp® carbon

content of, which is considered as an impurity.

54 Summary

A preliminary electrochemical characterisation of the BDD performance was achieved in
order to compare its electrochemical behaviour with those generally reported in the literature.
Furthermore, since it has been indicated a strict dependence between the BDD electrochemical
performance and its chemical surface composition [66], XPS investigations were also carried
out to assess the chemical functional groups present at the electrode surface.

The reactivity of the BDD electrode was studied with the [Fe(CN)¢]** redox couple using

CV, PP and EIS. CVs recorded in a 10 mM ferri / ferrocyanide solution at different scan rates,
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suggested a quasireversible electron transfer taking place at the BDD electrode, since the peak—
to—peak potential exceeded the theoretical value of 0.059 V for a one electron—transfer reaction.

Corroborations of the slow kinetic were also provided by the quasi—steady PPs and EIS tests,

which in fact revealed kg,

values of (8.3 +0.2) x 10* cm s and (9.0 £ 0.3) x 10* cm s, for
the PP and for the EIS, respectively, hence confirming a quasireversible process [181]. The

kfpp values generally reported in the literature (for [Fe(CN)g]* ™

at BDD electrodes) suggest a
slow process, often attributed to a quasireversible or an irreversible process. A significant
influence of the BDD chemical termination has also been highlighted in the literature for BDD
electrodes: “as—formed” doped diamond electrodes, which display a hydrogen-terminated
surface, promote a faster electron transfer for [Fe(CN)s]*’* than those with an oxygen—

0

terminated surface [66]. The k,,

reported within this study are in good agreement with those

reported for oxygen—terminated electrodes, at 10 cm s ™.

Further electrochemical investigations carried out in a 0.5 M H,SO, solution highlighted
other important BDD characteristics, such as (i) the wide potential window available and (ii) the
low background current. In particular, considering (i), CV data showed a wide window of
polarisability mainly related to the high overpotentials displayed towards both the oxygen and
hydrogen evolution reactions. Corroborations of this finding were provided by the additional
Tafel polarisation tests, carried out in sulphuric acid solutions within the oxygen and the
hydrogen evolution domains. Anomalously high Tafel slopes for both of the electrochemical
reactions, that is, +0.334 and —0.600 V dec®, were determined at the BDD electrode.
Concerning (ii), capacitance values within the range from 10° and 10 F cm™ [77] have been
reported in the literature so far and related to the quality of the electrode, i.e., the higher the
quality of the diamond and the lower is the capacitive current. In this report, a value of 20 pF
cm * was determined in 0.5 M H,SO,, whereas values of 6 uF cm 2 and 4 uF cm > were assessed
in 0.6 M NaCl. These results, provide information of the good BDD electrode quality and also
indicated its favourable characteristics for electro—analytical purposes.

The morphology and the chemical composition of the BDD surface were investigated using
AFM and XPS. The AFM analysis indicated an electrode surface characterised by its
smoothness, whereas the XPS tests supported the electrochemical responses, that is, the high
quality of the electrode due to the absence of the sp® graphitic carbon, which is considered as an

impurity.
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6. Copper—lon Detection on Boron—Doped Diamond

Electrode

In the next Section the behaviour of the copper(l)—copper(ll) system has been studied on
BDD electrode in different supporting electrolytes, i.e., NaClO,, Na,SO, and NaCl, in order to
understand the influence of the electrolyte—anion on the copper electrochemical response.

Previously, Section 2.4 highlighted that chloride has an important role on the copper(l)-
copper(Il) electrochemical behaviour. Indeed, the involvement of chloride in the electron
transfer process can be particularly relevant especially when its solution concentration
significantly changes, due to the formation of different metal ion—complexes. During NAB
crevice corrosion in seawater, the chloride concentration can vary from an initial 0.6 M (level
naturally present in the solution) to ca. 3 M [7]. Accordingly, the kinetic and the reaction
mechanism of the copper(l) / copper(ll) electron transfer have been investigated in Section 6.1
at chloride levels which ranged from 0.2 M to 3.0 M by using cyclic voltammetry and quasi—
steady potentiodynamic polarisation. Full details and protocols of the techniques and equipment

used have previously been provided in Chapter 3.

6.1  Copper—lon Detection on Boron—-Doped Diamond Electrode

Preliminary investigations of the electrochemical behaviour of the copper(l)—copper(ll)
system were achieved in different electrolyte compositions to highlight the key—role played by
the electrolyte—anion in the electron transfer process. The three electrolyte compositions
considered in this study were (i) NaClOy,, (ii) Na,SO,4 and (iii) NaCl solution, at concentrations
of 0.6 M, 0.2 M and 0.6 M, respectively, in order to have an equivalent ionic strength of 0.6 M.
The background electrolyte choice was determined by their diverse complexing properties,
which in turn can significantly affect the metal-ion electrochemical behaviour. Perchlorate—

based electrolytes were particularly considered since CIO, generally shows an unreactive

behaviour as a complexing agent [182]; conversely, chloride significantly stabilises copper(l)
and, depending on the solution concentration, a number of copper(l)—chloride complexes can
been formed, see Section 2.4. All the solution pHs were corrected at 4.5 to avoid formation of
cuprous and cupric oxides.

Figure 6.1.1 shows an overlay of cyclic voltammograms carried out in 0.6 M NaClO,
containing variable copper(Il) concentrations, from 0.15 mM to 3.00 mM. At potentials greater
than 1.0 V vs. Ag/AgCIl the CVs showed negligible anodic currents, due to the high
overpotentials exhibited by BDD electrodes for the OER (see Section 5.1). Conversely, the

101
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HER was determined to occur at ca. —0.9 V vs. Ag/AgCl, which is a potential more positive than
those generally assessed at BDD electrodes in neutral pHs. This behaviour indicated an
increase of the BDD catalytic activity towards the HER due to the presence of electro—deposited

copper nanoparticles.
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Figure 6.1.1. Cyclic voltammograms carried out on a BDD electrode in (1) 0, (2) 0.15, (3) 0.30, (4) 0.50,
(5) 1.00, (6) 2.00 and (7) 3.00 mM CuClO, in a 0.6 M NaClO, solution (pH 4.5) at 10 mV s*. Left hand

side inset shows a comparison between the theoretical equilibrium potentials (red circles) and the
experimental equilibrium potentials (black diamonds). Right hand side inset highlights the cyclic
voltammograms performed at BDD electrode in (dashed line) deaerated (O, < 3 uM) and (solid line)
aerated 0.6 M NaClO, + 3 mM CuClO, solutions at 10 mV s .

By inspecting CVs 2-7, it is worth noting that a number of cathodic signals (Ce1—Cs3) Were
recorded whereas only one sharp oxidation peak, As at a potential of ca. 0.070 V vs. Ag/AgCl,
characterised the anodic responses. The equilibrium electrode potential recorded at the lowest
copper(I) concentration (0.15 mM) was 0.005 V vs. Ag/AgCI and progressively shifted towards
more positive values as the copper(ll) concentration increased; at 3 mM the equilibrium
potential was determined to be 0.026 V vs. Ag/AgCl. The underlying process occurring in
Figure 6.1.1 can be described by Equation 6.1.1, with an equilibrium electrode potential
expressed by Equation 6.1.2 [162].
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Cufyy +2e” <> Culdy 6.1.1
2.303RT
Eeq =0.135+TlogoLCuz+ IV vs. Ag/AgCl 6.1.2

Since the copper—ion test solutions were significantly dilute, the equilibrium potentials were
calculated approximating the copper(ll) activity to that of the copper(ll) molar concentration,
giving values which ranged from 0.023 V to 0.061 V vs. Ag/AgCl, as the copper(ll)
concentration increased from 0.15 mM to 3.00 mM, respectively. In Figure 6.1.1 the left hand
side inset shows a comparison between the equilibrium potentials calculated using Equation
6.1.2 (red circles) and those experimentally assessed at the BDD electrode (black diamonds).
The good agreement between the two data sets, i.e., theoretical (29 mV dec = 2.303 RT / 2F)
and the experimental (27 mV dec ™), suggests that the background anion does not participate in
the direct formation of copper(ll) complexes, as expected using a chemically inert species such
as perchlorate [182]. Regarding the shape of the electrode responses 2—7, the presence of one
sharp and asymmetric anodic peak (Ag1) indicated that the copper(0) oxidation occurred via
one-step electron transfer process producing copper(ll). Further corroboration of the electrode
mechanism was also achieved by carrying out CVs in the same solutions but at higher potential
scan rates (Figure A;.shown in the Appendix), where transient copper(l) species generated
during the electrochemical process could be detected. However, the similar current responses
for scan rates up to 300 mV s confirmed an oxidation mechanism involving the copper(0) /
copper(Il) system.

Grujicic and Pesic [183] studied the reaction and nucleation mechanisms of copper
electrodeposition at a glassy carbon electrode in a 1 M (NH,),SQO, solution (I, of ca. 2.5 m) at
pH 4. An electrochemical response characterised by the presence of a sharp anodic peak was
attributed to Equation 6.1.1, followed by a shoulder—peak associated with the oxidation of
copper(l) to copper(ll). The presence of copper(l) was explained in terms of a
disproportionation mechanism, which involved the electro—generated copper(ll) (present within

the Nernst diffusion layer) and the adsorbed metallic copper, as shown in Equations 6.1.3.
0 2
Cufgy +Culzy —2Cu g 6.1.3

For Figure 6.1.1, the electrode responses did not show any evidence of copper(l) oxidation, thus
indicating negligible disproportionation.

Figure 6.1.2 shows an overlay of cyclic voltammograms performed in 2.0 M NaClO, + 3
mM CuClQ, solution at scan rates from 10 mV s * to 300 mV s*. For scan rates greater than 50

mV s, an additional shoulder—peak is clearly apparent (A at ca. 0.3 V vs. Ag/AgCl), which is
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dependent on the square root of the scan rate (see Figure 6.1.2 inset), hence indicating a
diffusion—controlled behaviour. It is worth noting that signal Ag, was only evident at scan rates
higher than 50 mV s, probably resulting from a higher accumulation of copper(l1) within the
Nernst diffusion layer. Also, the higher ionic strength significantly improved the copper(l)
detectability, due to its influence on the Nernst diffusive layer its effect generally observed on
the Nernst diffusion layer. In fact, an increase of the I, often produces a compression of the
Nernst diffusion layer, which in turns results in higher copper(ll) and copper(l) concentrations

at the near electrode surface [160].
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Figure 6.1.2. Cyclic voltammograms carried out on a BDD electrode in a 0.6 M NaClO,4 + 3.00 mM
CuClIO, solution (pH 4.5) at (2) 10, (3) 25, (4) 50, (5) 100, (6) 200 and (7) 300 mV s*. The inset shows

the linear trends of the current peak density of the Ag; (diamond) and Ag, (circle) signals as a function of
the square root of the scan rate. Cyclic voltammogram (1) was performed in a 2.0 M NaClQ, solution at
10mVs™

Regarding the cathodic sweeps, a more complex scenario can be seen in the responses 2—7 of
Figures 6.1.1 and 6.1.2, in fact, one shoulder—peak Cgs; and two distinct signals (Ces, and Cg3s)
were evident within the potential range from —0.010 V to —0.600 V vs. Ag/AgCI. According to

results reported in the literature [183], the signal Cgs, can be attributed to the reduction of
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copper(Il) to metallic copper, see Equation 6.1.1, which proceeds via one-step electron transfer
process. Concerning the shoulder—peak Cg,, Grujicic and Pesic [183] attributed this signal to
the electro—generation of copper(l) via Equation 6.1.4, using a glassy carbon electrode—
generator (which performing CVs in a 10 mM copper(ll) solution electro—formed copper(l)) and
a platinum microelectrode—detector (which was located in close proximity to the generator so as

to detect the copper(l) formation).
Cugy +€ —>Cujy 6.1.4

However, as can be seen in the CVs of the right hand side inset in Figure 6.1.1, when the
solution was deaerated by sparging with nitrogen gas (resulting in an oxygen level < 3 uM) the
signal Cq, nearly disappeared. This behaviour indicates that signal Cgs; cannot be simply
described by the reduction of copper(Il) to copper(l), since, as it appears from Equation 6.1.4,
the process occurs independently from oxygen. Furthermore, due to the absence of peak Cgz,
the cathodic response can be attributed to the oxygen reduction reaction (see Equation 6.1.5).

O, +4H" +4e~ —»2H,0 6.1.5

Despite the apparently simple electrochemical behaviour of copper(ll), different responses
have been reported at BDD electrodes in copper(ll) containing sulphate solutions. Generally,
either a process undergoing an initial metallic—copper cluster formation followed by its rapid
dissolution before being oxidised at the electrode surface [115] or a process characterised by a
two-step electron transfer process [116] have been reported in the literature on diamond
substrates. Also, Matsushima et al. [184] indicated a copper(0) anodic behaviour (deposited at
BDD electrodes in sulphate solutions at pH 5) characterised by a one—step electron transfer
followed by the oxidation of copper(l), produced by a disproportionation reaction (see Equation
6.1.3).

Figure 6.1.3 shows the electrochemical responses recorded in 0.2 M Na,SO, at copper(ll)
concentrations ranging from 0.15 M to 3.00 mM. It is worth noting that different responses
were determined as the copper(ll) concentration was increased. Indeed, as can be seen in the
Figure 6.1.3 inset, which reports the CVs at copper(ll) concentrations of 0.15 mM (1, dashed
line), 0.30 mM (2, solid line) and 0.50 mM (3, red line), the lack of anodic signals at the lowest
copper concentration indicates that the deposited metal dissolved into solution before being
detected at the electrode. The presence of an anodic-broad peak was recorded only at
concentrations of 0.30 mM and 0.50 mM and at potentials considerably more positive (ca. 0.4 V
vs. Ag/AgCI) than those of Agi: this response was attributed to the oxidation of copper(l) to

copper(ll), as reported in the literature [115].  Furthermore, looking closely at CV 3, two
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additional small peaks (As; and Ag,) were also recorded and assigned to the oxidation of
metallic copper to copper(ll) and copper(l) to copper(ll), respectively. Peaks Ag; and Ag, can
be better appreciated in CVs 5-7, where the copper(ll) concentration ranged from 1.00 mM to
3.00 mM.

The different overpotentials observed between peaks Ag, and Ags (both assigned to the
oxidation of copper(l)) suggests that different mechanisms took place. Nakabayashi et al. [115]
confirmed by means of Mie scattering measurements that the broad and shallow signal at ca.
0.45 V vs. Ag/AgCl was related to the oxidation of copper(l), which was produced via a
disproportionalisation (see Equations 6.1.5-6.1.9). According to this reaction mechanism,
signal Ag3 (0.43 V vs. Ag/AgCI) can be attributed to the oxidation of copper(l), where the large

overpotential may reflect the poor electro—catalytic properties of the BDD electrode.

NCuZy, +2ne” — n[Cu®],4 —m 5 [Cu O], 6.1.5
[Cu©@7,, —2Muston 1y @] 6.1.6

nCu® +nCuff, — nCufy, 6.1.8

NCU ) —> NCuZy) +ne” 6.1.9

Conversely, the reaction mechanism behind signal As, must relate to a number of interactions
between copper(l) and the electrode surface in order to explain the significantly reduced
overpotential. An enhanced BDD electrode—catalytic activity, obtained by the presence of
residual copper nanoparticles adsorbed at the diamond surface [185], can possibly explain the
improved Kinetics. Regarding the cathodic sweeps, only one cathodic peak Cs, was apparent
and attributable to the reduction of copper(ll) to copper(0). Furthermore, similar to the tests
shown in Figure 6.1.1, the Cq 3 signal was assigned to the oxygen reduction reaction.

The electrochemical tests performed in perchlorate and sulphate media containing different
copper(ll) concentrations highlighted a similar electrochemical behaviour, which was
characterised by a one—electron transfer process (peaks Ag; and Cs,). However, CVs made in
sulphate solutions showed oxidation signals (As, and Ag3) not observed in perchlorate media
and associated with the oxidation of copper(l) (obtained by a disproportionation reaction). This
particular behaviour suggests that the adhesion of the nanoparticles in sulphate solutions was
lower than that obtained in perchlorate solution. Corroboration of this insight was attained by
estimating the ratios between the anodic and cathodic charge densities for CV 7 of Figure 6.1.3
and CV 7 of Figure 6.1.1. The near doubling of the charge ratio determined for perchlorate

solutions (0.89) in comparison with the sulphate media (0.43) indicates that almost all the
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deposited copper nanoparticles were stripped off during the anodic sweep in NaClO,4 whereas,
conversely those electrodeposited in a sulphate solution principally diffused into solution before

being oxidised.
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Figure 6.1.3. Cyclic voltammograms carried out on a BDD electrode in (1) 0, (2) 0.15, (3) 0.30, (4) 0.50,
(5) 1.00, (6) 2.00 and (7) 3.00 mM CuSO, in a 0.2 M Na,SO, solution (pH 4.5) at 10 mV s *. The inset

shows cyclic voltammograms carried out in 0.2 M Na,SO, solution with 0.15 mM (dashed line), 0.30 mM
(solid line) and (red line) or 0.50 mM CuSO, additions at 10 mV s ™.

In contrast to the measurements performed in perchlorate and sulphate media, experiments
carried out in chloride containing solutions presented two well-separated pairs of peaks Ag4 /
Ces and Ags / Cs4, as can be seen in Figure 6.1.4. Considering the copper(l) and the copper(Il)
speciation shown in Figures 2.4.1 and 2.4.2, at the chloride level of 0.6 M NaCl (which equals

an activity of 0.4 M [173]) the CuCl, and Cu f;q) complexes result the predominant species (

a = 0.73 and ac = 0.71). Accordingly, the electrochemical processes Ass / Cq4 and

Cuck u?t

As.4/ Cg5 can be described by Equations 6.1.10 and 6.1.11, respectively.

Cu, +2Cl" +e” — CuCl, 6.1.10
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CuCl; +e- — Cu+2CI~ 6.1.11

Comparing CVs 3 and 2 of Figure 6.1.4, it can be seen that an extension of the electrode
potential towards more negative values produced an increase of the Ags peak current, due to the

high CuCl; concentration obtained within the Nernst diffusion layer by the stripping Cg; peak.
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Figure 6.1.4. Cyclic voltammograms carried out on a BDD electrode in a 0.6 M NaCl + 3.00 mM CuCl,

solution (pH 4.5) at 10 mV s * at different potential windows (2) +1.25 V to —0.25 V vs. Ag/AgCl, (2)
+1.25V to-0.5 V vs. Ag/AgCl and +1.25 V t0 -0.9 V vs. Ag/AgCl. Cyclic voltammogram (1) was
carried out on a BDD electrode in 0.6 M NaCl at 10 mV s ™.

The chloride concentration is a parameter of great importance for the copper(0)—copper(l)-
copper(Il) system since it significantly affects the equilibria and may also influence the rate of
the electron transfer. In order to have a better insight of the chloride influence on the copper(l)
/ copper(ll) system, cyclic voltammetry and quasi-steady potentiodynamic polarisation were
carried on BDD electrode in equimolar copper(l) and copper(Il) concentrations and different
chloride levels. Figure 6.1.5 shows the cyclic voltammograms carried out on a BDD electrode
in a 5 mM copper(l) / copper(ll) solution containing 0.6 M, 1.6 M and 3.0 M NaCl. All the

solutions were deaerated by sparging with nitrogen gas until O, < 3 uM, in order to decrease
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the copper(l) oxidation by dissolved molecular oxygen [186]; also, the I, was maintained
constant at 3.0 M for all the CVs by NaClO, additions. It can be noted that all the CVs
underwent a quasireversible electron transfer process, since the peak—to—peak potential
separation (AE) increased as the scan rate was increased. Furthermore, as can be seen in the
Figure 6.1.5 inset, the peak-to—peak potential separations (AE) was determined to be constant
at all the considered chloride concentrations, thus indicating that the chloride did not influence

the electron transfer.
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Figure 6.1.5. Cyclic voltammograms carried out on a BDD electrode in a 5 mM copper(l) / copper(Il)
solutions (pH 4.5) at different scan rates: (1-2) 10, (3) 25, (4) 50, (5) 100 and (6) 200 mV s*. The
chloride concentrations investigated were: (black dashed line) 0.6 M NaCl, (red solid line) 1.6 M and
(blue solid line) 3.0 M; the ionic strength was maintained constant at 3.0 M. M by additions of NaCIQ,.
Test (1) was carried out in 3.0 M NaCl. All the solutions were deaerated by sparging with nitrogen gas
until O, <3 uM. Inset shows the peak—to—peak potential difference determined at the different scan rates

and chloride concentrations.

Figure 6.1.6 highlights the equilibrium potentials (red circles) determined in 5 mM copper(l)
/ copper(ll) solutions in the presence of different chloride activities and the theoretical values
(black squares) estimated using Equation 6.1.12 [187]. In particular, the activities were 0.40 M

(0.60 M of concentration), 0.66 M (1.00 M of concentration), 1.00 M (1.60 of concentration),
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1.54 M (2.40 of of concentration) and 1.99 M (3.00 M of concentration). These values were
determined using the activity coefficients as listed in Table 6.1.1 [173], which also provides the

logarithm of the activities used in Figure 6.1.6 and the activity coefficients. As can be seen in

Figure 6.1.6, within the a .- range from 0.40 M to 1.00 M the copper(l) / copper(Il) system

followed the behaviour of Equation 6.1.12, where the dependence of the equilibrium potential
on chloride was 118 mV dec™ (2.303 2RT / F).

a ,, ,
Eeq 102524 2.30|§>RT log cu? N 2.30|3: 2RT

Iog(aCI_ )/Vvs. Ag/AgCl  6.1.12
CuCh

The physical meaning behind a slope of 118 mV dec™ relates to a chloride stoichiometric

number of two, which indicates that the electrochemical process can be schematised as in

Equation 6.1.10. Conversely, the equilibrium potentials determined within the aCI_ range from

1.54 M to 1.99 M significantly deviated from the predicted behaviour and the extrapolated trend
was found to be nearly independent from chloride. The overall process can be therefore
described as in Equation 6.1.13, where the reaction is independent from chloride.

CuCl 5, +€ — CuCl; 6.1.13

For these particular conditions, Equation 6.1.12 did not adequately predict the equilibrium
potential, which was instead better described by Equation 6.1.14.

a
E., =+0.255+ 2'30F3RT log| 20

IV vs. Ag/AgCI 6.1.14
CuCh

These insights can be further corroborated by the copper(l)- and copper(Il)-speciation
diagrams, see the insets of Figure 6.1.6. The copper(l)— and copper(Il)—-complex distributions
were determined using the formation constants provided by Wang et al. [103], which were
further corrected at a ionic strength of 3.0 M using Equations 2.4.8-2.4.9 and 2.4.14-2.4.15 of
Section 2.4.1.
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Table 6.1.1. Correlation between chloride concentrations and activities (and logarithm of activity).

[CI']/M Ve a  IM loga /M
0.60 0.673 0.40 —0.40
1.00 0.657 0.66 -0.18
1.60 0.625 1.00 0.00
2.40 0.642 1.54 0.19
3.00 0.662 2.00 0.30

According to derived speciation diagrams of Figure 6.1.6, at ac_ of 0.40 M, 0.6 M and 1.00 M

the predominant copper(l) and copper(ll) species were CuCl, and Cu fa*q) , Whereas at CLCI_ of

1.54 M and 2.00 M the main copper(l) and copper(Il) complexes were CuCl, and CuCl 26aq) !

CUCl (,y , respectively.
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Figure 6.1.6. Equilibrium electrode potentials estimated using Equation 6.1.12 (black diamonds) and

experimentally assessed in 5 mM copper(l) / copper(l1) solutions (pH of 4.5) at different chloride
activities. The left hand side and the right hand side insets show the copper(l) and copper(Il) speciation
in chloride solution with a ionic strength of 3.0 M. The formation constants were those provided in [103],

corrected considering a ionic strength of 3.0 M (see Equations 2.4.8-2.4.9 and 2.4.14-2.4.15).
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These findings are in good agreement with the experimental results, where (i) within the

chloride activity range from 0.40 M to 1.00 M the chloride stoichiometric number was

determined to be 2, associated with the Cu (2;1) / CuCl; equilibrium system, whereas (ii) within

the chloride activity range from 1.54 M to 2.00 M the electrode equilibrium appeared to be
independent from the chloride concentration, due to the establishment of the CuCl;, / CuCl

equilibrium. Cyclic voltammograms reported in Figure 6.1.5 highlighted that the copper(l) /
copper(ll) electron transfer was not affected when the chloride concentration was varied
between 0.6 M and 3.0 M. However, it is worth mentioning that cyclic voltammetry is not the
most accurate technique to study the kinetic of a redox system [188], especially when the

partners of the electro—active couple may have different diffusion coefficients.

Table 6.1.2. Kinetic parameters determined from quasi—steady potentiodynamic polarisation curves in a

5 mM copper(l) / copper(I1) solution at different NaCl concentrations. The ionic strength was maintained
constant at 3.0 M.

[CIT/M A jo/ pA cm”
Ccl™
0.6 0.4 44
1.6 0.9 44
3.0 2.0 45

Therefore, the copper(l) / copper(ll) kinetic was studied using quasi—steady potentiodynamic
polarisation in the same experimental conditions explored in CVs of Figure 6.1.5 and assessing
the related exchange current densities. As can be seen in Figure 6.1.7, the quasi—steady
potentiodynamic polarisations for the system copper(l) / copper(ll) exhibited similar slopes,
thus indicating similar electron transfer kinetics at the BDD electrode. The exchange current
densities were determined to be 44 pA cm?, 44 pA cm 2 and 45 pA cm? for the 0.6 M, 1.6 M
and 3.0 M NaCl solutions (see Table 6.1.2), respectively, by using Equation 5.1.15 (see
Chapter 5). According to the speciation diagrams and the equilibrium potentials shown in
Figure 6.1.6, the most likely electrochemical processes can be related to Equation 6.1.10 for the
0.6 M and 1.6 M NacCl solution tests and to Equation 6.1.13 for the 3.0 M NaCl medium.
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Figure 6.1.7. Quasi—steady potentiodynamic polarisation curves carried out on BDD electrode in 5 mM

copper(l) / copper(ll) solutions (pH of 4.5) at different chloride concentrations: (1) 0.60 M (0.40 M
activity), (2) 1.6 M (1.0 M activity) and 3.00 M (1.99 M activity). The scan rate was 0.10 mV s*. Al the
solutions presented an ionic strength of 3.0 M and were deaerated by sparging with nitrogen gas until O,
<3 uM.

The independence exhibited by jo on the chloride content suggests that the reaction mechanism

for Equation 6.1.10 can be represented by the scheme shown Figure 6.1.8, where the electron

transfer initially occurs between the thermodynamic species Cu(z;n and CuCl, and is likely to

be followed by a fast dissociation / formation chemical equilibrium.

2cl
Cu” o CUC|2
+e e
N 2cr -
Cu ——= CuCl,
-2CI

Figure 6.1.8. Schematic of the proposed electrochemical mechanism for the system copper(l) /

copper(ll).
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6.2  Copper lon Determination in Simulated Marine Corrosion
Solutions using Differential Pulse Voltammetry
DPV is known to be a more sensitive technique than CV, due to removal of the non—faradic
current (or capacitive current) from the electrode response [189]. Thus, the determination of

copper ions has been carried out in a 0.6 M sodium chloride solution using DPV in the presence
of different concentrations of fresh aliquots of iron(I11), nickel(11) and aluminium(IlI).

Calibration: Figure 6.2.1 shows the overlay of DPVs carried out on BDD electrode ina 0.6 M
NaCl solution at different copper(ll) concentrations, from 0.010 mM to 3.00 mM.
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Figure 6.2.1. Differential pulse voltammograms carried out on a BDD electrode in a (1) 0.6 M NaCl

solution + (2) 0.01, (3) 0.02, (4) 0.05, (5) 0.1, (6) 0.15, (7) 0.30, (8) 0.50, (9) 1.00, (10) 2.00 and (11) 3.00

mM CuCl,. Inset shows current peak density as a function of the copper(ll) concentration.

As can be seen, the copper(Il) reduction peaks (Cs4) Were at electrode potentials significantly
more positive than those assessed in copper(l) / copper(ll) solutions (approx. 0.17 V vs.
Ag/AgCI), due to the absence of copper(l) which increased the equilibrium potential. The
reduction peak currents for the copper(ll) / copper(l) signal clearly increased as the copper—ion

concentration increased and was observed to be linear within the investigated concentration
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range (R® of 0.9932). The limit of detection (LOD) was also estimated to be 0.010 mM, based

on a peak current density three—fold the background current density.

Interferences: In Section 2.1 it was highlighted that iron(111), aluminium(l11) and nickel(ll) can
be present in crevice corrosion solutions of NAB [7]. Therefore, the effects of these interferents
during the copper(ll) detection were investigated on BDD electrode at different concentrations.
Figure 6.2.2 shows the overlays of DPVs carried out on a BDD electrode in a 0.6 M NaCl
solution containing a fixed concentration of copper(ll) (1 mM) and at different iron(lll)

concentrations, which ranged from 1 mM to 10 mM.
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Figure 6.2.2. Differential pulse voltammograms carried out on a BDD electrode in 0.6 M NaCl + 1.0

mM CuCl, at different FeCl; concentrations: (2) 0, (3) 1.0, (4) 2.0, (5) 3.0, (6) 4.0, (7) 5.0, (8) 6.0, (9) 7.0,
(10) 8.0, (11) 9.0 and (12) 10.0 mM. Differential pulse voltammogram (1) was carried out on 0.6 M

NaCl. Inset shows peak current density (Cg) as a function of the iron(l111) concentration.

Two cathodic responses were determined at the BDD electrode: Cgqq associated with the
reduction of iron(l11) to iron(Il) and Cg4 related to the reduction of copper(ll) to copper(l), as
shown in Equation 6.1.10. The C¢4 peak potential of DPV 1 (carried out in the absence of
iron(l11)) presented a similar value of those of Figure 6.2.1, i.e., ca. 0.17 V vs. Ag/AgCl.
However, as iron(ll1) was added into solution, the signal Cg,4 shifted towards more negative
values indicating a higher overpotential for the copper(Il) / copper(l) reduction. Furthermore, it

was observed that upon additions of equimolar concentrations of iron(l11) (1 mM), the Cgs4 peak
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current decreased by approx. 20 %. It was also apparent that further additions of ferric ions did
not cause decrease of the Cq4 current peak up to a ten—fold molar excess of iron(lll). The
Figure 6.2.2 inset shows the good linear relationship determined between the ferric ion
concentration and the Cgg current peak density, with a correlation of R? = 0.9997.
Quantification of 1.0 mM copper(ll) in a 0.6 M NaCl solution containing different nickel(ll) and
aluminium(l1l) concentrations (from 1.0 mM to 10.0 mM) have been also carried out on BDD
electrode (figures not shown). Negligible reductions of the Cg4 current peak densities were
determined when the solutions contained up to ten—fold molar excesses of nickel(ll) and
aluminium(lll). The absence of interferences during the electrochemical detection of copper(ll)

can be explained by considering their inertness at electrode surfaces.

6.3 Summary

The electrochemical behaviour of the copper(l) / copper(ll) system have been investigated
on BDD electrode in different electrolyte—anion solutions, i.e., NaClO,, Na,SO, and NaCl.
Similar behaviours were observed at the BDD electrode when the solution contained NaClO,
and Na,SO,4, which was characterised by a one—step electron transfer process associated with
the copper(0) / copper(ll) system. Conversely, when the solution contained chloride the
electron transfer proceeded via double—step electron transfer process. The derived speciation
diagrams and the assessed equilibrium potentials indicated that copper(ll) and copper(l)

underwent different complexation reactions, forming a number of chloride complexes.
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/. Nickel-Ion Detection on Boron—Doped Diamond

Electrode in Neutral and Acidic Chloride Solutions

As reported in Section 2.1, when NAB crevice corrosion initiates the pH of the crevice
solution decreases to values which typically range between 3 and 4 [6] and, as a consequence of
the corrosion susceptibility of the k—phases, nickel(Il) can be present in solution [7]. Generally,
the operating conditions of the nickel-ion detection require the presence of chelating agents and
strong alkaline pHs, which typically range between 13 and 14. These conditions can be
difficultly applied for in situ corrosion monitoring, since they will adversely affect the NAB
corrosion performance.

In the following Sections is reported an electrochemical investigation of the nickel(Il) /
nickel(I11) system in acidic chloride environments, in order to establish a simple protocol for
nickel-ion detection in acidic pHs. A preliminary investigation of the nickel(ll) / nickel(lll)
system was carried out on BDD electrode and alkaline solutions using cyclic voltammetry and
electrochemical impedance spectroscopy to better understand the electrochemical behaviour of
the redox couple. The actual nickel(ll) electrochemical detection was then carried out using
differential pulse anodic voltammetry (DPAV) in chloride solutions at pHs ranging from 10 to
4.

7.1 Influence of the pH on Ni(Il) / Ni(l11) Behaviour in Chloride
Media

Prior to establishing the procedure for the nickel determination, studies on the Ni(Il) / Ni(lll)
hydroxide behaviour was carried out in 0.6 M NaCl solutions (constant ionic strength of 1.6 M)
at different pH values (12.0, 12.5, 13.0, 13.5 and 14.0) using CV, EIS and DPAYV, as described
in Chapter 3. Figure 7.1.1 shows an overlay of cyclic voltammograms for the Ni(ll) / Ni(lll)
hydroxide couple recorded in 0.6 M NaCl solution at different pH values. It is apparent that as
the pH of the solution was increased both peaks of the redox couple shifted towards more
negative potentials. The dependence of the peak potentials of the Ni(ll) / Ni(lll) hydroxide
couple on the pH is clearly depicted in the inset of Figure 7.1.1, which shows the good linear

relationship obtained between the anodic peak potential and the solution pH, R? of 0.995.
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Figure 7.1.1. Cyclic voltammograms recorded on Ni-modified BDD electrode at 10 mV s in chloride

solution adjusted to pH values of (1) 14.0, (2) 13.5, (3) 13.0, (4) 12.5 and (5) 12.0. The potentiodynamic
tests were performed after a nickel pre—deposition process in 0.6 M NaCl + 3 mM Ni?* carried out at —1.5
V vs. Ag/AgCI for 300 s and oxidation process of 200 s at +0.7 V vs. Ag/AgCI. Inset shows the linear

dependence between anodic current peak potential and pH.

A slope of —-65 mV per pH unit was estimated from the potential-pH trend shown in Figure
7.1.1 inset, which approaches the thermodynamic value of =59 mV per pH unit for one—proton
one—electron exchange reaction. The observed behaviour corroborated the involvement of one—
proton one—electron process in the electrochemical response of Ni(ll) / Ni(lll) hydroxides
couple. A greater peak potential shift of -88 mV per pH unit was reported for the Ni(ll) /
Ni(lll) couple in 1.0 M KOH by Toghill et al. [190] and attributed to possible potassium
intercalation products, such as K,O, within the hydroxide matrix. However, no sodium
intercalated by—products were determined by Von Bode et al. [191] in the Ni(OH), matrix when
prepared in sodium containing solutions. This confirms that the different pH-dependences
reported in the literature [190] and within this work are associated with the presence of by—
products which changes the hydroxide layer structure.

A peak-to—peak potential separation of 60 mV was determined at the highest pH (14);
however, decreasing to pH 12 the peak potential separation slightly increased by 8 mV. This

response underlined a transformation of the electrochemical process from fully reversible
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behaviour to a quasireversible, most likely to be due to the a change of the hydroxide layer
[192-194].

Ni(OH), can exist in two different polymorphic states identified as a—Ni(OH), and B-
Ni(OH), [100, 192, 193]. It is reported that in an aqueous alkaline solution the hydroxide layer
is originally present in the hydrated form, o—Ni(OH),, which usually corresponds to
Ni(OH),.3H,O. However, this undergoes a transformation to B—Ni(OH),, so—called “ageing
effect”, with time and increasing electrode potential [192, 195, 196]. The electron transfer
occurring between the electro—formed nickel(Il) and nickel(l11) hydroxides takes place with the
involvement of a proton which diffuses through the host active material, as underlined by
Equations 7.1.2 and 7.1.3. In the specific instance of Figure 7.1.1, the electrochemical process
probably occurred involving the o—polymorphic form since it has been reported that is generally

formed via electrochemical process [193].

Ni?* + 20H™ — Ni(OH), 7.1.1
o.—Ni(OH), — y—NiOOH +H" + e~ 7.1.2
B—Ni(OH), — p—NIiOOH+H" +e” 7.13

Figure 7.1.2 shows the CVs recorded in a 1.0 M NaOH + 0.6 M NaCl solution on BDD Ni-
modified electrode at different scan rates. The peak—to—peak electrode potential separation was
determined to be 60 mV at both the slowest and highest scan rates, underlying a fully reversible
process. However, the anodic and cathodic current peak densities presented different magnitude
values, associated with the diverse proton diffusions within the Ni(OH), and NiOOH phases
[193]; in any case, the ratio between the anodic and cathodic charges were assessed to be 1.0 +
0.1. Figure 7.1.2 inset shows the trend of the anodic current peak density with respect to the
square root of the scan rate. The good linearity, R* = 0.994, indicates a process controlled by
diffusion in accordance with data present in the literature [197]. Determination of the proton

diffusion coefficient through the active material was carried out using Equation 7.1.4.
I, =(2.77x10°) zS’ZAD;’ZCH o2 7.1.4

where |, is the current peak, Dy is the diffusion coefficient of the rate determining species
(proton) and cy is the proton concentration. To evaluate the proton concentration in the
hydroxide layer, ¢y was assumed to be equal to the Ni(OH),, see Equations 7.1.2 and 7.1.3. The

Ni(OH), concentration was estimated by dividing its density (2.6 g cm®) by its molecular mass
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[195]. The proton diffusion coefficient was assessed to be (7.1 = 0.1) x 10" cm? s,

considering the average of the anodic and cathodic processes.
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Figure 7.1.2. Cyclic voltammograms recorded on Ni—-modified BDD electrode at: (1) 10, (2) 25, (3) 50,

(4) 100 and (5) 200 mV s in 1.0 M NaOH + 0.6 M NaCl. The potentiodynamic tests were performed

after a nickel pre—deposition in 0.6 M NaCl + 3 mM Ni** at —1.5 V vs. Ag/AgCl for 300 s and oxidation

process of 200 s at +0.7 V vs. Ag/AgCI. Inset shows the linear trend of the anodic current peak density
with respect to the square root of the scan rate.

To corroborate the electrochemical behaviour of the BDD Ni—modified electrode in the
chloride alkaline solution, EIS was also employed. Figure 7.1.3 shows the EIS measurement in
1.0 M NaOH + 0.6 M NaCl. The electrochemical response displayed a semicircle at high
frequency, attributed to the charge transfer process of the redox system Ni(Il) / Ni(lll), and a
diffusion process which consisted of two distinct trends, one at higher diffusion frequencies and
another present at lower diffusion frequencies [195]. The high frequency diffusion trend
displayed a slope of ca. 42° and was associated with a semi—infinite diffusion (also known as a
Warburg impedance). Conversely, the low frequency diffusion impedance showed a nearly
vertical impedance response and was related to the capacitive behaviour of the nickel hydroxide
layer [195]. The estimation of the proton diffusion within the hydroxide matrix was achieved

using Equation 7.1.5.
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2
B 2x f.1 715

=T

where f; is the characteristic frequency (0.032 Hz), n is the constant phase element (CPE)

number (0.74) and | is the thickness of the active layer (5.49 x 10 cm). The layer thickness

H

was determined from the anodic potentiostatic experiments, evaluating the charge involved in
the oxidation process and assuming a complete presence of the tri-hydrated nickel hydroxide
(molecular mass of 146.7 g mol™* and density of 2.6 g cm™® [195]) . The proton diffusion
coefficient evaluated from Equation 7.1.5 was 9.4 x 10" cm? s, which is similar to that

obtained from cyclic voltammetry.
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Figure 7.1.3. Electrochemical impedance spectroscopy tests on Ni—-modified BDD electrode carried out

applying a potential perturbation of £5 mV in 1.0 M NaOH + 0.6 M NaCl. The nickel hydroxide was
prepared by depositing metallic nickel in 0.6 M NaCl + 3 mM Ni®*, applying a potential of —1.5 V for 300
s, and an oxidation process of 200 s at +0.7 V vs. Ag/AgCl in 1.0 M NaOH + 0.6 M NaCl.

It has been reported that the electrochemical and physical properties of the Ni(OH), /
NiOOH (kinetic of the electron transfer, pH—potential relationship and proton diffusion within

the layer) strictly reflect the presence of impurities, since they affect the molecular structure of
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the electro—formed nickel matrix [190]. From the CV and EIS results, it was observed that the
Ni(l1) / Ni(ll1) transaction undergoes a reversible electron transfer process with a pH—potential
relationship of —65 mV pH unit™; this behaviour suggests that, in the experimental conditions
investigated, the electro—formation of the nickel hydroxide matrix was achieved with high
purity.

Investigated the electrochemical behaviour of the system Ni(Il) /Ni(lll) in sodium—chloride
alkaline solutions, further studies on the Ni(ll) /Ni(lll) system were carried out at lower pHs by
using DPAV. In particular, the DPAVs were performed in 0.6 M NaCl corrected at pH 10.0 and
9.0 using a 1.0 M NaOH solution, and in sodium-phosphate buffered solutions at pH of 8.0 and
6.2, see Figure 7.1.4. From the DPAVs performed at pHs of 10.0 and 9.0, tests 2 and 3, it is
apparent the presence of a peak A;,, which can be associated with the Ni(OH), / NiOOH
species due to their stability in the considered pH interval [100]. The potential peaks were
determined at +0.65 V and +0.74 V vs. Ag/AgCl for pH 10.0 and 9.0, respectively, in line with
the established potential-pH trend of .65 mV pH unit™* shown in the Figure 7.1.1 inset.
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Figure 7.1.4. Differential pulse anodic voltammograms on BDD electrode at 10 mV s* in phosphate
buffered solution + 50 pM Ni** at (2) pH 6.2 and (3) pH 8.0. Tests (3) and (2) were carried out in 0.6 M
NaCl at pH 9.0 and 10.0, respectively. All the differential pulse anodic voltammograms were performed

after a nickel pre—deposition process in a 0.6 M NaCl + 3 mM Ni? solution carried out at —1.5 V for 30 s.

Test (1) represents the blank experiment in 0.6 M NaCl. Inset shows an enlargement of the recorded

measurements.
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Regarding the DPAV measurements carried out in pH solutions of 8.0 and 6.2, tests 4 and 5, the
electrochemical responses (A7) significantly shifted towards more positive values than those at
pH 10.0 and 9.0, having potential peaks of +1.02 V and +1.07 V vs. Ag/AgClI for pH 8.0 and
6.2, respectively.

The dependence between potential and pH for Ni(ll) / Ni(lll) system, above and below the
critical pH value of 9.0, is shown in Figure 7.1.5. For the assessment, it was considered the
trend of the potential peaks with respect to the pH from (i) CV experiments within the pH
interval from 14.0 to 12.0, reported in Figure 7.1.1 inset, and (ii) DPAVSs from Figures 7.1.4 and
7.2.2, the latter shown in Section 7.2.
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Figure 7.1.5. Potential peaks assessed at different pH values: (red diamond) pH from 14.0 to 12.0

(associated with Figure 7.1.1), (black diamond) pH from 10.0 and 6.2 (associated with Figure 7.1.4),
(circles) pHs of 5.0 and 4.0 (associated with Figure 7.2.7). The red line represents the trend extrapolated
from cyclic voltammograms whereas the black line is estimated from differential pulse anodic

voltammograms.

As can be seen in Figure 7.1.5, above a solution pH of 9 similar potentials were obtained
between the predicted value trend obtained by CV, red line which provided +0.735 V at pH 9.0
and +0.645 V vs. Ag/AgCI at pH 10.0, and the experimental potentials assessed using DPAV,
+0.74 V at pH 9.0 and +0.65 V vs. Ag/AgCl at pH 10.0. It is worth mentioning that the good
agreement was observed in spite of the different techniques, i.e., CV and DPAV. The peak

potentials at pH 10.0 and 9.0, which correlated well on the extrapolated trend characterised by a
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slope of —65 mV pH unit™, indicated the involvement of the redox couple Ni(OH),/ NiOOH in
the peak response A;,. Conversely, the peak potentials determined below pH 9, i.e., 8.0, 6.2,
5.0 and 4.0, were associated with a different trend with a more noble behaviour and a slope of —
30 mV pH unit, thus indicating that the electrochemical process between Ni(Il) and Ni(lll)
hydroxides is unlikely to have occurred.

It has been reported that the presence of halide and a high proton concentration interfere in
the early stage of Ni(OH), formation due to a competitive adsorption mechanism between OH"
or H,O and halide, hence affecting the growth and the structure of the Ni(OH), outer layer [198-
201]. Specifically, it has been proposed that in solutions containing concentrations of H* and
CIl" lower than 1 M (as in the particular case investigated in this study), the dissolution of Ni
passes from an adsorbed intermediate of Ni(l) constituted of both CI™ and OH, i.e., NiCIOH™
@ss), Which undergoes further oxidation to NiCIOH, Ni(ll), and hydrolysis reaction [200], as
shown in Equations 7.1.6-7.1.8.

Ni+H,0+CI” — NiCIOH , + H" + & 7.1.6
NiCIOH ) — NIiCIOH + ¢~ 7.1.7

NiCIOH + H* — NiZ!

e« T CI"+H0 7.1.8

Therefore, within the pH interval from 14 to 9, the results suggested a process associated with
Equation 7.1.2, where the Ni hydroxide structure did not appear to be particularly affected by
the presence of chloride, or eventually a chloride adsorption phenomenon. This behaviour can
be particularly inferred due to the proton stoichiometric number of one, estimated from a
potential-pH dependence of —65 mV pH unit™. However, as soon as the pH was decreased at 8
or below the electrochemical mechanism changed. Indeed, a value of the potential-pH slope of
—30 mV pH unit™ indicates a process characterised by a proton stoichiometric number of 0.5
and therefore not attributable to the Equation 7.1.2. Hence, it can be proposed that the process
related to signal A;; of Figures 7.1.4 and 7.1.5 may be associated with the oxidation reaction of
NiCIOH [200], initially electrochemically formed at the BDD surface and then further oxidised

to Ni(Ill) involving 0.5 protons per mole of electrons.
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7.2 Determination of Nickel-lon Concentration for Neutral and

Acidic Conditions

Figure 7.2.1 shows DPAVSs recorded on a BDD electrode in 0.6 M NaCl solutions containing a
nickel(II) concentration ranging from 10 uM to 500 uM. The oxidation peak A;; observed at
+1.07 V can be attributed to the oxidation of Ni(Il) to Ni(lll), which, considering the instability
of nickel hydroxides below pH 9 [100], is difficulty attributable to Ni(OH), / NiOOH. Figure
7.2.1 inset shows a linear trend of the anodic peak current densities (A;;) with respect to the
nickel-ion concentration in the range from 10 uM to 500 uM, based on a deposition time of 30
s at —1.5 V vs. Ag/AgCI. Using the protocol conditions reported above, the limit of detection
for nickel-ion was estimated as 26.1 puM, considering a peak current density three—fold the

background current density.
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Figure 7.2.1. Differential pulse anodic voltammograms recorded on the BDD electrode at 10 mV s in:
(1) 0, (2) 10, (3) 20, (4) 60, (5) 100, (6) 140, (7) 260, (8) 340, (9) 420 and (10) 500 M Ni** in 0.6 M
NaCl. Tests were performed after a nickel pre—deposition process at —1.5 V vs. Ag/AgCl for 30 s. Inset

shows the trend of the anodic current peak density with respect to concentration.
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In terms of crevice corrosion, for certain metal / alloys nickel-ion monitoring may be important
especially in those environments which are acidic. It has been reported that crevice corrosion
solutions display a markedly acidic pH (from pH 3 to 4 [6]) due to the hydrolysis of corrosion
produced metal ions [6]. Therefore, in order to study the feasibility of the metal ion
determination in acidic environment, DPAV tests were also carried out in 0.6 M NaCl +
nickel(11) solutions at pH down to 3.0. Figure 7.2.2 shows the DPAVs for 50 pM Ni* at
different pH solutions, from 3.0 to 6.2, using a cathodic pre—concentration step (-1.5 V vs.
Ag/AgCl) followed by DPV from cathodic to anodic potentials. It is evident that as the pH was
decreased from 6.2 (test 2) to 3.0 (test 5), the characteristic peak shifted towards more positive
values, as expected from a reaction dependent on pH. Nickel(ll) detection was achieved at pH
of 4.0, while DPAV carried out at a pH of 3.0 produced an oxidation peak overlapped with

either chlorine or oxygen evolution reactions [202].
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Figure 7.2.2. Differential pulse anodic voltammograms recorded on BDD electrode at 10 mV s * in 0.6
M NaCl + 50 uM Ni** at (2) pH 6.2, (3) pH 5.0, (4) pH 4.0 and (5) pH 3.0. The potentiodynamic tests
were performed after a nickel pre—deposition process in 0.6 M NaCl + 50 uM Ni** carried out at —1.5 VV
vs. Ag/AgCl for 30 s. DPAV (1) represent the blank experiment carried out in the absence of Ni**. Inset
show the evaluated limit of detections (LOD) at different pHs.
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Concerning the sensitivity at the different pHs, a significant decrease of the estimated LODs
was observed by increasing the proton concentration. This behaviour can be interpreted by
considering a more favoured hydrogen evolution reaction, which takes place at the electrode
surface and simultaneously to the nickel deposition. In any case, it should be underlined that the
high overpotentials displayed by BDD electrodes for HER [85] is likely to provide higher
efficiencies for Ni deposition with respect to other electrodes employed in electroanalysis, such
as platinum and gold [203]. Figure 7.2.2 inset shows the LODs determined at the different
investigated pHs, based on a potential deposition of -1.5 V vs. Ag/AgCl and 30 s. It can be
noted that the LOD increased as the pH decreased, passing from 26.1 uM to 40.1 uM at pHs of
6.2 and 4.0, respectively. As far as the pre—concentration step is concerned, a potential of —1.5

V vs. Ag/AgCI produced the best response in terms of LOD.
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Figure 7.2.3. Correlation between Ni?* concentrations determined using differential pulse anodic

voltammetry (inset on the right hand side) and capillary electrophoresis (inset on the left hand side) in 0.6
M NaCl: (1) 0.0, (2) 40.0, (3) 60.0, (4) 100.0 and (5) 200.0 uM.

However, no significant sensitivity losses were observed when the deposition potential
ranged from —-1.6 V to —1.1 V vs. Ag/AgCl. Beyond this potential window the decreased
sensitivity was likely to be due to (i) a vigorously and concurrently HER occurring with the Ni

deposition and (ii) a potential not sufficient to efficiently promote the Ni deposition. It was
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observed that an extension of the pre—concentration step at —1.5 V vs. Ag/AgCl resulted in a
significant improvement of the LOD (1.2 uM at —1.5 V vs. Ag/AgCl for 360 s at pH of 6.2),
even though it might be time consuming. According to Zhang et al. [128], a potential increase
of the Ni—detection sensitivity can be obtained by acting on the mixing regime during the pre—
concentration step. Indeed, Zhang et al. reported a substantial enhancement of the LOD when
using a rotating disc electrode, rather than a static electrode—system in a stirred solution: the
improvement of the nickel(Il) sensitivity was related to an enhanced and more controlled mass
transfer [128]. The validation of the protocol was carried out comparing the electrochemical
measurements with a capillary electrophoresis analysis. The good agreement between the
different technigues confirmed the viability of the electrochemical protocol. Figure 7.2.3 shows
the correlation between the nickel(Il) concentrations determined using DPAV and CE, with an

experimental difference of +1 % evaluated between the two different methods.

7.3 Interferences and Cleaning Process

Interference investigations on the nickel response were carried out for those ions expected to
be present in crevice corrosion solutions. Anions such as SO,*, F-, NO; and cations like Ca*,
Mg®*, AI**, Fe** and Cu®*" were added to the solution in order to observe the variations of the
nickel response caused by their presence. Experimental results indicated negligible influence on
the electrode response up to three hundred—fold molar excess of SO, and F~, one hundred—fold
molar excess of NO;~ and fifty—fold molar excess of Ca®* and Mg®*. However, the nickel signal
was affected when two—fold concentrations of AI**, Fe** and Cu®* were added to the solution.

The regeneration of the electrode surface by the presence of adsorbed nickel has been
reported to be a problem, but has been overcome by electromechanical polishing [128] and
sonication [127]. The slightly acidic electrolyte in the current experiments, however, allowed
simple, fast and effective electrode surface regeneration based on an electrochemical anodic
treatment. This approach re—established the pristine electrode surface condition. Figure 7.3.1
shows the DPAV responses on the BDD electrode in a supporting electrolyte (test 1) and in 500
uM Ni solution (test 2) after carrying out a nickel-determination protocol (i.e., 30 s at —-1.5 V
and DPAYV followed by 240 s of cleaning treatment at +1.3 V vs. Ag/AgCl). As can be seen no
peaks were present in the potential range from +0.6 V to +1.3 V vs. Ag/AgCl, suggesting
complete re—establishment of the pristine electrode surface. The cleaning protocol adopted was
based on an anodic treatment of +1.3 V vs. Ag/AgCI for 30 s to 240 s, depending on the amount

of Ni deposited on the electrode.

128



7. Results and Discussion

0.004
0.003
2
o 1
§
< 0.002
IS
0.001
0.000 — T - T - T 1 1T "~ T - T T T

0.6 0.7 0.8 0.9 1.0 11 1.2 13 14 15

E vs. Ag/AgCIl/ V

Figure 7.3.1. Differential pulse anodic voltammograms on BDD electrode at 10 mV s in (1) a 0.6 M

NaCl solution and (2) 0.6 M NaCl + 500 pM Ni** solution after cleaning process. Both tests were carried
out after a pre—concentration step of 30 s at —1.5 V vs. Ag/AgCl.

7.4 Summary

In Chapter 4 it was demonstrated that at a pH lower than 4.0 the NAB corrosion performance
undergoes an inversion of the anodic—cathodic site behaviour and the anodic behaviour is
controlled by the oxidation of the nickel—, iron— and aluminium-rich k—phases. This particular
scenario can be often triggered by the slightly acidic environment present during crevice
corrosion.

In this Chapter has been demonstrated the possibility of electrochemically assessing the
nickel-ion concentration in neutral and slightly acidic chloride solutions on BDD electrodes.
The protocol relied on a simple procedure achievable using relatively inexpensive materials,
hence suitable for industrial quality and compliance measures. In particular, the nickel(ll)
detection was carried out on BDD electrode in acidic environments, without the need to
introduce complexing agents into solution or altering the pH to alkaline values. The nickel-ion
detection was achieved initially forming a metallic nickel deposit on the BDD electrode,
subsequently oxidised using DPAV studying the Ni(Il) / Ni(lll) redox system. The anodic
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response displayed a characteristic peak at markedly anodic potentials, i.e., +1.07 V vs.
Ag/AgCl, which was linearly dependent with the nickel-ion concentration in the range from 10
uM to 500 uM. Electrochemical investigations revealed a pH—dependence of the characteristic
peak potential, which relied on a 0.5 mole of proton per mole of electrons, not attributable to the
hydroxide system Ni(OH), / NiOOH, but rather to a transient adsorbed nickel(Il) form such as
NiCIOH, as described elsewhere [200]. DPAV tests were also performed in solutions at pHs of
3.0, 4.0 and 5.0 in order to study the feasibility of the electrochemical procedure in slightly
acidic environments. Results indicated the possibility of detecting nickel-ions at pH of 4.0.

In contrast to the electrode cleaning—procedures reported in the literature after the nickel(ll)
detection protocols [127, 128], the pristine electrode surface state was successfully recovered by
employing an electropolishing treatment at +1.3 V vs. Ag/AgCl, with a treatment time which

was dependent upon the amount of nickel deposited on the electrode surface.
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8. Results and Discussion

8. Boron—-Doped Diamond Microelectrode Array

Characterisation

The oxygen—terminated BDD microelectrode array performance was electrochemically
investigated in its as—received state (supplied by Diamond Detectors Ltd (Poole, UK)). The
characterisation was achieved using the same suite of electrochemical techniques utilised in
Chapter 5 (Boron—Doped Diamond Electrode Characterisation), namely cyclic voltammetry,
quasi—steady potentiodynamic polarisation and electrochemical impedance spectroscopy. This
study has provided data on the diamond electrode surface quality, which is considered of
significant importance for electro—analytical purposes [204], and also the influence of the

microelectrode size on the overall electrochemical performance.

8.1 Electrochemical Characterisation of Boron-Doped Diamond

Microelectrode Array

Figure 8.1.1 shows an overlay of the CVs carried out in a 0.5 M H,SO, solution at the
oxygen-terminated BDD microelectrode array. By examining the CVs it is evident that all
potential windows have similar electrochemical characteristics as those previously presented in
Section 5.1. Indeed, as highlighted in the Figure 8.1.1 insets, the HER and OER onset
potentials were at around —1.0 V and 1.9 V vs. Ag/AgCl, respectively, slightly lower than those
assessed for the BDD macroelectrode. The 7ogr and nuer Were estimated for each of the five
BDD microelectrodes using the equilibrium potentials of Equations 5.1.3 and 5.1.7 (see Section
5.1) and considering an oxygen activity of 0.20 mM and a pH of 0.88, assessed with a molal
activity coefficient of 0.1316 and a density of 1.0045 g cm™® [173]. The determined
overpotentials are listed in Table 8.1.1 and suggest that among all the substrates microelectrode
1 showed the lowest catalytic property towards the HER, requiring a potential of —1.1 V vs.
Ag/AgCI for attaining a j of —0.5 mA cm?, whereas microelectrode 2 exhibited the lowest
activity for OER, needing a potential of 2.3 V vs. Ag / AgClI for achieving a current density of
0.5 mA cm™. Furthermore, before the oxygen gassing evolved at microelectrode 2, the anodic
current presented a shoulder—peak (Ag1) at 2.08 V vs. Ag/AgClI, likely to be related to the H,O /
OH- system, as highlighted in the literature Section 2.3.2. Indeed, Enache et al. [93] reported
the formation of OH- radical at hydrogen—terminated BDD electrodes at a potential of 2.15 V
vs. Ag/AgCl, according to Equation 2.3.8. In this specific study, the electrode potential at
which the H,O / OH- signal should occur is 2.09 V vs. Ag/AgCl, considering Equation 2.3.8 and

a solution pH of 0.88. Therefore, the good agreement between the potential of the Ag; signal
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and that predicted using Equation 2.3.8 [93] confirms that the peak—shoulder Ag; is attributable
to the H,O / OH- redox system.
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Figure 8.1.1. Cyclic voltammograms on BDD microelectrodes in a 0.5 M H,SO, solution at 50 mV s .

Insets show the enlargements of the cathodic (left hand inset) and anodic (right hand inset) parts of the

cyclic voltammograms. The radius of the BDD microelectrodes were 250 um.

The slightly different overpotentials determined for HER and OER for the five BDD
microelectrodes can be related to the presence of non—diamond carbon [77], which is obtained
during the manufacturing process and considered as a charge transfer promoter for HER and
OER. In addition to the potential window, the double layer capacitance can also be an useful
indicator of the BDD electrode quality. The C values were estimated using Equation 5.1.11
reported in Section 5.1 and considering the electrode current at a potential of 0.4 V vs. Ag/AgCl.
As can be seen in Table 8.1.1, the estimated C ranged between 500 pF cm 2 and 550 pF cm?,
significantly higher than that determined for the BDD macroelectrode (in this case C was equal
to 20 uF cm? for the same experimental conditions). The estimated C and overpotentials
suggest that the quality of the five microelectrodes is slightly lower than those observed for the
macroelectrode (see Table 5.1.1 of Section 5.1).
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Table 8.1.1. Summary of the electrochemical characteristics (overpotentials and capacitance) determined

at the BDD microelectrodes in a 0.5 M H,SO, solution.

Microelectrode Nuer | V noer | V nror 'V C/puFcm?
1 0.81 0.92 1.73 550
2 -0.68 1.25 1.93 500
3 -0.77 0.95 1.72 550
4 -0.76 1.04 1.80 500
5 -0.75 1.15 1.90 500

Figure 8.1.2 shows the cyclic voltammograms for the five BDD microelectrodes in a 0.6 M
NaCl + 10 mM [Fe(CN)s]*" solution. The electrochemical processes involved in the anodic
and cathodic reactions are the oxidation of [Fe(CN)e]* and the reduction of [Fe(CN)e]*, as
highlighted in Equation 5.1.13 of Section 5.1.
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Figure 8.1.2. Cyclic voltammograms carried out on BDD microelectrodes 1to 5 (M. 1to M. 5) ina 0.6

M NaCl + 10 mM [Fe(CN)e]* ™ solution at 50 mV s™. Inset shows the relation between the square root
of the scan rate and the diffusion current limit for the current response made only on microelectrode 3 (M.
3)ina 0.6 M NaCl + 10 mM [Fe(CN)s]* " solution at 50, 100, 200 and 300 mV s .
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It is worth noting that the current responses were not characterised by the typical peak-like
trend, as evident for the BDD macroelectrode and thus associated with a semi—infinite linear
diffusion (see Section 5.1). In fact, in Figure 8.1.2, the CVs show a plateau—like response which
is generally related to a hemispherical diffusion process. Furthermore, the different magnitudes
of the anodic and cathodic current plateaux at the BDD array indicate that each microelectrode

3-/4-

promotes slightly different electron transfer kinetics of the [Fe(CN)¢]” " redox couple.

It has been reported that for electrode discs with small radii (generally lower than 100 pm),
the mass transfer is significantly enhanced due to hemispherical diffusion being more efficient
than linear diffusion [205]. The characteristics of the diffusion flux related to (a) hemispherical
and (b) linear diffusion are highlighted in Figure 8.1.3. The study of the electrochemical
systems undergoing hemispherical and linear diffusions, as well as the transition between these
two limit cases, have been achieved by Aoki et al. [206] using numerical simulation. They
reported that the diffusion of an electro—active species from the bulk solution towards the

electrode surface can be described by the p parameter, as highlighted in Equation 8.1.1 [206].

F 2
p= [ —.%, 8.1.1
RT D

where rq is the electrode disc radius. The p parameter was described as a dimensionless scan
rate which provides insight regarding the type of the mass transfer taking place. Generally, the
smaller the p parameter and the greater the extent of hemispherical diffusion occurring [206]. In
particular, it was shown that the transition from the hemispherical to the linear diffusions took
place in the range 0.076 < p < 150: where at p = 0.076 the diffusion is hemispherical whereas at
150 the mass transfer is completely linear. The linear mathematical relationship between p and
the electrode radius indicates that small electrodes are generally associated with small p values,
where the hemispherical diffusion predominates over the linear. Furthermore, as implied by
Equation 8.1.3, slow scan rates and high diffusion coefficients also promote hemispherical
diffusion [206].

A different approach to understand the transition from the hemispherical to linear diffusion
is, to first approximation, comparing the diffusion layer thickness (8) with the electrode radius.
Considering a linear diffusion mass transfer at a planar electrode (see Figure 8.1.3b), it is
generally reported that the flux is not entirely perpendicular at the surface, but presents some
inclined fluxes at the edge of the electrode area. This behaviour is related to the perturbation of
the hemispherical diffusion on the linear diffusion which takes place at only few o from the

electrode surface edges.
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Uz

Figure 8.1.3. Schematic of (a) hemispherical and (b) linear diffusion associate with 0.076 and 150 p

values.

Therefore, for electrodes with radii significantly greater than the diffusion layer thickness (rq >>
), only a small fraction of the electrode surface experiences inclined diffusion fluxes and the
whole process can be approximated by a linear diffusion. Conversely, when the electrode radius
is considerably smaller than the diffusion layer thickness (rqy << 8), the inclination of the fluxes
is maximised and the system can be described as in Figure 8.1.3a [205].

For potentiodynamic experiments, the hemispherical diffusion current is generally related to
a diffusion—limited process (I.) which is independent from the scan rate [206]. The general
equation which describes the relationship between the hemispherical diffusion current, the
potential, the electrode radius and the diffusion coefficient of an electro—-active species is
highlighted in Equations 8.1.2 and 8.1.3 [206].

_47F AcD

IL - (1+e_E(t)) 812
where E(t) is the time dependent potential, defined as it follows
ZF
E(t)=——(E; —vt-F° 8.1.3
=27 (& )

where E; represents the initial electrode potential. As can be seen in Equation 8.1.3, the

potential is a function of time and when it is sufficiently high to allow the system to be under

diffusion mass transfer e ¢ approaches zero. Therefore, Equation 8.1.3 can be rewritten as
Equation 8.1.4 [206].

I, =4zF AcD 8.1.4

Looking closely at the Figure 8.1.2 inset, which shows the I, vs. v'?

(scan rate ranges from 50
mV s to 300 mV s%), it is apparent that the diffusion—limited current densities and the square
root of the scan rate have a linear relationship. This behaviour is unexpected and contradicts
Equation 8.1.4, which describes a process which is completely independent from the scan rate.
Therefore, it can be inferred that the investigated microelectrode array did not undergo a fully
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hemispherical diffusion at scan rates between 50 mV stand 300 mV s 2, but rather it underwent
a mixed hemispherical-linear diffusion. To better understand the physical behaviour of the
microelectrodes the scan rate range was widened from 0.1 mV s to 500 mV s (see Figure
8.1.4). The variable “scan rate” was purposely considered for this particular investigation,

since, from Equation 8.1.1, it appears that p proportionally decreases as the v scan rate is

reduced.
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Figure 8.1.4. Cyclic voltammograms carried out on BDD microelectrode 3 ina 0.6 M NaCl + 10 mM

[Fe(CN)g]*™ solution at (1) 0.1, (2) 0.2, (3) 0.3, (4) 0.5, (5) 1.0, (6) 2.0, (7) 5.0, (8) 10.0, (9) 25.0, (10)
50.0, (11) 100.0, (12) 300.0 and (13) 500.0 mV s *. The inset shows the relationship between the
diffusion—limiting currents and the square root of the scan rate.

From Figure 8.1.4, a similar current shape characterised by anodic and cathodic plateaux is
clearly evident to that shown in Figure 8.1.2. However, as can be seen from the inset (which
reports the I, vs. log v*°) within the log v*® range from —0.50 (mV s™*)"? to —0.26 (mV s )2,
which corresponds to a range from 0.1 mV s to 0.3 mV s, the I, magnitude remained stable
and independent from v, thus indicating a fully hemispherical diffusion behaviour. Conversely,
when log v*° exceeded —0.26 (mV s *)"? the I, magnitude increased. This behaviour suggested
that the scan rate of 0.3 mV s represents the threshold which delineates the BDD

microelectrode behaviours from being fully hemispherical to mixed hemispherical-linear.
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Table 8.1.2 compares the theoretical p values (determined using Equation 8.1.3 with D =
0.765 x 102 cm? s for [Fe(CN)s]* [172] and rq = 250 um), I, and the & (obtained using
Equation 8.1.5 [207]).

8.1.5

Where AE is the potential difference between the oxidation potential and the potential of the
limiting current. From Table 8.1.2 it can be seen that within the p range of 0.519 to 0.899, the I,
was determined to be stable at about —0.7 x 10° mA, whereas from 1.160 to 36.961 the I
increased in a dependent manner with the scan rate. Thus, these specific trends indicate that the
hemispherical diffusion predominated at low scan rates, as it would be expected from the low p
values, whereas the mixed hemispherical-linear diffusion, or eventually a full linear diffusion,
occurred at high scan rates due to the higher p values.

Corroboration of this behaviour was also attained by comparing the size of the electrode
radius (0.025 cm) with the estimated diffusion layer thicknesses. It was observed that below the
scan rate threshold of 0.3 mV s the ry / & was less than 1 (rq < 3), whereas above 0.3 mV s ' it
exceeded unity, (rq > 68). This is in line with [205], where generally at rq / 6 ratios less than one
the electrode undergoes hemispherical diffusion while greater than one the linear diffusion
predominates [207].

The evaluation of the microelectrode surfaces were determined using Equation 8.1.4, since
within the scan rate range from 0.1 to 0.3 mV s the CV tests were controlled by hemispherical
diffusion process. The electrode radius for the microelectrode 3 was determined to be 0.0249
cm, in perfect agreement with the geometrical value provided by the manufacturer, i.e., 0.025
cm.

Knowing the diffusion characteristics of the microelectrode array, the BDD microelectrode
electrochemical performance was also assessed using quasi—steady potentiodynamic
polarisation and electrochemical impedance spectroscopy in the 0.6 M NaCl + 10.0 mM
[Fe(CN)s]*™ solution. Figure 8.1.5 shows the quasi-steady potentiodynamic polarisation
curves carried out at the microelectrodes, M.1 to M.5. The expression which best approximates
these behaviours is given by Equation 5.1.15, that is, the Butler—\VVolmer equation for a the

low-field approximation [178], as discussed in Chapter 5.
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Table 8.1.2. Kinetic and diffusion parameters (experimental and theoretical) determined at BDD

microelectrode 3 in a 0.6 M NaCl + 10 mM [Fe(CN)e]*™ solution using cyclic voltammetry at different

scan rates.
v/mVs?t  logv?/(mV s I/ mA p §/cm rg/ cm re/d
0.1 0.316 -0.754x10° 0519 0.108 0.025 0.231
0.2 0.447 -0.784x10°  0.734 0.071 0.025 0.352
0.3 0.548 —0.726 x 10 0.899 0.049 0.025 0.510
0.5 0.707 -0.814x10°  1.160 0.024 0.025 1.042
1.0 1.000 -0.898x10°  1.641 0.020 0.025 1.250
2.0 1.414 -1.023x10°% 2321 0.029 0.025 0.862
5.0 2.236 ~1.142x10°  3.669 0.017 0.025 1.470
10.0 3.162 ~1.432x10° 51888 0.012 0.025 2.083
25.0 5.000 —2.048x10°  8.204 0.009 0.025 2.778
50.0 7.071 2546 x10°  11.603 0.007 0.025 3.571
100.0 10.000 -3315x10°  16.409 0.005 0.025 5.000
300.0 17.320 -5.042x10°  28.420 0.003 0.025 8.333
500.0 22.361 -6.213x10°  36.691 0.002 0.025 12.500

Table 8.1.3 presents the electro—activities of the five microelectrodes. Similar values were
estimated for the microelectrodes 1 and 3, whereas slightly higher values were obtained for
microelectrodes 2, 4 and 5.

Information of the quality of a doped diamond electrode can often be obtained from

electrochemical impedance spectroscopy [78]. In order to confirm the estimated j, and kfpp

314

determined using quasi—steady PP for the [Fe(CN)g]° ™" system, EIS tests were also carried out

in identical experimental conditions at the BDD microelectrodes.
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Figure 8.1.5. Quasi—steady potentiodynamic polarisation curves at the different BDD microelectrodes in

a 0.6 M NaCl + 10.0 mM [Fe(CN)s]*™* solution at 0.1 mV s .

Table 8.1.3. Kinetic parameters determined from quasi—steady potentiodynamic polarisation curves in a

0.6 M NaCl + 10.0 mM [Fe(CN)g]*™ for the five BDD microelectrodes.

Microelectrode  jo/pAcm® k% jemst

app
1 62 0.65x 10
2 127 1.31x10*
3 83 0.86 x 10"
4 182 1.88x 10"
5 142 1.47 x 10

Figure 8.1.6 shows the impedance responses, i.e., (b) module impedance—frequency, (c) Nyquist
and (d) phase angle—frequency plots, for the BDD microelectrode array in a 0.6 M NaCl + 10.0
mM [Fe(CN)s]*™ solution. The Bode plot reveals that the response of the microelectrodes 1-3
cannot simply be described with one time—constant (R.C), associated with the [Fe(CN)s]*"*

electron transfer, as found for the BDD macroelectrode (see Section 5.1). Indeed, only

139



8. Results and Discussion

microelectrodes M.4 and M.5 clearly present evidence of a single time—constant related to the
3-/4-

redox process of [Fe(CN)e] (ca. 2 kHz), whereas M.1, M.2 and M.3 responses show an
additional time—constant at low frequency, within the frequency range from of 100 Hz to 20 Hz.
Polcaro et al. [78] characterised the electrochemical behaviour of BDD electrodes subjected to
different oxidation treatments in 0.5 M H,SO, using the [Fe(CN)s]*™ redox system. They
reported the presence of two time—constants, where the high frequency was attributed to the
[Fe(CN)g]*™ electron transfer whereas the low frequency was related to the capacitive response
of impurities located at the diamond grain boundaries. Accordingly, the low frequency time—

constants for the microelectrodes 1-3 can be related to the presence of impurities [78].
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Figure 8.1.6. (b) Bode (Modulus vs. frequency), (c) Nyquist and (d) Bode (Phase angle vs. frequency)
plots on BDD microelectrodes in a 0.6 M NaCl + 10.0 x 10~ M [Fe(CN)¢]*™ solution using a potential

perturbation of +5 mV at the open circuit potential over a range of frequency of 10*Hz to 0.1 Hz. ()

Equivalent circuit used to fit impedance responses of M.4 and M.5.

This finding appears to be in line with results reported in Figure 8.1.1, where the

microelectrodes 1-3 had responses with higher capacitance and lower potential window than

those assessed at the macroelectrode reported in Section 5.1. The assessment of the jo, and kfpp
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for BDD microelectrodes 4 and 5 was achieved by fitting the EIS data with the equivalent

circuit shown in Figure 8.1.6a.

Table 8.1.4. Kinetic parameters determined using electrochemical impedance spectroscopy for BDD

microelectrodes M.4 and M.5in a 0.6 M NaCl + 10.0 mM [Fe(CN)e]s’“f solution.

Microelectrode Re/Qcm?  jo/ pAcm? kfpp Jemst v
4 43.2 588 6.10 x 10°* 2x10°
5 66.7 381 3.94x10* 8x10°

Table 8.1.4 lists the kinetic values for the ferro / ferricyanide system, i.e., jo, kfpp, determined

using Equations 5.21 and 5.22 reported in Section 5.1 [179].
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Figure 8.1.7. Evaluated apparent kinetic rate constants for BDD microelectrodes 1 to 5 using quasi—

steady polarisation curves (red triangle) and electrochemical impedance spectroscopy (blue diamond).

The white squares are the estimated average values.
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0

Figure 8.1.7 shows the estimated K,

using quasi—steady potentiodynamic polarisation (red

triangle) and EIS (blue diamond) for the [Fe(CN)¢]*™* system, whereas the white square

indicates the average obtained with the two techniques. It is worth noting that the kfpp values

obtained via EIS present a similar trend with those estimated via quasi—steady potentiodynamic
polarisation, even though slightly bigger. Furthermore, the different magnitude of the anodic
and cathodic current plateaux determined at the investigated BDD microelectrodes, see Figure
8.1.2, reflects the catalytic property of the substrates towards [Fe(CN)¢]* ™ electron transfer. In
particular, it was observed that microelectrode 4 promoted a faster electron transfer (ca. two-—

fold) compared with microelectrodes 1-3.

Table 8.1.8. Evaluated apparent kinetic rate constants for BDD microelectrodes 1 to 5 using quasi—

steady polarisation curves (red triangle) and electrochemical impedance spectroscopy (blue rhombus).

Withe squares represent the estimated average values.

Microelectrode kap /cms™ ke /cms™ ke /cms™?
(PP) (EIS) (Average)
1 0.65x 10" - -
2 1.31x 10 - -
3 0.86x 10" - -
4 1.88x 10 6.10x 10* 3.99x10*
5 1.47 x 10 3.94 x 10 2.70x 10°*

8.2 Summary

The electrochemical performance of the BDD microelectrode array was studied in either
0.5 M H,SO, or 0.6 M NaCl + 10 mM [Fe(CN)s]*™", using a suite of electrochemical
techniques.

Cyclic voltammetry, initially carried out in the sulphuric acid solution, highlighted that the
BDD microelectrodes have a wide potential window available for electroanalytical purposes.
The overall potential range was generally similar, though slightly narrower, to that determined
for the BDD macroelectrode. The double layer capacitance was also determined from CVs in
0.5 M H,SO, and found to be significantly higher than that obtained at the macroelectrode.
These findings can be explained in terms of a lower microelectrode diamond quality than that of

the macroelectrode.
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8~ showed an electrochemical

The cyclic voltammograms responses of the [Fe(CN)g]
behaviour which changed from fully hemispherical to mixed hemispherical-linear diffusions, as
the scan rate was increased from 0.3 mV s, which represents the threshold limit between the
different diffusion behaviour. This insight was achieved by comparing the electrode radius with
the calculated diffusion layer thicknesses of the [Fe(CN)s]*"* responses. Tests carried out
using quasi—steady potentiodynamic polarisation and EIS in a 0.6 M NaCl + 10 mM [Fe(CN)¢]*
"~ solution showed similar but not identical electrochemical responses between the five BDD

microelectrodes.
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9. Results and Discussion

9. Nickel-Aluminium Bronze Crevice Corrosion
Monitoring using a Boron—Doped Diamond
Microelectrode Array in Aqueous Chloride

Solutions

This Chapter reports the use of the BDD microelectrode array to assess the in situ metal—-ion
concentrations generated from NAB crevice corrosion. As the last and conclusive part of the
Results and Discussion, Chapter 9 brings together the insights obtained from the
electrochemical behaviour of NAB in chloride solutions at different pHs and concentrations of
benzotriazole (see Chapter 4), the electrochemical performance of BDD electrodes (see
Chapters 5 and 8) and the electro—reactivity of metal ions (see Chapters 6 and 7).

The study of NAB crevice corrosion was achieved by artificially generating the crevice
environment as described in Chapter 3. The metal-ion monitoring was electrochemically
assessed using the BDD microelectrode array during an immersion of three hundred hours (ca.
two weeks) in 0.6 M NaCl and in 0.6 M + 10 mM benzotriazole. The validation of the metal—
concentration was achieved by simultaneously determining the metal-concentration via

capillary electrophoresis.

9.1 Electrochemical Study using a Boron—-Diamond Microelectrode

Array in Aqueous Chloride Solutions

Section 2.1 highlighted that crevice corrosion monitoring is generally achieved measuring
the pH and / or assessing the chloride concentration within the crevice environment [16, 17].
However, even though strictly related to crevice corrosion, these parameters represent the
indirect chemical and physical consequences obtained when crevice corrosion is triggered.
Indeed, while changes of the pH are related to hydrolysis reactions of crevice corrosion metal—
ions (chemical effect) [7], the variation of the chloride concentration is generally associated
with a diffusion process which attempts to maintain the crevice electroneutrality (physical
effect) [7].

In this current work, the approach used to monitor the time—evolution of crevice corrosion
was different from those previously reported in the literature [16, 17] and considered the direct
evaluation of the metal-ion concentrations within the crevice solution chemistry. Figure 9.1.1
shows an overlay of DPAVs carried out on BDD microelectrode array, which was embedded in

the crevice—corrosion setup as highlighted in Chapter 3 (see Figure 3.2.1). In particular, the
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microelectrode used was the 4 (M.4), which according to Section 8.1 exhibited the lowest
double layer capacitance. Inspecting Figure 9.1.1, an anodic peak (Aq;) at approximately 0.3 V
vs. Ag/AgCl is clearly evident, which also increased with time. According to tests performed on
BDD electrode in chloride solutions containing copper(ll) (see Chapter 6), signal Ag; can be
reasonably attributed to the oxidation of copper(l) to copper(ll); this insight can be further
confirmed by comparing the oxidation potential peaks determined for the copper(l) / copper(ll)
system shown in the calibration curve of Figure 9.1.2. The Figure 9.1.1 inset shows the current
peak density (j,) determined at the different times. As can be seen, the j, progressively
increased from 0.01 mA c¢cm™ to 0.038 mA c¢m within the time range of 62 h to 209 h;
however, for NAB exposure times greater than 209 h the signal A, remained stable. The j,
values were determined by subtracting to the current peak density the background current

density at —0.2 V vs. Ag/AgCI, where no faradic processes were observed.
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Figure 9.1.1. Differential pulse anodic voltammograms on a BBD microelectrode (M.4) array embedded

in NAB crevice—corrosion setup (see Chapter 3), at different exposure times: (black) 0, (orange) 62, (red)
110, (cyan) 158, (green) 209, (olive) 257 and (blue) 310 h. The scan rate was 10 mV s . Inset shows the

Ao 1 current peak density as a function of the exposure time.
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Chapter 8 determined that the electrochemical performances of the BDD microelectrodes are
similar to those reported in the literature [77], which are often characterised by a low double
layer current and a wide potential window. Inspecting the DPAVS in Figure 9.1.1, it can be
noted that the background current gradually increased with extended immersion times.
Therefore, considering the intrinsic “inertness” of the electrode surface (to undergo adsorption
phenomena), the increase of the background current density can be entirely associated with a
change of the crevice chemical composition, or alternatively, a change of the ionic strength.
This insight may represent a plausible explanation for the observed behaviour, since the crevice
solution ionic strength can significantly change when metal—ion or the chloride concentrations

increase due to the small volume of the crevice.
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Figure 9.1.2. Differential pulse anodic voltammograms on BBD microelectrode 4 at different copper(l)

concentrations: (orange) 0.025, (red) 0.050, (cyan) 0.100, (green) 0.250, (olive) 0.500 and (blue) 1.00
mM. The scan rate was 10 mV s . The solutions were deaerated by sparging with nitrogen (oxygen

concentration < 3 uM).

Furthermore, as can be seen from the Figure 9.1.1 inset, after 200 h of monitoring the current
peak density attained a steady—steady which was characterised by a levelling of the current peak
values. This behaviour suggests that an equilibrium occurring between the copper(l) diffusion

process and the NAB oxidation was achieved.
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Regarding the shape of the DPAVS, the responses exhibited a current peak instead of a clearly
defined plateau. However, in Chapter 8 it was established that the mixed hemispherical and
linear diffusion conferred to the recorded current of voltammograms a plateau-like shape rather
than a peak. This specific behaviour can be explained by considering the differences behind
the two measurement techniques. Indeed, while cyclic voltammetry relies on an applied
potentiodynamic staircase, the differential pulse voltammetry is based on a potentiodynamic
staircase to which has been superimposed a potential pulse (generally between 0.01 V and 0.1
V). Furthermore, as opposed to CV, the current determined in DPV is obtained by subtracting
the current at the end of the potential pulse to that measured before the pulse; therefore, at
potentials distant from the equilibrium, where the faradic current is under diffusion control, the
differential current is approximately zero [169].

Figure 9.1.2 shows the calibration curve carried out on BDD microelectrode (1) array
achieving DPAV in 0.6 M NaCl containing different concentrations of copper(l). The presence
of a peak at 0.31 V vs. Ag/AgCI indicates that the anodic signal recorded in Figure 9.1.1 is
related to the oxidation of copper(l) to copper(ll).

Table 9.1.1. Copper(l) concentrations determined in crevice solution.

Time/h Conc. / mM

62 0.125
110 0.289
158 0.304
209 0.458
257 0.468
310 0.468

Considering the good linearity obtained between current peak density and concentration, the
copper(l) concentrations of Figure 9.1.1 were estimated to range between 0.12 mM to 0.46

mM, as can be seen in Table 9.1.1.
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Figure 9.1.3. Differential pulse cathodic voltammograms for 0.6 M NaCl on BBD microelectrode 4,

embedded in NAB crevice—corrosion former setup (see Chapter 3), at different exposure times: (black) 0,
(orange) 62, (red) 110, (green) 209, (olive) 257 and (blue) 310 h. The scan rate was 10 mV s

Figure 9.1.3 shows the DPAV measurements for the cathodic sweep on BDD microelectrode
(M.4) array after different NAB exposure times in 0.6 M NaCl solution. Notably, no cathodic
peaks were observed, hence suggesting the low copper(ll) concentration within the crevice.
This finding agrees with results reported in the literature [7] where, due to the low oxygen
concentration often present within crevice solutions, any further oxidation of copper(l) to
copper(Il) may be limited.

The concentration of copper ions, and possibly those of other metal ions (such as nickel,
aluminium and iron), were also assessed using capillary electrophoresis. Details of the metal-
ion LODs are reported in Chapter 3 (Material and Methods), whereas calibration curves for
copper(I), nickel(I), iron(I111) and aluminium(l1l) are shown in the Appendix (Figure A;—As).
The estimation of the metal-ion concentrations was achieved using a crevice corrosion setup
similar to that used for the electrochemical monitoring (see Figure 3.2 reported in Chapter 3)
and sampling the crevice solution after 62 h, 158 h and 310 h from immersion. Figure 9.1.4
shows the copper ion crevice concentrations determined after 62, 158 and 310 h. The estimated
values agree reasonably well with those assessed with DPAV, within the same order of

magnitude although at slightly higher concentrations.
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Figure 9.1.4. Comparison between copper ion concentrations assessed using differential pulse anodic

voltammetry and capillary electrophoresis at different NAB exposure times in 0.6 M NaCl. Inset shows

the electropherograms determined at the different times.

Chapter 4 highlighted that when NAB is exposed to neutral chloride solution its corrosion
behaviour is driven by the oxidation of the copper—rich o—phase, whereas the other k—phases are
cathodically protected. However, as the pH decreases below 4, NAB generally undergoes an
inversion of the anodic—cathodic site behaviour and the aluminium—, iron— and nickel-rich «—,
ki— and kn—phases preferentially corrode. From the CE analysis determined on the sampled
crevice corrosion solutions only copper—ion was identified, thus indicating that during the

monitored time the NAB corrosion was controlled by the oxidation of the copper—rich a—phase.

9.2  Electrochemical Study using a Boron-Diamond Microelectrode

Array in Aqueous Chloride Solutions containing Benzotriazole

Chapter 4 established the good corrosion performance of NAB when exposed to neutral
chloride solutions in the presence of benzotriazole. The estimated benzotriazole adsorption free

energy (—44.0 kJ mol™) explained the remarkably reduced anodic and cathodic kinetics and the
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9. Results and Discussion

improved NAB corrosion performance. Conversely, when NAB was exposed to acidic or
slightly acidic chloride solutions (pHs lower than 4), the benzotriazole corrosion inhibition
drastically decreased. This particular behaviour, related to the low benzotriazole adsorbability
(or affinity) for the corroding nickel-, iron— and aluminium-rich x—phases, indicated that

benzotriazole cannot be always employed as an effective inhibitor.

Figure 9.2.1 shows the metal—ion concentrations assessed within an immersion time of 310 h
in a 0.6 M NaCl solution containing 0.01 M of benzotriazole. As can be seen in the inset, which
shows the DPAV recorded at the BDD microelectrode (1) array, the recorded current densities

were rather scattered and noisy.
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Figure 9.2.1. Copper—ion concentrations assessed using capillary electrophoresis at different NAB

exposure times in 0.6 M NaCl + 0.01 M benzotriazole. Inset shows the differential pulse voltammograms
recorded at the BDD microelectrode (1) array after: (orange) 62, (cyan) 158 and (blue) 310 h. The DPAV

scan rate was 10 mV s

This particular behaviour can be explained considering the formation of the inorganic and
non—conductive [Cu(l)BTA™],, polymer, which, accordingly to the mechanism proposed in the
literature [18, 37], is formed via Equations 2.2.4-2.2.9 (see Section 2.2). In the previous

Section 9.1, it was shown that, for the considered monitoring time, NAB underwent selective a—
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phase corrosion since the copper(l) was the only element found in the crevice solution.
Therefore, the formation of the [Cu(l)BTA™], film may represent a plausible reason for the

measured noisy responses. The determination of the metal-ion concentrations were then
achieved using CE. As can be seen in Figure 9.2.1, only copper was detected and its
concentration was determined to be about 90 uM throughout the tests. These concentrations
were considerably lower than those estimated in the uninhibited solution and can be considered

as confirmation of the good corrosion inhibition of benzotriazole.

9.3 Summary

This aspect of the investigation has shown the potential to evaluate the in situ crevice metal
ion concentration using a BDD microelectrode array, thus allowing the monitoring of the time—
evolution of the crevice solution chemistry. The electrochemical investigation was achieved by
performing DPV in either anodic or cathodic sweeps. Interestingly, only the DPV performed in
the anodic direction showed the presence of an electro—active species, at a potential of 0.3 V vs.
Ag/AgCl. According to the calibration carried out in 0.6 M NaCl containing a range of
copper(l) concentrations, the DPAV response measured within the crevice corrosion solution
was attributed to the oxidation of copper(l), whose concentration ranged from 0.125 mM to
0.468 mM. Regarding the NAB crevice corrosion inhibition, benzotriazole was demonstrated to
be an effective inhibitor, due to the significantly lower copper ion concentration as estimated

within the crevice solution.
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10. Conclusions

The current study has investigated the initiation and time—evolution NAB crevice corrosion
monitoring using in situ BDD electrodes and a microelectrode array. The work programme has
comprised a number of different aspects such as: (i) the NAB corrosion performance in chloride
solutions in either the presence or absence of benzotriazole, (ii) the electrochemical and material
properties of BDD electrodes, (iii) electroanalysis of (simulated) crevice corrosion solutions at
BDD electrodes and (iv) NAB crevice corrosion monitoring using the BDD microelectrode
array. These research topics have been connected together since they critically are part of the
same multidisciplinary project. Initially, a literature survey was undertaken to establish the
current state—of-the—art / background knowledge of the NAB corrosion mechanisms and BDD
electrode performance, thereby providing key insights for the analysis and interpretation of the
experimental data. Herein are reported the principal conclusions and major findings for this

research programme.

e The NAB corrosion behaviour was controlled by the selective dissolution of the
copper-rich a—phase within the a + «;;, eutectoid when exposed to neutral chloride
solution. Its corrosion behaviour was assessed to be similar to that of unalloyed
copper due to the same protons and chloride order of reactions. However, when the
pH solution was decreased below 4, NAB exhibited a different electrochemical
mechanism and the dissolution process was driven by the oxidation of the
aluminium—, iron— and nickel-rich k-, x;— and k—phases at the boundary with the
a—phase. These findings support previous studies reported in the literature regarding
the NAB crevice corrosion [7], where due to the presence of an acidic crevice
environment, metal ions such as iron, nickel and aluminium were determined in the
local solution.

e At solution pH higher than 4, benzotriazole significantly reduced the NAB
corrosion, decreasing both anodic and cathodic reaction kinetics. The benzotriazole
adsorption on NAB followed the Kastening—Holleck isotherm and the determined
adsorption free enthalpy was assessed to be —44.0 kJ mol™. The excellent NAB
corrosion performance observed when exposed to neutral chloride solutions in the
presence of benzotriazole was explained considering the high affinity of the inhibitor
for copper—corroding surfaces. On the contrary, at pHs below 4 the NAB corrosion
performance was not specifically affected by the presence of benzotriazole due to the
low inhibitor affinity towards aluminium—, iron—, nickel-corroding surfaces. This

particular behaviour indicated that once the crevice solution pH attains a value lower
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than 4 and the NAB dissolution is controlled by the selective corrosion of the
aluminium—, iron— and nickel-rich k-, x;— and kn—phases, benzotriazole does not
adequately perform as inhibitor.

e Due to the central-role of copper metal-ion on the NAB corrosion mechanism, and
therefore its subsequent detection in terms of crevice corrosion monitoring, the
copper(l) and copper(ll) electrochemical behaviours were investigated at BDD
electrode at different chloride concentration, which ranged from 0.0 M to 3.0 M. It
was observed that the electrochemical response of copper—ion is significantly
affected by the presence of chloride. Indeed, in the absence of chloride the
electrochemical behaviour of copper—ion was characterised by a one-step two—
electron transfer process, whereas in its presence the process involved a two-step
one—electron transfer mechanism. In the presence of the chloride and up to a
concentration 1.6 M, the equilibrium potential for the system copper(l) / copper(ll)
was observed to be dependent on chloride, whereas at higher concentrations (from
2.4 M to 3.0 M) the equilibrium potential was independent. These observations
were found to be consistent with the speciation diagrams for copper(l)- and
copper(I)—chloride complexes. The copper—ion electrochemical detection on BDD
electrode was then developed further on the basis of these experimental
observations.

e When exposed to acidic chloride solutions, NAB undergoes a corrosion mechanism
different from only involving copper oxidation. The significant concentration of
nickel-ion reported within NAB crevice solutions at acidic pHs [7], required the
consideration of an alternative electrochemical protocol for nickel—ion detection,
which did not use a chelating agent or was achieved at strongly alkaline solutions.
Therefore, a new electrochemical protocol, which relied on the initial metal-ion
deposition followed by its actual detection, was studied on BDD electrode. The new
protocol clearly demonstrated the assessment of the nickel-ion concentration in a
chloride solution at pH of 4. The viability of the procedure was obtained by utilising
the excellent electrochemical characteristic exhibited by the BDD electrode, i.e.,
wide potential window and low capacitive current.

e Investigations (i) on the NAB corrosion performance and (ii) on the electrochemical
behaviour of metal-ions likely to be present within crevice corrosion solutions
provided greater understanding of the NAB crevice corrosion to allow an in situ
monitoring using the BDD microelectrode array. The NAB crevice corrosion
monitoring revealed only the presence of copper(l), whose concentration initially

increased within the first two hundred hours of immersion and then remained stable
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at ca. 0.47 mM. The absence of copper(ll) and of other metal-ions suggested (iii)
the low crevice concentration of dissolved oxygen (which promotes the oxidation of
copper(l) to copper(Il)) and (iv) that the local pH did not decreased below 4, where
the NAB corrosion is dominated by the dissolution of the aluminium-, iron— and
nickel-rich k—phases. The use of benzotriazole as an inhibitor for crevice corrosion
was successfully demonstrated due to its high affinity for the corroding copper-rich

a—phase.
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11. Future Work

11.1  Nickel-Aluminium Bronze Corrosion Behaviour

The NAB corrosion performance in acidic chloride solutions can be further investigated. As
a matter of fact, the electrochemical mechanism was not completely defined and whether the
NAB dissolution was driven by aluminium—, iron— or nickel-oxidations has still to be precisely
established.

Different NAB oxidation mechanisms may take place as the solution pH is decreased from 4
to 3. Indeed, the multi-element compositions of the k—, ;— and kn—phases can lead to
different and selective oxidations, due to diverse stabilities of the aluminium, iron and nickel
oxides. For this particular purpose, the use of a NAB rotating—disc electrode system may
provide additional insights regarding the reaction mechanism. In fact, the improved mass
transfer of metal ions from the electrode surface to the bulk solution will reduce the possibility
of pseudo passivation phenomena (as observed in Figure 4.3 of Chapter 4), hence resulting in

better defined Tafel slopes from the absorption and deposition processes.

11.2  Nickel-lon Detection on Boron-Doped Diamond Electrode in

Acidic Solutions

The nickel-ion detection was demonstrated viable in a chloride solution at pH of 4.
However, at values lower than 4 (i.e, pH 3.0), the oxidation peak was partially overlapped with
the ChIER or OER. |In fact, in spite of the wide potential window exhibited by the used
oxygen-terminated BDD electrode (see Chapter 5), the onset oxidation potential of either
chlorine or oxygen evolution reactions did not allow for the clear determination of the
characteristic nickel signal.

Ferro and De Battisti [82] showed the possibility of significantly increasing the BDD
potential window performing a plasma treatment, which transformed the BDD electrode surface
from hydrogen— (or oxygen-) to fluoride—terminations. Indeed, it was shown that fluoride—
terminated BDD electrodes do not stabilise the HER and OER reaction intermediates, thus
resulting in a 5 V potential window. Hence, the wider window of polarisability exhibited by
fluoride—terminated BDD electrode can certainly help the detectability of the characteristic

nickel oxidation peak when the solution pHs decrease below 4.
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11.3  Electrochemical Monitoring of Nickel-Aluminium Bronze
Crevice Corrosion using a Boron-Doped Diamond

Microelectrode Array

The NAB crevice corrosion monitoring was investigated during the first 310 hours of the
specimen immersion, where the NAB corrosion behaviour was driven by the selective
dissolution of the copper-rich o—phase. However, the crevice corrosion test can be
prolonged, thus allowing to better understanding when the inversion of the anodic—cathodic
site behaviour takes place. From Figure 9.1.1 (see Chapter 9) appeared that at immersion
times longer than 200 hours the crevice corrosion concentration of copper(l) attained a steady
state (ca. 0.47 mM), hence indicating that an equilibrium between the diffusion processes and
the NAB oxidation was achieved. Therefore, it can be reasonably expected that as the NAB
oxidation changes from the a—phase to k—phase dissolutions, the copper(l) concentration
within the crevice may decrease.  This indication, in addition to other possible
electrochemical signals measured at the BDD microelectrode (such as iron—ion or nickel—-
ion), can provide greater insights regarding the underlying NAB crevice corrosion behaviour

at longer immersion times.
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Fig. A;. Calibration curve with confidence intervals for Cu®*in 0.6 M NaCl determined using
capillary electrophoresis. Inset shows the electropherogram at (1) 0.0157, (2) 0.0787, (3)
0.1575, (4) 0.3937, (5) 0.7870, (6) 1.5780 and (7) 3.1496 mM. The evaluated limit of detection
is 0.0303 mM.
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Fig. A,. Calibration curve with confidence intervals for Ni** in 0.6 M NaCl determined using
capillary electrophoresis. Inset shows the electropherogram at (1) 0.0169, (2) 0.08475, (3)
0.1695, (4) 0.4237, (5) 0.8476, (6) 1.6949 and (7) 3.3898 mM. The evaluated limit of detection
is 0.0801 mM.
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Fig. A;. Calibration curve with confidence intervals for Fe** in 0.6 M NaCl determined using
capillary electrophoresis. Inset shows the electropherogram at (1) 0.0178, (2) 0.0893, (3)
0.1786, (4) 0.4464, (5) 0.8923, (6) 1.7857 and (7) 3.5714 mM. The evaluated limit of detection
is 0.0715 mM.
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Fig. A,. Calibration curve with confidence intervals for AI** in 0.6 M NaCl determined using
capillary electrophoresis. Inset shows the electropherogram at (1) 0.0370, (2) 0.1852, (3)
0.3703, (4) 0.9259, (5) 1.8518 and (6) 3.7037 mM. The evaluated limit of detection is 0.1080
mM.
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Fig. As. Calibration curve with confidence intervals for Cu* in 0.6 M NaCl + 0.01 M
bezotriazole determined using capillary electrophoresis. Inset shows the electropherogram at
(1) 0.0157, (2) 0.0787, (3) 0.1575, (4) 0.3937, (5) 0.7870, (6) 1.5780 and (7) 3.1496 mM. The
evaluated limit of detection is 0.0561 mM.
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Fig. As. Calibration curve with confidence intervals for Ni** in 0.6 M NaCl + 0.01 M
benzotriazole determined using capillary electrophoresis. Inset shows the electropherogram at
(1) 0.0169, (2) 0.08475, (3) 0.1695, (4) 0.4237, (5) 0.8476, (6) 1.6949 and (7) 3.3898 mM. The
evaluated limit of detection is 0.0797 mM.
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