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Abstract

This thesis presents work on the mechanism andiéshef the surface film reactions
involving the conversion of aqueous species ordslifaces, and specifically, the reactions of
iodide and bromide on silver oxide on silver sudigtr These reactions provide a method of
immobilizing unwanted halides and are particulathited to control of hazardous radioactive
iodine. Potential applications of this researatiude nuclear reactor safety and post-accident
radioiodine management, and the safe productioruaadf the medical isotop&i.

The aqueous-solid conversion of reaction@gvith X (aq) to form AgX on a Ag
substrate can occur via one of three main reap@nways. The first pathway is a chemical
reaction that occurs at the oxide/solution intexfaghis is a molecule-molecule interaction that
does not involve charge transfer. A second, elebgmical (galvanic coupling) reaction
pathway is possible where the reduction 0§@do Ag is coupled to the oxidation of Ag to
AgX. Lastly, conversion can proceed via a dissofupathway where Agaq) released from
Ag,0 dissolution reacts with Xaq) in solution and AgX precipitates on the Agface. The
fastest reaction path will determine the naturthefAgX film that is formed. From the
perspective of immobilizing the halide ion, thesdilution pathway would be least effective. We
are interested in understanding how the systenmibdynamics and mass transport properties
affect the relative pathway rates.

The kinetics of the AgAg,OLIX (aq) solid-liquid interfacial reactions were stutligsing
a range of electrochemical techniques. Differéetteochemical measurements provided
chemical kinetic information. The diffusion-limdeand surface reaction-limited components of

the total reaction rate were separated by measthrengeaction time as a function of the



electrode rotation rate. Linear polarization anteptiostatic polarization were used to probe the

rate of the galvanic coupling reaction.

These studies concluded that the reaction of ediith silver oxide proceeds mainly via
the chemical reaction pathway, while the correspanceaction of bromide proceeds via a

combination of the galvanic coupling and the digBoh reaction pathways.

Keywords:
reaction kinetics, film conversion, silver, silv@xide, silver halide, solid-liquid interfacial

reactions, galvanic coupling, radioiodine, eledterical reaction
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Chapter 1
Introduction
1.1  Thesis Objectives
This thesis describes a number of studies thag werformed on the reactions of
Ag,0O/Ag with halides in solution. The overall objeetiof this thesis is to establish the
mechanism and kinetics of reactions involving tbeversion of silver oxide (A®) to
silver halide (AgX). There were multiple sub-olijees for the work as detailed below.
The objectives are listed in the order in whichdkeociated research is presented in the
thesis.

* One objective was to examine the nature, bothrelgoémical and
morphological, of silver oxide and silver halidfs formed on Ag electrodes
under various conditions. The type of films fornveere investigated by
changing variables such as halide species, hatideentration, overpotential, and
electrolyte composition.

* A second objective was to identify the dominantroloal and electrochemical
reaction pathways possible for the conversionleésioxide films to silver halide
films by reaction with aqueous halide anion.

» A third objective was to develop a kinetic modedtthan be used to study
chemical reactions at the solid-aqueous interfades kinetic model was first
used to examine the conversion reaction of solNeisbxide with aqueous iodide
anion to form solid silver iodide. From the kimetnodel, the reaction orders and
reaction rate constant were extracted. By studiiegchemical conversion as a

function of electrode rotation rate, in order tpa@ate mass transport effects from



the reaction kinetics, a surface chemical reagtde was determined. To
confirm the validity of assumptions made in theetio model the conversion of
silver oxide to silver iodide was monitoradsitu using neutron reflectometry.

» A fourth objective was to examine the effect otclelyte on (i) the composition
and morphology of silver-containing films and (e chemical reaction kinetics.

» Afifth objective was to explore how the differgetction thermodynamics and
mass transport properties of the different halaies iaffect interfacial reaction
kinetics. This was accomplished by investigatimg reaction of solid silver
oxide with aqueous bromide anion. The changesda@dmpeting rates of the
dominant reaction pathways and how they affectechtiture of the silver
bromide film are discussed.

» The final objective was to evaluate the contributod the electrochemical
(galvanic coupling) reaction to the overall convangeaction of silver oxide to

silver halide.

1.2 Research Applications

Silver, in either the bulk metallic or nanopartistate, is used in a number of
industrial, medical, and commercial products (esigver-zinc rechargeable batteries, and
silver halide reference electrodes, surgical mast#tsr reducing fabrics, solder,
telecommunication equipment, and conductive pd&ted]), not to mention its
popularity in jewelry and cutlery.

The antimicrobial activity of silver is very welkkwn [8-11]. This property is

highly desirable for materials used in biomedialides such as catheters, surgical



masks, and bandages [4,12,13]. For most indugtrielesses, and particularly
biomedical uses, the chemistry at the silver setfand especially aqueous-silver
interfacial kinetics must be well understood.

This thesis is focused on the reactions of silvin Wwalogens. There are several
industrial applications of silver that depend oesthreactions. These include the
immobilization and timely release of radioiodinetpes used for cancer therapies or
diagnosis [14], and the filtration of airborne @ddine from airstreams present in the
nuclear industry [15,16]. Exposure of humans thaiadines can be beneficial when
administered carefully in calculated small dosés]&]. Radioiodines are deliberately
introduced into the body to treat or diagnose almmof thyroid-related diseases and for
medical imaging purposes [17,18]. These purpasdade investigating blood flow in
the brain, detecting internal tumors, and imaghegurinary tract [14]. lodine-131 and
iodine-123 are the most commonly used isotopesadical imaging [19]. They are
produced either in a nuclear reactor or in a cystoby proton irradiation [20]. Once
made, the isotopes of iodine begin to radioactidelyay immediately, therefore
management of the controlled capture, releasedaliekery of these isotopes is critical if
they are to be safely used as diagnostic or tredtagents.

Despite the widespread use of silver in a broadea applications, there are
very few studies that have investigated the intgafaeaction mechanisms and kinetics
of silver-containing films.

The overall objective of this thesis is to estdbtise mechanism and kinetics of
reactions involving the conversion of silver oxi{@e,0) to silver halide (AgX) in

aqueous halide (Xaq)) solutions, where Xaq) is thel(aq) or Br(aqg) anion. The



incorporation of a halide ion into an oxide filmaonversion from a metal oxide to a
metal halide film can occur via different reactjgethways [21]. The protective
properties of the resulting surface film dependtanpathway(s) that the conversion
follows. The relative contributions of each reastpathway to the overall film
conversion will depend on the redox propertiehefrhetal, and its oxide and halide, and
the agueous redox conditions. For example, fopxeattive metals such as iron, the
metal oxide is thermodynamically more stable thenrhetal halide [22], while for a
noble metal such as silver, the metal halide ietleedynamically more stable than the
metal oxide [21,22]. For iron it has been showat thetal halide formation requires a
porous or defective oxide layer which exposes tsebmetal and leads to pitting
corrosion [22]. Our research goal is to estaldjgantitative relationships between the
redox properties of the silver/halide system, dredkinetics of the different reaction

pathways for conversion of AQ to AgX.

1.2.1 Atmospheric Corrosion of Silver

Silver possesses relatively high thermal and etattconductivity and this has
led to it being used in a number of commercial imoldistrial products. Any change in
the electrochemical properties (e.g., conductaotsilver due to the formation of a
surface corrosion film can negatively affect thedtion of an electronic part or device,
especially since the sizes of many electronic adevitave become smaller and more
compact [23,24]. However, atmospheric corrosidaesaf silver in urban, industrial, and
marine conditions have not been extensively studir@liminary studies have shown

that the corrosion rates are similar to those win@#um and iron, less than that of zinc,



and much less than those observed on carbon &tgellpsight into the processes
responsible for corrosion requires a detailed wstdading of the relationship between
the chemical properties of the oxidized silver acefand the atmospheric components
responsible for the changes.

The potential-pH or Pourbaix diagram for silvesi®wn in Figure 1.1 [25]. The
dashed line at more positive potentials is thenslke oxygen line and defines the
O./H,0 equilibrium potential as a function of pH. Thested line at less positive
potentials is the reversible hydrogen line andrafithe HH,O equilibrium potential as
a function of pH. A Pourbaix diagram gives an aadiion of the thermodynamic stability
of metal species at various combinations of poaéand pH, but provides no kinetic
information. Dry silver does not usually have &lloxide layer present on the surface
at ambient temperature and pressures (usuallgyiaasl00 nM [27]). The Pourbaix
diagram shows that AQ is only stable at a high pH (224) and in the presence of

strong oxidizers.
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Figure 1.1 The potential-pH equilibrium diagram for Ag in®l at 25 °C. Figure is
adopted from data found in [25].



One issue that is often not addressed when regatmospheric corrosion rates
of silver is the poor correlation of corrosion sateeasured in the laboratory compared to
those measured in field exposure experiments. dibgepancy led Kelly et al. to pursue
an investigation of the influence of UV radiatioalative humidity and exposure to
ozone on the corrosion of silver [28]. The morplgyland composition of the corrosion
products were examined by scanning electron mioms(SEM) and energy dispersive
x-ray spectroscopy (EDX) and galvanostatic reductieasurements quantified the
amount of each corrosion product. The main cooroproducts were identified as AQ
and AgCl [28]. They determined that the combimatd ozone and UV irradiation
caused rapid degradation of the silver sampledewhimidity had little impact on the
corrosion process [28]. During their investigataanunexpected side reaction, namely
the conversion of A to AgCI, occurred [28]. This reaction was avoidby
performing experiments in chloride-free sulphateitsons. This demonstrates how Ag
film conversions and transformations are extrerselsitive to solution conditions. We
have performed experiments in both buffered sodphwsphate, and un-buffered halide
solutions to investigate the role of solution caiodis (Chapter 4 and 5).

Only a few studies are published that examine tim@spheric corrosion of silver
in outdoor environments after short (less thanyws) exposure times [29]. In one
study Watanabe et al. investigated the corrosiagileér exposed to an urban atmosphere
for one month [29]. The corrosion products werarabterized using x-ray diffraction
(XRD) and x-ray fluorescence analysis. The XRDOgyat revealed that two corrosion
products, AgCl and A, had formed on the silver samples over the onetimexposure

period. They determined that the amount of Ag@t thas formed was sensitive to



changes in sea-salt concentrations, and that mg@? #8rmed during the summer
months compared to the winter months [29]. No ealsdifferences were found for
Ag,S formation because the airborne concentration,8fahd carbonyl sulfide did not
change throughout the year [29].

While Watanabe et al. were successful in deterrgitiie chemical composition
of the corrosion products formed on silver, the &egmical process or processes
responsible for silver degradation were not rebr{€hey speculated that AgCl
formation occurred by the precipitation reactiorAgf (aq), produced anodically at the
Ag/H0 interface, with dissolved Ghq) anions [29]. However, very little information
has been published on the rates of dissolutiomjgtation, and transformation of silver-
containing chemical species. We investigate twesfiormation or reaction rate of Ay

to Agl and AgBr and the results are discussed iap@drs 4-8.

1.2.2 Nuclear Reactor Accidents and the Releag&adioactive Materials

Measures that can limit the release of radioadtidae into the environment are
of particular interest to the nuclear industry.efienare currently 440 nuclear reactors
operating in 30 countries and these reactors peédlmost 14% of the world’s total
electricity [30]. In Canada, there are 18 CANDtéactors currently in operation (16 in
Ontario, one in Quebec and one in New Brunswickl) these supply up to 52% of
Ontario’s electricity and 15% of Canada’s electyi¢80]. Nuclear energy has proven to
be a reliable, clean, and economical energy sdhetedoes not contribute to
conventional air pollution or green house gas eonss However, accidents at the

Chernobyl, Three Mile Island and the Fukushima ¢haireactors demonstrate the



importance of the development and implementatiostrategies that can limit releases of

radioactive materials [31].
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Figure 1.2. Schematic of the key components of a nucleatoeadich is adopted
from [32].

The key components of a conventional nuclear paeestor are depicted in
Figure 1.2 [32]. A nuclear power reactor workshia same way as a conventional fossil
power plant; it produces heat to generate stearohathen turns a turbine to generate
electricity. The main difference between the tygets of power plants is the fuel. Ina
nuclear power reactor, heat is generated by fissiamanium fuel. During the fission
process a uranium atom nucleus splits into two lematomic fragments that are termed
nuclear fission products. Fissioning of the fusbgroduces a large release of energy,
gamma rays and neutrons. The neutrons releasedigsion interact with additional
uranium nuclei in a self-sustaining fission chaaation. The fission fragments range in

mass between 60 and 160 amu in a distribution pattks at mass numbers around 90



and 140 amu [33]. The distribution of atomic framts formed from the fission 6f°U
is shown graphically in Figure 1.3. The peak & &dntains a range of radioactive

iodine isotopes' to *29) plus stablé?.
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Figure 1.3. Fission yield, frequency distribution of the fs products generated in the
fission of***U adopted from [33]

From the perspective of public safety, radioiodsene of the most important
fission products from the uranium fuel becausea itadiological hazard [31,32]. Once
radioiodine is released to the environment, humaguogure to radioiodines can occur
through inhalation, or ingestion after it enters tbod chain [31]. Once iodine enters the

body it rapidly accumulates in the thyroid glandendit can be a source of substantial
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doses of beta radiation [35]. The primary biolagmonsequence of radiation exposure is
DNA damage [35]. Acute effects from high radiatawses include thyroiditis, while
chronic and delayed effects include hypothyroidigmroid nodules, and thyroid cancer
[35].

In the event of a severe nuclear reactor accidganeyent where the reactor fuel
overheats) a significant fraction of the radioiadinventory in the nuclear reactor will be
released from the reactor core (labeled “C” on f@du2) into the containment building
(labeled by “A” on Figure 1.2) [3819]. Most of the released iodine would quickly
dissolve and remain in the water that would begirethroughout the containment
building following an accident [389]. However, a small fraction of the iodine cobll
released to the gas phase due to the continuowsrsion of non-volatile (aq) in the
water to volatile iodine species such asrlCHl, under the oxidizing conditions
prevailing in the water due to the presence ofzimg radiation [40,43]. This is shown
schematically in Figure 1.4. Because of its mopittontrol and prevention of release of
the airborne iodine is critical for safety and pastident management. One of the
methods used to control and limit airborne radimedelease is air filtration with deep

zeolites that are impregnated with silver [15,16].
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Figure 1.4 Transport flow paths of iodine for CANDU reactorden accident
conditions.

A means of controlling airborne radioiodine generatluring a reactor accident
is immobilization of the iodide in the water by céan with a metal to produce an
insoluble halide. Silver is a candidate matealduch a process. Results from large-
scale experiments that simulate severe accidenlitomms have shown that the formation
of volatile iodine species is suppressed when isis/present [42,44,46,48,49]. This
silver is naturally released from the melting ofi@d control rods (“B” in Figure 1.2)
that are used in some reactor designs [50]. Ttasiol rods maintain an appropriate
level of the fission chain reaction neutrons. @aintods can be made of various
materials, one silver-cadmium-indium alloy (80%%d,5%and 5% by weight) is used in
Pressurized Water Reactors and Boiling Water Reaf$0]. In some accident scenarios
reactions of silver from these alloys with aqueimane to form insoluble silver iodide

could dominate iodine behaviour in solution [42,46]
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Because there will be a high radiation field présem containment building
during a severe accident, the silver in the wailtb& exposed to oxidizing conditions
driven by ionizing radiation that is present [3G-48lence, while Ag could enter the
aqueous phase in the metallic state, it can bectxgh¢o grow an oxide (AgOH, AQ or
AgO) surface film. To assess the availability ofatile radioiodine under severe
accident conditions, it is important to establisé mechanism and kinetics of individual
iodine reactions with silver/silver oxide. Knowggsglof the reaction kinetics is also
important in understanding the immobilization dflilee on silver surfaces impregnated
on filtration materials, since the filters are mlistly to operate under conditions where
high humidity in the filtered air will lead to mdise condensation on the silver surfaces.

Due to this ability of silver to immobilize iodir®y forming an insoluble solid it
has been suggested that silver be deliberatelydatddde aqueous phase following an
accident, or incorporated into barriers to prevadioiodine release from nuclear waste
management facilities [15,16].

Early studies on silver-iodine interactions invalveeasurements of overall
iodine uptake on silver as a function of pH anddktnt of initial Ag oxidation, in either
the presence or absence of radiation [42,44,4@48 Phe results suggested that the
uptake involves the interaction ofdq) with AgO:

Ag,O(s) + 2T(aq) + 2 H(ag) — 2 Agl(s) + HO(aq) (1.1)
and the reaction of with both metallic Ag and A®:

2Ag(s) + ¥g) - 2Adgl(s) (1.2)

Ag20(s) + k() -~ 2AdI(s) + ¥2Q(g) (1.3)
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However, these studies have not unambiguously lestald detailed mechanisms and
kinetics of the individual reactions [42,44,46,48,4
A complication to interpretation of previous expgntal results is the pseudo-

steady state that exists betwedad) and J(aq) in the aqueous solution [37,39,40]:

2 (aq) O30 Ix(g) (1.4)
12(9) + HO(ag) 5 HOIl(aqg) + T(aq) + H(aq) (1.5)
12(9) + @ag) S Is(aq) (1.6)

Equilibria (1.5) and (1.6) are achieved thermallgrein the absence of radiation.

The formation of Agl can occur by the reaction @@ with I'(aq) (equation 1.1)
or Ag with L (equation 1.2). Since the goal of this work wadétermine the mechanism
and kinetics of the individual reactions that am@simimportant in solution only the
reaction involving AgO and T(aqg) has been studied. The reaction between aqueou
I"(ag) and the solid A®/Ag surface can occur via three reaction pathways:

1. Chemical reaction at the oxide/aqueous (oxfag)face (Figure 1.5). Thisis a
molecule-molecule interaction that does not invalliarge transport in the solid:

Ag.O(ox/aq) + 2 X(ox/aq) + HO > 2 AgX(ox/aq) + 2 OH (2.7)
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Figure 1.5 Schematic representation of the Ag electrodeasarét the beginning and
end of the surface chemical reaction.

2. Electrochemical (termed galvanic coupling hdesafeaction in which reduction of
Ag,0 to Ag in the solid surface ‘oxide’ phase (oxt@ipled with oxidation of Ag +

X (aq) to AgX at the Ag metal/water (m/aq) interf§Eegure 1.6):

Ag-O(ox) + 2e + O > 2 Ag(s) + 20H (1.8a)
2 Ag(m/ag) + 2 X(m/aq)> 2 AgX(m/aq) + 2e (1.8b)
Net: AgO(ox) + 2 X(m/aq) + HO > 2 AgX(ox/aq) + 2 OH (1.8¢)

Beginning or Middle of Conversion

Figure 1.6 Schematic representation of the galvanic coupkagtion described in
equations (1.8a-c).
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This electrochemical reaction requires charge prarighrough the bulk solid phases,
i.e., the silver substrate and/or the silver oXibhe lattice. The charge transport can be
accomplished by migration of electrons, ions an@/orvacancies. This reaction will
depend on the electrochemical potential at the ggbrand AgO/solution interfaces.

3. Dissolution of Ag(aq) from AgO(ox), followed by the diffusion of Agaq) into the
bulk aqueous phase (Figure 1.7). Some dissolvéapwill react with X(aq) to
form AgX(aq) in the aqueous phase, which will tineigrate away from the interface

region to the bulk aqueous phase or re-settle ®@eldrtrode surface.

Ag,0(0x) + HO > 2 Ag'(aq) + 2 OH (1.9a)
Ag'(ag) + X(aqg)> AgX(aq) (1.9b)
(1.9¢)

AgX(aq) = AgX(ox)

Beginning or Middle of Conversion

Figure 1.7 Schematic representation of the dissolution reagiathway.

All three pathways lead to the formation of soligon the AgO surface.

However, the nature (size and morphology) of thel $ibm formed by the different
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pathways will be different. The competing rateshaf different reaction pathways are
very important since the fastest reaction pathwdlydetermine the nature of the AgX
film that is formed. Which reaction pathway domesis expected to depend on
parameters such as the difference between thal@qui potentials of the Ag/Ag and
Ag/AgX redox pairs, oxide and halide film morphaleg and thickness, film
compositions and solid crystallinities, cation amilon oxidation states, or solution redox
conditions. The properties of the surface filmttkdormed is an important factor
controlling corrosion kinetics. Thus, if we cartetfenine how the dominant conversion
pathway changes with respect to the chemical/elelcémical environment, the
information can be used for corrosion control.

This study on the reaction of AQ with I'(aq) echoes a related study by Smith et
al. [51]. The kinetic model that is described ima@ter 4 was applied by Smith et al. to
their investigation of the conversion of copperdex{CuyO) to copper sulphide (G8).
Copper has been proposed as the material of cfaitiee fabrication of nuclear waste
containers since it is thermodynamically stableanriie saline, anoxic conditions that
are expected to be present in a nuclear wasteiteposver the majority of the container
lifetime [52]. Destabilization of Cu by conversitmCwS sulphide appears to be the
only feasible long-term corrosion process for Cst@aontainers [53,54]. Due to an
initial period of oxic corrosion, a copper contaisarface will be covered with a thin
oxide/hydroxide/Clifilm that can chemically react with dissolved site ions (%)
that are generated in groundwater by microbes. prFineary goal of Smith et al.’s
research was to determine whether films formednduttie initial repository oxic period

can subsequently inhibit, and perhaps even prexesttion with sulphide [51]. Hence
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they had an objective similar to our objective nflarstanding the kinetics of Agl

formation and iodine immobilization.

1.3 Experimental Approach

Investigation of the kinetics of agueous—solieifdacial reactions often requires
either very cumbersome measurements (such as drgohgveighing of the solid reactant
or products formed as a function of reaction tif&]] or sophisticated and expensive
surface analyses [56]. Studies of redox surfaaeti@ns are exceptions, since they
involve interfacial-charge-transfer reactions dmehce, their reaction kinetics can be
followed by current measurement using an apprapaédctrochemical cell arrangement.
Highly sensitive current measurement-based teclesigo not work very well for
studying purely chemical (molecule—molecule) inteicns on surfaces because they do
not generate any current. However, for such reastipotentiometric electrodes that are
sensitive to changes in the activity of eitherrdgctant or the product can be used to
follow the reaction kinetics. One example of agmdibometric electrode is the
conventional platinum hydrogen electrode that idely used for acid—base titrations
[57,58]. In this work a specific form of this pate@metric approach is used. During the
course of the conversion reaction, the measurensbatsge from one sensor system

(Ag|Ag0|H0) to another (Ag|Agl|X@aq)).

1.4  Thesis Organization
This thesis contains nine chapters. Chapter Ilypmdroduces the thesis topic

and the research objectives. Chapter 2 contaiclgybaund information and the general



18

experimental methods utilized for the generatiodath presented in this thesis.
Experimental details specific to Chapter84an be found at the beginning of each of
these chapters. In Chapter 3, the electrochermeét@viour of silver oxide and silver
halide films is investigated. The results of Clea@ were used in the development of an
experimental approach that allowed us to deteritiainetic parameters (i.e., reaction
orders and reaction rate constant) for the chercmabersion of silver oxide to silver
iodide (Chapter 4). The influence of solution casiion and mass-transport
contributions to the chemical kinetics are presgimteChapters 4 and 5, and a revised
method to determine the surface reaction rate aohgt reported. Chapter 6 documents
an additional study of the interfacial reactiondtins of AgO with I'(aq) usingn situ
neutron reflectometry. The kinetics of the coni@rof AgO to AgBr are analyzed in
Chapter 7 using the electrochemical analysis meatlhedeloped in Chapters 4 and 5.
The results show that the contributions of the fbssonversion pathways to the overall
conversion rate are different for th¢aq) and Br(aq) systems (Chapter 8). The thesis

concludes with a short summary of Chaptet8,&nd future experiments are suggested.
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Chapter 2

Experimental Principles and Details

This chapter includes general information regardimregvarious experimental
techniques employed in this thesis project. Ib a€ludes experimental procedures that
are common to all experiments. Additional expentagdetails will be provided, as

necessary, immediately prior to the discussiorestiits in later chapters.

2.1 Experimental Set-Up
2.1.1 Electrochemical Cell

In an electrochemical cell where current is allow@flow between two
electrodes, the current will polarize both elecé®th response to the reactions occurring
on the electrodes. To address this problem, theaetains separate reference and
counter electrodes. A potentiostat is used tonadlosery low current to flow through the
reference electrode, as its only role is to a@ sference point against which the
potential of the working electrode can be measorazbntrolled. The current passed at
the working electrode is balanced by a current flbsugh the counter electrode. This
arrangement of a working electrode (WE), a refezeglectrode (RE) and a counter (CE)

is shown in Figure 2.1.
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Measurement Control
Circuit Circuit
N (V)
N L/

CE WE RE

_ —J

Figure 2.1 Schematic of a three-electrode cell setup.

For this work all electrochemical experiments weeeformed in a Pyrex cell
using this conventional three-electrode configorati The counter electrode was made
by spot welding a 2 cmm 2 cm platinum sheet to 1 mm diameter platinum (@& 95%
purity). The wire was used to connect the ele@nndthe measurement equipment.
Platinum is chosen for the counter electrode bexaus quite inert and will not oxidize
or dissolve under the conditions of the experimetitss known to readily sustain water
oxidation/reduction reactions. The reference ebelet was a commercially available
saturated calomel electrode from Fisher Scientificsaturated calomel electrode (SCE)
provides a reference potential that is +241 mV watpect to the standard hydrogen
electrode (SHE).

Electrochemical measurements were made with at8mtat480 multistat or a
Solartron 1287 potentiostat running Corrware sofén®ersion 3, Scribner Inc.).
Rotating disc experiments were performed usingaaoproduced by Pine Instruments

Inc.
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2.1.2 Solution Preparation

Electrolyte solutions were prepared from ultragpdeionized water with a
resistivity of 18.2 M2[@m. The water was obtained from a NANOpure DiathON
ultra-pure water system (Barnstead Internation@gagent grade chemicals from a
variety of sources were used to make up the elgtdreolutions to the desired
concentrations. To achieve anoxic conditions endlectrolyte, solutions were deaerated
by purging with ultra high purity argon gas for animum of 60 min prior to, and then

during, all experiments.

2.1.3 Sample Preparation

Working electrodes were made by machining dismsfa silver rod (area of
0.385 cm) obtained from Goodfellow Cambridge Limited (99%purity). To provide
an electrical contact, a stainless steel rod wastled into the back of the silver disc.
The electrodes were then wrapped with polytetraflatheylene (PTFE) tape and
Parafilni] or bonded in cylindrical PTFE holders with epoggin to allow only one face
of the electrode to contact the electrolyte as shiowFigure 2.2.

Prior to an experiment, the silver electrode wdsped with incremental grades
of silicon carbide paper (500, 800, 1000, 1200 gfTthe electrode was then rinsed,
sonicated in deionized water to remove any remgipolishing residue and rinsed again.
After placement in the electrochemical cell, tHeesiworking electrodes were

cathodically cleaned by polarizing the electrodelal Vscefor 300 s. This removed
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any air-formed oxides and ensured that all exparimstarted with a reproducible

surface of pure Ag.

<+—steel rod

<«—PTFE holder

Ag rod epoxy resin

Figure 2.2 Schematic of an assembled silver working eleetrod

2.2 Electrochemical Reactions at an Electrode Surfa

Electrochemical reactions are redox (reductiordation) reactions occurring on
the surface of an electronic conductor (electragepntact with an ionically conducting
medium. In considering the thermodynamics andtlase®f such reactions, it is often
quite useful to separate the reaction into “hadfeteons” by isolating the components
participating in the oxidative part of the overaaction from those participating in the
reductive part to yield respectively an anodic ‘na#ction and a cathodic half-reaction.
In the half-reactions, electrons are explicitly@fied as a charge-balancing reactant or
product. The main convenience afforded by halttieas is that they can be used in a
“mix and match” fashion to compare various overatlox reactions while allowing what
is known about the thermodynamic and kinetics chdaalf-reaction to be used
independently of the other half-reaction with whithight be paired [16].

The thermodynamics of electrochemical reactioeshauich like those of other

chemical reactions, with the addition that, forcelechemical reactions, one must also
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consider the energetics of moving charges speelest(ons or ions) through the electric
field that resides at charged phase boundariesreidre, the free energy change in an
electrochemical half-reaction is potential-dependas given by [1,5]

AG =-nFE (2.1)
where AG is the free energy change of the reaction, mtimeber of equivalent electrons
transferred in the reaction, F the Faraday con$@85 @hol™), and E the
electrochemical potential difference between tleetebde surface at which the reaction
(half-reaction) in question is taking place anel defined standard reference potential.
That is, we consider the free energy change favamnall redox reaction in which one
half-reaction is the half-reaction of interest dné other is, by convention,

2H + 2€é S H, (2.2)
where this reaction represents the reaction tgliace on the Standard Hydrogen
Electrode (SHE) (Pt at Z& in solution with g, = 1 and B, = 1 atm). The latter half-
reaction has been chosen as the zero or referendef@r the potential scale {g= = 0).
The thermodynamics of any half-reaction can theddseribed in terms of a potential
(which, strictly is a potential difference fronglg = 0). The thermodynamics of any
overall redox reaction can, in turn, be evaluatedhfthe difference between the
potentials (vs. SHE) determined for each half-ieadnvolved.

The dependence of the free energy change on neactd product concentrations
and temperature in chemical reactions is giverhbyan’t Hoff Isotherm [5],

AG =AG® + RT In Keq (2.3)
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whereAG’ is the standard free energy change for the readte., for the reaction
occurring under standard conditions), R the Uniale@as Constant (8.31&J ol ™),
T the absolute temperature, ang, e equilibrium constant for the reaction.

Substituting equation 2.1 into 2.3 allows us toweat the Van't Hoff Isotherm
into the electrochemical equivalent, known as tleenlst equation,

E° = E° —%m K., (2.4)

where E is the equilibrium potential for the half-reactiohinterest (vs. SHE) and’ s
the Standard Potential (i.e., the equilibrium pogtior the half-reaction under standard
conditions A,G° = -nFE’) [7]. To connect this directly with the activisie

(concentrations) of reactants and products invglnete that for a reaction,

aA + bBS cC + dD (2.5)
_acay

Kea =—ap (2.6)
aAaB

where & is the activity of species X. This can be incogted into the Nernst equation

to give:

c Ad
Ee = 0 - N1 | & 2.7)
nF | ajag

Note also that the convention for redox half-reagiis to express them in the form of a
reduction reaction (electrons on the left sideyiédd the usual sign convention for the
potential [1,5].

When an electrode is placed in a solution withdok couple present and without
an external power supply or current source/pathwayill spontaneously react such that

the free energy decreases and the systems heaalsltequilibrium. After an initial
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charge transfer between electrode and solutioerf@aamall number of charges) an
electric field develops at the electrode-solutioeiface, which then prevents any further
uncompensated charge transfer between them. Famnpaint, any charge transfer
between electrode and solution species must camsbarge so that no further charge
separation occurs. That means that for every tirid@ccurring on that surface, a
charge-equivalent reduction must also occur onghdice. No current is measurable
because there is no current pathway through ammnetteneasurement device and there is
no current generated by the reaction since altreles produced in the oxidation half-
reaction are consumed in the reduction half-reactibhis means that the partial anodic
current generated by the oxidation half-reactignisi equal in magnitude to the partial
cathodic current generated by the coupled redutiabirreaction, 4, such that they sum
to zero:

ia=0cO (2.8)

ia+ic=0 (2.9)
A specific term is given to the partial current mégde at the equilibrium condition; it is
called the “exchange currentg, and is a measure of the dynamics underlying the
equilibrium state. The electrode potential measimethis case is € The term “open
circuit” is used to describe an electrode isoldteth external current pathways, and the
potential achieved under the open circuit condittocalled the open circuit potential,
Eoc [1-6].

In the case where an electrode is immersed ituéico in which an ongoing
redox reaction can occur spontaneously (e.g.,/@sion situation) the open circuit

potential is not an equilibrium potentiald&# E). Yet still, if the electrode has no
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available external current pathway (i.e., it i®pé&n circuit) the requirement for charge
conservation, implying that no net current musivflonplies that the potential will
establish a value (usually the only value) of whiais condition is satisfied for the
existing conditions (i.e.ai=ic], ia + ic = 0). In corrosion reactions, this open circuit
potential is established by the oxidative and r&dadalf-reactions of a corrosion
process, so it is given the special name “corropmential,” Eor (i.€., Boc = Econ).

The magnitude of the underlying partial anodic eathodic currents is also
specifically named the “corrosion current, &g (i.€., i = Oic[= icor). The corrosion
current is directly proportional to the rate of twrosion reaction. Since it cannot be
measured directly (net current aj;kis zero), several methods (Chapter 8) have been
developed to evaluate this important parameter-fli19

The forward ratey , of a simple first-order redox half-reaction, éstample

Ox + né S Red (2.10)
is proportional to the activity of the reacting sies

v =ka,, (2.11)
wherek is the constant of proportionality, known as thaé constant”. In
electrochemical terms, the rate is expressed ifottme of a current

i =-nFka,, (2.12)
Furthermore, in electrochemical reactions the catestant is potential-dependent
(analogous to the temperature dependence of thewoastant of thermal reactions via the

activation barrier as described by the Arrheniyzression). Therefore,

k =k_ex _c?n_Fnj (2.13)
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wherek, is the pre-exponential factad, is the symmetry coefficient (describes the

symmetry of the activation barrier to the forwardlaeverse reactions), ands the
“overpotential” or shift of the electrode potentiadm the equilibrium potential value,
ie.,

n=E-E° (2.14)
Analogous rate and rate constant expressions cdeflveed for the reverse reaction
(2.10), and by summing the kinetic relationshipstf@ forward and reverse half-

reactions, the net current can be expressed as:

i:i{exp{ﬁ”F”j—ex —‘7”—':’7)} (2.15)
RT RT

whered and & are the symmetry coefficients for the half-reatsiproceeding in the

reverse (anodic) and forward (cathodic) directiosaspectively & +a =1). This is the
Butler-Volmer equation [12]. It describes the meaasd current as a function of applied
overpotential for a given half-reaction. It is repented graphically as shown in Figure
2.3. Inspection of equation 2.15 indicates thatdoge positive overpotentials, the
second exponential term rapidly diminishes to digide magnitude and the reaction is
dominated by the oxidation described by the fiastodic) term. Likewise, at large
negative overpotentials, the second (cathodic) eaptal term dominates the equation,
the first (anodic) term diminishes to a negligialaount and the nature of the reaction is
almost entirely cathodic (reduction).

In the case of a corroding electrode, two diffetalf-reactions are proceeding on
the same electrode ap& Each half-reaction is independently described$gwn

unique Butler-Volmer equation. The net observabigent-potential relationship is
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easily obtained from the sum of the two simultarseButler-Volmer equations. The
proposed name of this summary equation is the Wabraeid equation [911]. The

Wagner-Traud equation is given by

o a,nF _ B _acnkF__
I_ICorr|:eXF( RT (E EOC)J eX[{ RT (E Eoc)jj| (216)

wherea, is the anodic transfer coefficient and the cathodic transfer coefficient.
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Figure 2.3 Current-potential relationship for a redox actipedes [6].

The form of the Wagner-Traud equation is similathiat of the Butler-Volmer
equation, and it has some of the same propertaarts. The transfer coefficients are
similar to the symmetry coefficients, though instbase they correspond to activation
barriers from two different half-reactions. Thelgy betweenjiand &, has already
been described above. The differene&ge is akin to the overpotentigl but now
represents the degree of polarization away fronogen circuit, rather than the
equilibrium potential, E Also, it can be seen that at large polarizatjpositive of B¢

(E-Eoc >> 0) the first (anodic) term of the Wagner-Tragpiation dominates and the net
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current is anodic, whereas at large polarizatiagative of bc (E-Eoc >> 0), the
second (cathodic) term of the Wagner-Traud equat@mninates and the net current in
cathodic. The summing of two Butler-Volmer equas@nd the form of the Wagner-
Traud equation are illustrated graphically in Feg@r4. The use and implications of the

Wagner-Traud equation are further discussed in €n&p
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Figure 2.4 Current-potential relationships for coupled reawsitn a corrosion process.

2.3 Principles of Experimental Techniques
2.3.1 Open Circuit Potential Measurements
As previously stated thegg is the potential that is established on a metakimng

electrode in an electrochemical cell when thereigxternal current or potential applied
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to the system. The rates of the coupled anodiccatitbdic reactions depend on a
number of factors, including: the working electrquteperties, electrolyte concentration
and pH, electrode film formation, temperature, trepresence of other species in the
electrolyte (such as dissolved oxygen). The &an be measured by placing a high
impedance voltmeter between the working and reteretectrodes of the
electrochemical cell. The high impedance of thkawometer ensures that negligible
current flows through the external measurementitiravhich ensures a limited iR (or
voltage) drop [13].

The B is typically a complicated function of not onlyetlequilibrium potentials
of the agueous- and electrode surface-redox fmitsglso the electrode surface area, and
topography, the concentration of the redox couled,the individual reaction rates. In
many cases, changes to surface properties due firdigress of corrosion and the build-
up of electrode surface films make it difficultpgcedict B¢ from thermodynamic and

kinetic considerations alone.

2.3.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is used to study variousdit and cathodic processes
that occur at an electrode surface as a functi@napplied potential. In a typical cyclic
voltammetry experiment, the current density is rtamed while the working electrode
potential is scanned linearly/at a constant ratehahge from an initial starting potential
(Einitiat) to a chosen final potential {fg. The scan direction is subsequently reversed and
the potential is swept back to the original potn(,iia) as illustrated in Figure 2.5.

The current measured during the potential scaimeasure of the net rate of the charge
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transfer reactions occurring on the working elegrat each time durimg the scan. An
observed anodic current is a measure of the nebfaixidation on the electrode surface
and an observed cathodic current is a measureafdhrate of reduction on the electrode
surface. The Faraday Law determines the relatipristtween the total charge

transferred by the current and the number of molesidized or reduced species:

m = QF[g (2.17)

where m is the mass (in g), Q is the total chaig€oulombs), M is the molar mass (in

gol™), F is the Faraday constant, anig the number of electrons transferred per mol

of product.
A
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Figure 2.5 The potential-time profile applied in a cyclicllammetry experiment.

The measured current is recorded as a functioteintial and can often provide
information about the sequence of electrochemix@ation and reduction reactions
occurring on the electrode. The current resporesgdepend on the potential scan rate
(o), and changes to this parameter may provide irdtion on the relative contribution

to the current of “slow¥s “fast” and reversibles. irreversible reactions.
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There are other elements of cyclic voltammetry #rathelpful in understanding
electrode kinetics. For example, if an oxidatieaduct formed during the forward scan

is insoluble and can be completely reduced duhegéverse scan, the total accumulated

charge during the anodic scanA(@_[EEE"" i [dt) should be equal to that for the cathodic

Initial

scan (Q = _[EE'""“' i [dt). An idealized cyclic voltammogram depicting trendition

End

where Q = Q¢ is shown schematically in Figure 2.6

2Ag + 20H- > Ag,0 + H,0 + 2e-

Elnmal Eend

Ag,0 + H,0 + 26~ > 2Ag + 20H-

Figure 2.6 The current-potential response in a cyclic voltatric experiment for a
reaction in which all of the anodic charge is remred during the cathodic scan. The
areas under the two peaks are the same.

2.3.3 Potentiostatic Polarization

In a potentiostatic anodic polarization experimantpnstant external potential is
applied to the working electrode using a poteribahd held for a certain length of time
while the resulting current is measured. Thestatential allows for isolation of the
anodic and cathodic reactions involved in corrosidhe value of the applied potential

with respect to the & will determine the direction of electron flow, tieby allowing
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either the anodic or cathodic reaction to be stlidiethe working electrode. During
anodic polarization, oxidation occurs at the wogkatectrode and the resulting electrons
are passed through the potentiostat circuitry éocthunter electrode where they are
available to support the balancing reduction reactivithout affecting the applied

potential at the working electrode.

2.3.4 Cathodic Stripping Voltammetry

Cathodic stripping voltammetry (CSV) is conductgdsbanning the working
electrode potential to a lower potential (in a odib direction) while monitoring the
current that flows during the potential sweep. Tat#hodic scan usually starts at the E
and ends at a potential where it is expected beastrface species is fully reduced.
During the CSV, species present on the electroidareduced at potentials more
negative than their thermodynamic equilibrium ptitds. If the cathodic behaviour of a
system is already known, for example, from a comtbam of cyclic voltammetry and
surface analyses, CSV can be used to quantifyilthéHat forms on the surface of an
electrode during an anodic process. It is thuyeoient to couple CSV withdz or
potentiostatic anodic polarization to determinedah®unts of various species formed on
an electrode as a function of potential and time.

By integrating the current attributed to a spedifim reduction process in a CSV
over time, one can obtain the charge corresportditige reduction of that film.
Assuming that film dissolution does not take pldaeng the stripping and that the
electrochemical reduction process goes to complekaraday’s law can be used to

guantify the amount of surface film material thatswpresent.
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2.3.5 Galvanostatic Polarization

During a galvanostatic polarization process, a @n<surrent is applied to the
working electrode and the potential is monitorea &snction of time. In such a
controlled current experiment, a redox reactiontmogsur at the surface of the working
electrode in order for the applied current to flowhe sign of the applied current will
determine whether the reactions at the surfacexadizing or reducing. For a reduction
process, the potential will initially be set by tieeluction of the species on the electrode
that can sustain the highest potential. Once itih@uat of the species on the electrode
supporting this redox reaction approaches zerogpipded current can no longer be
supported by that particular electron transfertteac The potential decreases and is set
by the redox potential of the next species thatimreduced. When there is no available
redox reaction on the electrode, the potential ehilnge to that which can sustain
reduction of water. This process is shown forta@adic reduction reaction of an

electrode with a mixed A@® and Agl film in Figure 2.7.

4 Ag,0 +H,0 + 2e-
- 2Ag + 20H-

Agl+e > Ag +I-

H,O + 2e-
> H,(g) + 20H-

»
»



39

Figure 2.7 A schematic of the potential-time profile for a\gatostatic reduction
measurement showing the reduction of a film comagirg,O and Agl. Once those
species are consumed the potential drops to draterweduction.

The applied current can be negative (cathodic)sitve (anodic), depending on
which redox process is under investigation. Theal tcharge passed during the oxidation
or reduction process can be calculated using exuatil8:

Q=iAt (2.18)
where Q is the total charge applied during the atkaoh/reduction process that occurs at

potential (E), i is the applied current, and this time at which this potential is sustained.

2.3.6 Linear Polarization Measurements

Linear polarization measurements involve scanbitg 30 mV positive and
negative of either thedz or an applied potential, while measuring the auirréA very
small potential range is selected to minimize pedtion of the system away from the
Eoc (i.e., the natural corroding system) or from tlesiced applied potential. The other
major reason for using smaE is that the Wagner-Traud equation, an exponential
relationship, is approximately liner over a snst.

Several useful parameters can be calculated fro@adipolarization
measurements depending on the ongoing electroééidsn One parameter, the
polarization resistance, can be useful in intempggpassivity in the case of resistive
films, or electron transfer in the case of actira$ [20]. Because the system under
investigation in this thesis is unique, specifitails of the linear polarization technique
as applied to that specific system are describedlare detail in Chapter 8, section

8.3.2.3.
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2.3.7 Rotating Disc Electrode Experiments

If a reacting species in solution is being consutettie electrode surface at a
rate faster than the rate at which it can be regheal at the surface by solution mass
transport, a concentration gradient will develophi@ solution near the electrode surface.
Under idealized stagnant conditions in the solyteosteady-state reaction rate at the
surface cannot be achieved since the concentrgtazhent will continually change with
time. However, completely stagnant conditionschffecult to achieve and natural
convection will eventually stabilize the flux, J,aspecies to (or from) the electrode
surface. Under controlled convective conditiongn@ar concentration gradient can be

established that depends on the diffusion ratee@tpecies and the flux is approximated

by [5]:

_D, »_
3-7(6’ ) (2.19)

whereD is the diffusion coefficien® is the Nernst diffusion layer thicknes8 s the
bulk concentration and is the surface concentration. Where mass tragséerelectron
transfer) is the rate limiting procesSjs zero. This is schematically depicted by theygr

lines in Figure 2.8.



41

Elactrode Salution

CBULK
e -
; _—
/ 1/
7
'I'
74 c
i 4 [+]
7/ 5
/ [
/ k=
/ a
I/ 3]
! c
4 P d
Vi o
s
!
/
4
i o )
[0

RNicénmana
FioLdriec

Figure 2.8 Concentration profile of steady-state mass trarigwntrolled reaction under
controlled convective conditions adopted from [6].

The flux is an approximation of Fick’s first law diffusion and from this, one

can describe the limiting current densityas:

b
I, F% (2.20)

A rotating disc electrode is used to force conwectiurrents at the surface of the
electrode in a well-defined manner. The movemétiieelectrode creates conditions of
non-turbulent laminar flow parallel to the electeacglirface. Variation of the speed of
rotation permits control @ and, hencd, .

A rotating disc electrode consists of a circulaceode embedded in a circular
PTFE holder. The holder provides additional plamaface area surrounding the disc
electrode and the movement of the holder forcdsutant flow to occur away from the
surface of interest. The thickness of the diffadeyer next to the electrode and,

ultimately, the limiting current will depend on thagular rotation ratey, of the
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electrode and the solution kinematic viscosity,The limiting current density can be
described by the Levich equation:

I, =0.620FD*% "o w"? (2.21)
Therefore, if a reaction is completely diffusiomtwlled, a plot of, as a function of*/
will be linear, and the slope of that plot can Bedito calculate the diffusion coefficient,
provided that the number of electrons being transfiein the controlling redox reaction
is known.

Often situations exist in which the measured cungnot simply controlled by
either reaction kinetics or mass transport, buterapartial control by both is observed.
In these cases, the species concentratipat the electrode surface is not zero, but it may
still be very small compared to the bulk concendrat In these cases the measured
current is still a function of the electrode angutatation rate, but it is described by the

Koutecky-Levich equation:

1_1. 1.61Y°
l, 1« nFc’D**w"?

(2.22)
wherely, is the measured current density apdslthe kinetic current density that would
flow if the reaction was not mass transfer limite&plot of 14y versusn ™2 will yield a
linear relationship which can be extrapolated fmite o (or d = 0) to yield a value for
the kinetic current. For a sufficiently large guetential ), log k can then be plotted as
a function of the applied potential. This typepldt is known as a Tafel plot. While we

used a rotating disc electrode in our studiesgasribed in Chapter 5, we did not use

either a conventional Levich or Koutecky-Levich atjan to analyze our data. We
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derived alternative equations that relate massp@nm rates to thede to extract

chemical kinetic rates [14].

2.4 Surface Analysis

Scanning electron microscopy, X-ray photoelectq@ectroscopy, and X-ray
diffraction were used to study the composition araphology of oxide and halide films
chemically and electrochemically formed on a silsegstrate. These measurements
were performed on samples of the electrode afteoval from the electrochemical cell.
Neutron reflectometry was performadsitu, while silver oxide was converted to silver

iodide. The principles of each technique are desdrbelow.

2.4.1 X-Ray Diffraction

When a monochromatic X-ray beam of wavelerigih projected into a solid the
atoms will scatter the x-rays in all directions.h& the solid has an ordered structure (a
crystal lattice for a pure species), constructive destructive interference of the
scattered X-rays will result in diffraction patteraccording to Bragg's Law:

zA=2dsiny (2.23)
where z is termed the order of reflection, d isittterplanar spacing, anfdis the
diffraction angle. The value of z is an integed @ equal to the number of wavelengths
in the path length difference of two X-rays scateby adjacent crystal planes [15,16].
Note that the conventional symbols for Bragg's Laave been altered to avoid

redundancy.



44

Large databases of XRD spectra for pure specias, @xid these can be
referenced to aid in the fingerprint identificatiohan unknown compound. X-rays that
are diffracted from the sample can be produced fldfraction occurring well within the

sample so XRD is not a surface sensitive analytesdinique.

2.4.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is primarilydise investigate surface
topography. A high resolution electron beam igcted onto the sample surface and the
scattered electrons are detected. Samples areasicuam chamber in order to give both
incident and resulting electrons free passage gounce to sample, and sample to
detector. The incident electrons typically haveeaargy ranging from 0.2 to 30 keV.
They are focused by one or two condenser lensesibeam with a very fine focal spot,
sized 0.4 to 5 nm. The beam passes through gassaaning coils or pairs of deflector
plates which deflect the beam horizontally or watty so that it scans in a raster fashion
over a rectangular area of the sample surface [17].

When a sample surface is subjected to a focused b&alectrons, various
processes can occur. Incident electrons can citetith the atoms on (or very near) the
surface of the sample and eject secondary electrbngse are lower in energy than the
incident beam and arise only from the sample sarfaap few nanometers). They are
used to study the sample topography. As a refpitaximity to the detector, secondary
electrons from areas of higher points on the sasyntiace are more likely to be detected
than electrons from lower points. This resulta iorightness contrast in the image that

gives the micrograph depth perspective.
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Incident electrons can also be elastically scaitarea result of collision with
electrons within the sample. As higher atomic nangpecies contain more electrons,
the probability of backscattering is greater fagh@r mass species. A backscattered
electron image is useful in discriminating betwetments of different atomic mass.

Energetic impact between incident electrons andpaatoms can also promote
electrons within the sample atoms to higher enkrgsls. When the electrons return to
their ground state, they emit discrete X-rays, abt@ristic of a specific energy gap in a
specific element. Measurement of these secondaayXis called Energy Dispersive X-
ray (EDX) Spectroscopy. Since X-ray penetratiaodlgh samples is greater than
electron penetration, these secondary X-rays czapesrom much greater depths than
are probed by the backscattered electrons (tygidalbths of 0.02 — 1 mm are possible,
depending on the sample elemental compositionlaeénergy of the incident electrons).

Scanning electron microscopy was performed usiHgachi S-4500 scanning
electron microscope. Images were recorded withcaelerating voltage of 10 KeV and
a beam current of 20A at a 15 mm working distance. The SEM instrunveas also
equipped with a Quartz Xone energy dispersive X(EYX) analysis system to analyze

the elements present in the surface.

2.4.3 X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) spectrahtained by irradiating a

material with X-rays and measuring the kinetic ggdKE) and number of electrons that
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are ejected as a result of X-ray adsorption. RHebtdron spectroscopy is based on a
single photon/electron ejection process as illtsttan Figure 2.9. The sample is
irradiated by X-rays of known energy. Adsorptidraa X-ray by an atom on the sample
surface leads to the ejection of a single elediram the inner shell of the atom. The
kinetic energy distribution of the emitted phot@dtens

KE=tv-BE-g¢ (2.24)
is measured using an electron energy analyzeragbtoelectron spectrum is obtained.
Note that BE is the binding energy of the elecirothe atom that is ionizedphs the
energy of the incident X-ray photons, KE is theekio energy of the emitted electron and
@ is the work function. The work function is a doimation of the sample work function
and the work function induced by the spectrometdre sample work function is the
minimum amount of energy required to move an ebectrom the Fermi level of the
sample into vacuum, see Figure 2.9. In an XPS uneasent, the kinetic energy of the
ejected electron is directly measured, and theibgnenergy of the emitted electron is
calculated using equation 2.24 (and knowingahd ¢ [18].

A typical XPS spectrum is a plot of the measuredtpélectron intensity as a
function of the binding energy of the electronsedétd. Each element produces a set of
XPS peaks or lines at characteristic binding enealyes. The sizes of the peaks are
directly related to the amount of a particular ede@twithin the sample volume that is

irradiated (typically a spot size of 4Qén x 700um and depth 1 — 10 nm).
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Figure 2.9 Schematic of a single photon/electron ejection @sec

2.4.4 Neutron Reflectometry

Specular neutron reflectometry experiments probev#triation in the neutron
scattering length density perpendicular to the dammyrface at depths from a few, up to
several thousand, angstroms [19]. It is a padityluseful technique for investigating
layered film structures on surfaces and can be teseldaracterize surface layers in
agueous environments, such as the¥ggl layered film we are studying. The
technique is based on the principle that when Bificpllimated beam of neutrons of
wavelength\ is incident on a flat surface of a material atrels grazing angl®;, the
penetration depth is small and scattering is lichttethe surface and sub-surface regions
[19].

The neutron scattering at an interface betweemtedia, A and B, is shown
schematically in Figure 2.10. In neutron reflecttry, medium A is usually air or a
neutron-transparent material such as silicon. idestare reflected and transmitted at the

interface of any two materials with different reftige indexes [20].
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mitted
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Figure 2.10 A neutron beam is partially reflected and pdstinsmitted at the
interface between two media adapted from [20].

eflectey

Neutron reflectometry was performed using a timdlight apparatus (Figure
2.11) where the incidence angle is fixed and a&c#flity curve is obtained by measuring
the neutron beam reflection intensity as a functibthe incident neutron wavelength.
The Platypus reflectometer used in our studiesahatiite neutron beam with a spectrum
of wavelengths from 2 — 20 A. The neutron beam geaerated by the 20 MW OPAL
(Lucas Heights, Australia) research reactor. Healent beam was pulsed by boron-
coated disc chopper pairs. Within each neutroeeptiiere is a continuous band of
neutrons of different wavelengths. This band véd#id into discrete segments, each
corresponding to a narrow wavelength spread, bas¢ke time that it takes for the
neutrons to travel from the chopper to the detecidre neutron beam is collimated by
passing it through a number of slits, and the a(@lef the sample with respect to the
incident beam can be varied using a computer-cthedresample holding stage. The

reflected neutrons are detected by a 2-dimensftetletector [21].



49

2-Dimensional
He-3 Detector

Slit s4

Detector
Vacuum Tank

Incident
Beam

Collimation System
Neutron Guide Optics

Disc Chopper System
and Bunker

Figure 2.11 The Platypus time-of-flight neutron reflectometer

Neutron reflectivity data were collected as a fiorcbf the momentum transfer
(Q,), normal to the surface of the film, whergi®defined by

_ 471sind
A

Q (2.25)

The measured reflectivity is normalized by dividihg number of neutrons reflected by
the sample with the number of neutrons incidennufosurface. Since the wavelength
spectrum of the beam is not wide enough to cowveida Q-range in the reciprocal
space, data are collected at more than one angtevéy a wider range of J20].

The neutron reflectivity depends on the scattelemgth density (SLD) which is
determined by the composition and density of time &f interest. The SLD is defined as
the producpb, wherep is the number density of atoms dnthe coherent scattering
length of a particular isotope [20]. The experita#iy observable reflectivity of a
sample depends on the variation in the SLD whidiuiin is determined by the isotopic

composition and density of the constituent laydrise reflectivity spectrum will exhibit
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repeated modulated structures which are labelessigdringes (Figure 2.12). The
spacing between the minima of successive fringes/exsely proportional to film
thickness [20,21]. If a sample film contains mantgrfaces, then the reflectivity
spectrum will show modulations of several differpatiodicities. The clarity of the
Kiessig fringes depends on the interface widthr¢oghness) between two materials.
Derivations of film type and thickness from neutreflectivity spectra have the lowest
uncertainty if the film components have sub-Angstr@ughness.

Neutron reflectivity data is analyzed by comparantpeoretical or “best guess”
model to the measured reflectivity curve. A lesgtrares refinement procedure is then
used to minimize the differences between the theateand measured reflectivity curves
by changing the parameters that describe each |18ye various parameters in the layer
profile that affect the calculated reflectivity garare the thickness of the layers, the layer
SLD, and the interface width. The layer thicknesstrols the position (in of the
local minima and maxima of the curve. The SLDmare accurately the difference of
SLD between adjacent layers, controls how deepninema are compared to the maxima
on either side. Finally, the interface width cotgrhow quickly (in Q) the overall

intensity drops at high Q
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Figure 2.12 Reflectivity of a Si substrate covered by 400fA\g (black line) or a Si
substrate covered by 50 A of Ag (red line). Thedsig fringes corresponding to the
total film thickness of the layer are denoted bypas.

Neutron reflectivity measurements were carriedavuthe Platypus time-of-flight
reflectometer, at the Bragg Institute, Australiamchar Science and Technology
Organisation (ANSTO) in Sydney, Australia. Thiméi-of-flight instrument provided 20
Hz neutron pulses and was operated in the medisaiution mode&A/A = 4 .3%). The
reflected neutrons were measured using a 2-dimealsh@lium-3 detector with an active
area 500 mm wideg 250 mm high. Data were collected at two incidgnaizing anglest(
= 0.6° for 5 min and® = 2.4° for 10 min). Analysis of the data was dan#h Motofit

reflectometry analysis software [21].
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Chapter 3

A Comparison of the Electrochemical Behaviour of $ver-Containing Films on

Silver Substrate

3.1 Introduction

In this chapter, comparative studies of the eletemical behaviour of Ag in
aqueous KIl, KBr, KCI and halide-free NaOH solutidvase been made by means of
cyclic voltammetry (CV) and potentiostatic polatipa techniques, complemented with
scanning electron microscopy (SEM). The separdigiween the equilibrium potential
of the silver-silver oxide (AgD/AQ) redox pair and the equilibrium potential the
silver-silver halide (AgX/Ag, where X was,IBr, or CI') redox pair allows for the
formation of a specific type of film, depending e solution conditions and the
potential applied to grow the film. These measwets will provide a basis for the

experimental approach used in Chaptei8.4

3.2 Experimental Details

A silver working electrode, platinum mesh countectode, and saturated calomel
reference electrode were used for all electrochaneixperiments. The silver working
electrode had an exposed surface area of 0.38&mthwas polished according to the
polishing procedure described in Chapter 2, se@i@rB prior to electrochemical tests.
Electrochemical measurements were conducted at telmperature in Ar-sparged

0.01 mol-dm® NaOH or 0.02 mol-difi NaH,PO,. All solutions were made with
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deionized water (Chaper 2, section 2.1.2). Patassiromide, potassium iodide and
potassium chloride solutions had a final conceiamanf 5x 10 mol-dm*>.

Cyclic voltammetry was performed in solutions of KRI, and KCI, as well as in
halide-free NaOH at a scan rate of 5 mV/-sThe potential was scanned freth.1 Vsce
to 0.0, 0.2 or 0.4 ¥-g depending on the halide species present in solutSilver oxide
and silver halide films were grown potentiostaticahtil the total charge reached
0.050 C (0.13 C-cm). The morphologies of potentiostatically grown@gAgl, AgBr
and AgCl films were examined using a Hitachi S-486[l emission scanning electron

microscope (SEM).

3.3  Results and Discussion
3.3.1 Cyclic Voltammetry in NaOH Solutions

A cyclic voltammogram (CV) covering a potentiahge of —1.1 to 0.4 e
recorded on Ag in a NaOH solution free of halided@es is shown in Figure 3.1a. A
second CV recorded in NaPIO, with a potential range of —1.1 to 0.@d¢is shown in

Figure 3.1b for comparison. A small anodic curr@npotentials slightly negative of the
Ag,0O/Ag equilibrium potentialE®) ,, o, 5, Preceded AgD formation, and was
attributed to the chemisorption processq[L

Ag + OH(ad) 5 AgOH + e (3.2)
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Figure 3.1 Cyclic voltammogram recorded on Ag in (a) 0.01l4ho > NaOH solutions

to an anodic limit of 0.4 ¥ and (b) 0.02 mol-di NaH,PO; solutions to an anodic

limit of 0.6 Vsce The vertical line indicates the equilibrium patial for AgeO/Ag at pH
12. Arrows on the CV indicate the direction ofgaial scanning.

In both cases, the current rose rapidly at potisnsigghtly higher than

(E®) agorag- The initial steep increase in current was aiteh to the oxidation of Ag to

Ag(l), which follows a Butler-Volmer potential depgence (equation 2.15, Chapter 2,
section 2.2). The slight decrease in current @2-Vscewas attributed to the formation
of Ag,0 nucleation sites, and the increase in currentftilawed was due to A® film
growth at these nucleation sites.

The potential for the onset of AQ formation on the forward scan, and reduction
on the reverse scan, occur close to (there is 8 delay) the equilibrium potential for

the reaction [%5]:

2Ag+20H S AQGO +2 6 +H0 @ pH 12(E®) y0/0,= 0-22 Vece  (3.2)

The vertical line in Figure 3.1 indicates the paitarvalue of (E®) u, 0, a-
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The charges used during the forward potential §€#°) were compared to

those recovered during the reverse se@ff). The charges were obtained by

integration of the voltammetric currents. In betiutionsQ/%° [0 QZ%°, within an

error of ~8%. This indicates that nearly all of #rdic charge was used to grow the
Ag-0 film on the Ag electrode, and Ag was not lostligsolution during oxide
formation.

The form of the voltammogram was very similar tattbbserved in phosphate
buffered solutions. However, the maximum curresrigity, and hence amount of Ay
formed, was much less in NaOH-only solutions coragdao NaHPQO, solutions. tis
believed that the higher ionic strength of the piage solution makes transport of ions
in the aqueous phase easier (lower solution resisjawhich makes the AQ film
kinetically easier to grow.

The polarization resistance{R + Rsoution + Rct) Was calculated from the linear
current-potential region of the reduction8gpeak. In phosphate solutions the
resistance was low at 8dnr’, compared to a resistance of £28m’ in NaOH
solutions. The solution resistance was measureddayrochemical impedance
spectroscopy and was determined to be 3@’ in NaOH under stagnant conditions.
Therefore, the solution resistance contributesifsogmtly to the polarization resistance
measured from the A@ reduction peak in NaOH solutions. The additibpleosphate
significantly reduced the solution resistance. sTuggests that the Ag(l) diffusion

through the oxide layer is fast.
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In the NaHPO, CV, the upper anodic limit was extended to Oggg/ This
introduces the possibility of an additional electremical reaction, which involves the

conversion of AgO to AgO via the following reaction {b]:
Y2 AgQO + OH 5 AgO + € + % H0 @ pH 12(E®) 540 pg0 = 0-48 Vsce (3.3)

Therefore, in order to minimize AgO formation, Ati,O films were potentiostatically
grown at 0.04 ¥cein the following experiments to be discussed.

Another concern when growing AQ in solutions containing NaiRO, was
incorporation of PGF~ into the silver oxide lattice. SEM micrographsAgf0 films
grown with the same amount of charge, 0.050 C,a®@N and NakPQO, solutions are
compared in Figure 3.2. The A crystals grown in both solutions have similar
diameters, typically in the range of 200 — 500 rifhe slight difference in the AQ
crystal shapes may arise from the different ratégno growth in the two solutions.

Silver oxide films grown in the presence of phogplgenerally grow much faster.

(b)

Figure 3.2 SEM images of an A® film grown in (a) 0.01 mol-dmNaOH and
(b) 0.02 mol-dr? NaH,PO,. The total anodic charge®,,.),, used to grow the films

were 0.050 C in both cases.
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The influence of electrode rotation rate on threniation and reduction of A@ is
shown in Figure 3.3. Increasing the electrodetimtaate did not affect the potentials at
which the anodic oxidation of adsorbed speciex{i@a3.1), or AgO formation or
reduction occurred. At most rotation rates, thedamcurrent exhibited the same
potential dependences discussed previously, ideation and growth processes were
clearly observed. Increasing the electrode ratatabe resulted in an increase in the
anodic and cathodic currents, and hence, amouhg 8D oxidized and subsequently
reduced, i.e. @and Q increased with faster rotation speeds. This aszevas likely
due to the increased transport of Tbl the AgAg.O|solution interface, where?Dand
Ag(l) are injected at opposite sides of the growor@le interface and result in AQ
formation. The notation Ag(l) refers to Agtions in the solid oxide/halide lattice. These
cations are different from the solvated Ag spepiesiuced by AgO dissolution which

are given the notation Afpg). The initial steep increase at potentialstivesof

(E®) agorag Was attributed to an increase in Ag(l) productiear the bare Ag metal

surface. As the concentration of Ag(licreases, it will precipitate or nucleate on trge A
electrode surface. Under stagnant conditionsawvesl rotation rates, the large build up
of Ag(l) in the interfacial region hinders charge transpothis region and the current
decreases. Once the surface was sufficiently atede AgO film growth and thickening

continues, as seen by the almost linear increaserient.
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Figure 3.3 Cyclic voltammograms recorded on Ag electrode3.@1 mol-dri® NaOH at
various electrode rotation speeds. The@@g equilibrium potential is indicated by the
vertical line.

The increase in the area under the cathodic remupgak further confirms that
increasing the electrode rotation rate increasedthount of AgO formed and
subsequently reduced during the CV scan. As meati@bove, the resistance measured
during the reduction of A® in NaOH under stagnant conditions was closedo th
resistance of the solution (~3@06n¥) and was 41&Gn?. As Figure 3.3 shows,
increasing the electrode rotation rate changedetsistance and the new resistance was
consistent for all rotation rates studied (@nr). The linear portion of the current
observed during A® reduction remained constant with increasing sbelet rotation

rates, which suggests that Agyreduction is limited by aqueous diffusion.

3.3.2 General Features of the Electrochemical Oahaof Ag in Alkaline Solutions
The anodic behaviour of Ag in alkaline solutiors been studied extensively
[1-9], probably because silver is used as a cathotechargeable Ag-Zn batteries and

Ag-Al batteries. Most researchers agree that ¥igation of Ag to AgO and AgO
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involves multiple steps, however there is still godnsagreement concerning the
mechanism of the electrochemical formation 0f@¢1-9]. Some of the points
commonly disputed and accepted will be discussedlyar

Based on the extensive electrochemical and sudiaalytical research that has
been performed, it is commonly accepted that thedtion of AgO proceeds by a

multi-step process, and solid film formation comenat potentials slightly positive of

(E®) ag0/ag [179]. The first stage of oxidation observed is ofithe steps of the

oxidation process that is not agreed upon. Thédl smaent at potentials slightly
negative of(E®) .,/ », Nas been attributed to many different processki&hanclude

the formation of a monolayer of AQ, a monolayer of AQOH, or dissolution of a silver
species [19]. In a study by Burstein et al. it was concludeat nucleation of the AgOH
monolayer is the rate-determining step ob@dilm formation since diffusion of

OH (aq) to a scratched Ag surface and charge-transdes both relatively fast processes
[3]. This stage is followed by a second stage ithatso commonly disputed whereby
either a base layer of AQ is formed, electrodissolution of Ag as Ag(QHdccurs, a
sublayer of O atoms is trapped in the Ag surfacéhere is preferential oxidation of an
activated lattice [15]. The cyclic voltammetry experiments that wednaempleted and
discussed thus far do not exclude or favour anyobrileese theories in particular.

The final stage of the anodic formation of@ghas been assigned to the
nucleation and three dimensional growth of the@ghase on the AQ base layer
[1-5]. As mentioned above, if the potential is scahteemore positive values the
oxidation of AgO to AgO could occur [9]. Since the reactant used in the kinetic

analysis (Chapter 4) presented in this thesis K@@ film, we will restrict our
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discussion to features relevant to its formatidhe structure and layering of the Ay
film changes at the different stages of oxidatiddany researchers have agreed that a
compact layer of AgD forms under a porous outer Aylayer. The formation of these
layers are diffusion or migration controlled and thte-controlling process is solid-state
diffusion of Ag(l) through the oxide lattice [1,2].

More recently, electrochemical techniques have loeepled within situ or ex
situ surface analysis methods in order to gain a bettderstanding of the processes
involved in the multi-step anodic formation of A In one study, Hur et al. examined

the surface of silver electrodes using scanningfrele microscopy after electrochemical

testing. The images of the Ag electrode aftermatstatic polarization a¢Ee)Agzo,Ag

showed two distinct AgD crystal structures covering the Ag surface. eangystals
coexisted with much smaller hemispherical crystdlse difference observed in 4Q
crystal size was attributed to Ostwald ripeningervehthe growth of the larger crystals
occurred at the expense of the smaller crystals Thiy came to this conclusion because
the AgO crystals had a bimodal, rather than random,idigion. The AgO crystals
shown in Figure 3.2 are not consistent with grolatiOstwald ripening, however we
have not performed an extensive investigation gfAgrystal growth.

Hur et al. also examined the Ag surface after cmatiis potential cycling since
many authors had reported changes in the surfeeechitAg after repeated potential
cycling [5,10]. SEM micrographs after the firsttyyshowed significant differences
compared to freshly polished Ag electrodes. Muuhlker reduced Ag particles were
present on the surface after &8greduction. The amount of the reduced Ag paricle

observed on the surface increased with a positimease in the anodic potential.
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Therefore, changes to the surface roughness weexaad by SEM images even after
one oxidation/reduction cycle, and the roughnesieased with increasingly positive
anodic limits [1].

Temperini et al. attempted to analyze the electoubal formation of AgO
films usingin situ Raman spectroscopy [11]. However, they discovdratAgO is a
weak Raman scatterer, and that the frequenciesetatd/e band intensities of the
scattered film were from AgO, even though the samys presumed to only contain
Ag-0, as it was grown at potentials where only@gvas produced. It was determined
that AgO was photochemically oxidized to AgO under théuefce of light excitation
[11]. Based on these results, examination of tggOAAgX/solution interface by Raman

spectroscopy would likely not yield any useful imfation.

3.3.3 Cyclic Voltammetry in Solutions Containing(Bq) or I (aq)

Cyclic voltammograms were recorded on Ag electrodes®lutions containing
bromide and iodide and are shown in Figure 3.4.tlk@se CVs, the upper potential limit
was selected to prevent silver oxidation ta@g

In both halide solutions, the onset of AgX formatio

Ag(s) + X(aq) S AgX + e (3.4)
occurred at potentials slightly positive to the Ag¥ equilibrium potentials (E®) »y, 5, =

—0.20 Vsce @Nd(E®) pye, ag= 0.050 Vsco). The AgBr/Ag and Agl/Ag equilibrium

potentials at the relevant halide concentratioreveadculated using the Nernst equation
and are indicated by vertical lines on Figure 3[#e small overpotential required before

a current was observed on the positive scan ibattdd to a requirement for a nucleation
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process to occur. Once the nucleation energydrasriovercome, the anodic current
rises quickly [1618].

The results for Baq) are different from those seen fdiah). For the iodide
case, the anodic current quickly reached a platestihas been attributed to control of
Agl formation by aqueous diffusion of(&q). In the case of Baq) no such plateau is
seen. Instead, the anodic current increases btedth potential, but also shows large
fluctuations. This indicated that bromide diffusis only partially rate determining.
Since the Br(aq) and1(aq) ion diffusion coefficients in water are simila
(2.080x 107 cnf-s* for Br and 2.045< 10°° cn?-s* for I [14]), the larger anodic
current in the bromide case was attributed to aitiadal contribution of the oxidation
of Ag by OH'(aq). The oxidation of Ag by OKhq) was observed at potentials >
0.10 Vscein NaOH solutions without any Baq) present, see Figure 3.1.

The cathodic current observed on the reverse schoth halide solutions shows
similar potential-dependent behaviour. In bothesabe cathodic current increased in
magnitude nearly linearly with potential until afithe reducible AgX was reduced and
then the current quickly dropped to zero. Thedmdependence on potential of the
cathodic current indicates that the charge transf@stance was mainly due to the halide
film resistance and not due to the solution resistaor metal-halide interfacial charge
transfer. The polarization resistance, calcul&teoh the linear region of the cathodic
scan, was similar in both halide solutions, 8¥0n? for bromide and 40Q@Gn? for
iodide. The similar resistances observed for duiction of Agl, AgBr and AgD

strongly suggests that the polarization resistaosost likely due to the diffusion of an
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aqueous species, and further supports that saltd-dtffusion of Ag(l) in the

oxide/halide lattice is a fast process.
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Figure 3.4 Cyclic voltammograms recorded on Ag electrodesoilitions containing Kl
or KBr. In both cases the halide concentration 5240 mol-dm?. For the CV in
KBr solutions the potential scan range was betwedeh and 0.2 ¥cg and for the CV in
Kl solutions the potential was scanned betwekni and 0.0 ¥ce

Extension of the upper limit of the anodic sca@.# Vscein halide solutions
shows the formation of both AQ and AgX (Figure 3.5). The observation of twatidist
cathodic reduction peaks at the expected poteritiaksg,O and AgX reduction indicates
that two distinct AgO and AgX phases are formed. A slightly largerent density was
observed in the bromide case compared to the iadide. The larger current density
may be due to the additional reaction of Ag beirigliaed by OH(aq) to AgOH which
occurs at potentials > 0.10s8 . A similar shift is not seen for Agl indicatirigat the

Agl film is not as affected as the AgBr film by lnsion of AgOH.
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The CVs performed in iodide solution show a clegrasation of the Ag and

Agl reduction potentials because of the 0.4@a&eparation betwedk®) ., ,, and

(E®) agi/ag- Since the peaks are so well separated, indivaiaunts of AgO and Agl

can be determined from the cathodic scan of the TNs technique, termed cathodic
stripping voltammetry (CSV) was used to quantify #mounts of AgD and Agl as a
function of reaction time. These results are presgkin Chapter 4 and discussed in detalil

in section 4.3.3.
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Figure 3.5 Cyclic voltammograms recorded on Ag electroddsalide-free NaOH
(blue line), or solutions containing Kl (black liner KBr (red line) at a concentration of
5x 10 mol-dm?>. In all cases, the potential was scanned fram to 0.4 \ice

3.3.4 General Features of the Electrochemical Otateof Ag in lodide and Bromide

Solutions

Rotating disk experiments performed by Birss ebalAg electrodes in dilute
Br (ag) and 1(aqg) solutions confirmed that the oxidation of Aghe presence of either

halide was limited by aqueous diffusion of the é@lanion to the AgX/solution interface.



67

A linear relationship between current density dr&ldquare root of the electrode rotation
rate (%) was also observed, which further confirms oureobation that AgX formation
was limited by the aqueous diffusion of the habgecies [7].

These results were confirmed in a separate stu@rdip et al. who investigated

the anodic formation of AgBr by electron probe bedefiection [12]. At potentials just

above(E®) per ag» linear diffusion models indicated that film therkng was controlled

by diffusion of Br(aq) from the bulk solution. However, at high piesi overpotentials
and low Br(aqg) concentrations a net flux of ions away from sarface was detected. It
was suggested that soluble™{ap) ions were electrochemically produced through t
porous AgBr structure under these conditions, aatlftim thickening was controlled by
a dissolution-precipitation mechanism and not gitfa of Br(aq) at high anodic limits

[12].

3.3.5 Cyclic Voltammetry in Solutions Containing(&xd)
The correct assignment of individual processesaresiple for the anodic and
cathodic currents observed in a CV can only be nifatie equilibrium potentials for the

Ag-O/Ag and AgX/Ag redox pairs are sufficiently segach For the CVs performed in

Kl and KBr solutions(E®) », o/ 4, Was 0.42 \ce positive 0f (E®) 5y, 5y, and 0.19 ¥ce
positive of (E®) »e,/ oy therefore the anodic and cathodic currents cbeldittributed to

specific processes. This is not the case for fj€lAg system which has(&®) y,cis ag

of 0.17 \ikce at a CT(aq) concentration of 10 mol-dm®. The CV recorded on Ag in
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KCI solution (Figure 3.6) reveals that cyclic voitmetry cannot be used to make a clear

distinction between the anodic formation of.8gand AgClI.

The similarity of (E®) 5,0,y @Nd (E®) pgcyay resulted in a blending of both the
anodic and cathodic currents. Careful examinatfdihe cathodic peak revealed the
presence of a small shoulder centered at ~04£8, Which was most likely due to AgClI
reduction SiNCEE®) u,q/ aq IS Negative of(E®) o, 0,4,- These results show that the anodic
and cathodic currents can be assigned to specdepses occurring in solutions

containing Kl, KBr or NaOH-only, but not solutionentaining KCI at the concentration

used in these studies.
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Figure 3.6 Cyclic voltammograms recorded on Ag electroddsallide-free NaOH and
5x 10 mol-dm* KCI solutions. The potential was scanned fretnl to 0.40 ¥ce

3.3.6 Potentiostatic Film Growth of 4@, Agl, AgBr, and AgCI
The total anodic charge measured as a functioimefduring the potentiostatic

growth of AgO, Agl, AgBr, and AgCl is shown in Figure 3.7. Armparison of the
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growth rates of the silver films is complicatedcgrthe films were grown at slightly
different overpotentials, specifically 0.1&3 for Ag,O, 0.20 \scefor Agl, 0.15 Vsce
for AgBr, and 0.08 ¥cefor AgCl. The rate of AgBr and Agl formation wagqual until
the total accumulated charge reached ~0.1 C;@fter which the rate of Agl formation
increased slightly compared to AgBr. The linearéase in total anodic charge observed
in KI and KBr solutions suggests that the accunmabf AgBr or Agl on the Ag
electrode surface did not affect film growth. Tdfere, the AgBr and Agl films do not
form a protective or passive layer on the Ag sabstand charge transfer through the
growing AgBr and Agl films must be a relatively fasocess. This result is also
consistent with the cyclic voltammetry results disged in that the cathodic peak
associated with silver halide reduction increagsebkly with potential, indicating that
charge transfer within the silver-halide film istemely fast.

The slope of the total anodic chargetime was the steepest during the growth of
AgCl. However, this is somewhat misleading, beeasdiscussed in section 3.3.5, the
oxidation of Ag to AgO or AgCl happens concurrently. Therefore, thaltcharge

measured will have contributions from both processe
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Figure 3.7 Anodic charges accumulated during,®g AgBr, AgCl, and Agl film
growth. For all silver-halide films the bulk hagid¢oncentration was»*10™* mol-dni®,
and the halide-free NaOH concentration was 0.0%dnof.

The anodic growth behavior of AQ was different from the silver halide films.

A sharp, linear increase in the anodic charge veasmwed untilQ,%° reached

~0.075 C-cnt. After ~250 s the accumulated anodic charge behaghanged quickly,

and increased only a small amount for the remaiotidre measurement. The non-linear

increase in Q.%°) vs time during AgO film growth suggests that the Ag film is more

passive or protective compared to the silver hdlides, which is consistent with the
cyclic voltammetry discussed above.

The surface morphology of the silver oxide andesihalide films were examined
by SEM and are presented in Figure 3.8. The fillage grown at potentials equivalent

to those discussed earlier in this section. Thageof a AgO film grown in NaOH
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shows that it was composed of small, round, eveizlgd crystals ~200 nm in diameter.
The AgO layer forms a cohesive layer on top of the Agstiatbe so the Ag substrate was
not visible in the SEM image. Comparing the;@dilm to the Agl film, it can be easily
seen that the Agl crystals were much larger, andead in size from O-5L pym in

diameter. The Agl crystals have much sharper edgegpared to the AQ crystals.
Potentiostatic growth of AgBr and AgClI did not ritsa the formation of coherent films

and the Ag substrate was clearly visible undeiptitehy silver halide crystals.
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Figure 3.8 SEM images of (a) A®, (b) Agl, (c) AgBr and (d) AgCI grown
potentiostatically on Ag electrodes.
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3.4 Summary and Conclusions

The electrochemical behaviour of silver oxide aihes halide films was studied
using cyclic voltammetry, galvanostatic reductionl otentiostatic polarization. The
cyclic voltammograms of Ag in the Kl and KBr solutis are similar. However, we have
shown that the type of film formed on the surfaepehds on two factors: (1) solution
conditions (i.e. halides halide-free) and (2) the magnitude of the apptieténtial. This
finding was significant since we need to grow astsient AgO film, which serves as the
reactant for the kinetic experiments presentedhapfers 48.

From our voltammetry results we have also deterchthat little charge was lost
to dissolution, therefore the oxidation and reducof AgO, AgBr, Agl and AgCl is a
nearly a 100% efficient process. Clear separdigiween the cathodic reduction peaks
for Ag.O and AgX is observed when the AYAg and AgX/Ag equilibrium potentials
are well separated. From these results we haeendieted that cathodic stripping
voltammetry (the cathodic half of a CV) would beappropriate technique for
determining the amounts of AQ and Agl present as a function of reaction tinmges
both will be present on the Ag electrode duringkimetic analysis. This technique
would likely not be an appropriate choice when gitngl the kinetics of the conversion of
Ag,0 to AgBr or AgCI since the equilibrium potentialse close.

The voltammetry and potentiostatic polarizatiorutssdemonstrate that the
presence of a AQ or AgX film does not impede additional film grdwt This was
attributed to fast charge transfer through the@\gr AgX films, and that likely the
charge carrier was Ag(l). Due to a large solutiolume and small electrode surface area

ratio, the halide concentration during the AgX fatian remained constant. Therefore,
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the effective surface area of silver during AgXrfigrowth was also constant, despite the
presence of a AgX film on the Ag electrode surfatbe anodic formation of AgX was
limited by the diffusion of X(aq) from the bulk solution to the electrode susfac

The growth of AgO differed from that observed for AgX. The resis of the
silver oxide layer was higher than the AgX filmsitially the film grew linearly with
time, however the accumulated anodic charge quitkiye to a plateau after a layer of

oxide covered the Ag surface, and the current @seakexponentially with time.
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Chapter 4

Interfacial Reaction Kinetics of 1" (aq) with Ag>O on Ag Substrate: Kinetic Model

4.1 Introduction

In this chapter, the conversion of AYon Ag substrate to Agl in aqueougah)
solutions has been investigated. Electrochemacdirtiques coupled with surface
analysis methods monitored the progression of éim@@rsion reaction. The reactant
Ag-0O was grown anodically on Ag substrates prior tposure tol(aq). The amount of
Ag,0 could be controlled by increasing or decreadiegplarization time.

The conversion reaction was initiated by trangigrthe AgO-coated electrode
to a solution containing a pre-determined concéptraf I (ag). The reaction was
followed by monitoring the open circuit potenti&bg). The initial B¢ value was close

to the equilibrium potentiaI(Ee)Agzo,Ag, for the AgO/Ag redox pair. At the end of

conversion, the final & reached a steady-state value close to the equitibpotential

for the AglAg redox pair. Complete conversion of Agto Agl was indicated by an

abrupt, ~400 mV drop in thegk from (E®) y,0/ag 10 (E®) pgi/ae- The time required for

complete conversion is termed the total reactioeft;. This time was easily
determined as it corresponded to the time at wiieldrop in B¢ occurred.

The progress of conversion was also monitoredallyadlic stripping voltammetry
(CSV) which was performed at intermediate reactiores. The cathodic current peaks
for the reduction of AgD to Ag and Agl to Ag are well separated (Chaptegegtion
3.3.3). Therefore, cathodic stripping voltammetas used to determine the amounts of

reactant AgO and product Agl present at intermediate readirors. Comparison of the
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total anodic charge used to grow the initiab@dilm to the anodic charge(s) recovered
from cathodic stripping voltammetry indicated thia conversion reaction was nearly
100% efficient.

Two sets of kinetic experiments were completedrder to determine the surface
reaction orders. In the first set of experimetite,amount of AgD was held constant
while the effect of 1(aq) concentration on the;gEbehaviour was observed. In the
second set of experiments, the concentration(af]) was held constant while the amount
of Ag,O grown varied. For all conditions studied theugibdrop in potential, or
potential transition, was observed. These twoaetxperiments provided the surface
reaction orders. The reaction rate constant wesmdened two ways. Firstly, the total
reaction times from both sets of data were usedlitulate an average reaction rate
constant. Secondly, by plotting the rate of lds&gyO and rate of gain of Agl as a
function of reaction time using the cathodic stmgpresults, the reaction rate constant
was calculated. To our knowledge, this is the firme electrochemical techniques have
been used to quantitatively monitor the interfakiaktics of an aqueous anion induced
chemical reaction between two insoluble solids.

This study was also extended to examine the efffeelectrolyte composition.
Initially all experiments were performed in Ng*O, solutions for pH control and as a
supporting electrolyte (ionic strength). Howewaarergy dispersive x-ray (EDX) analysis
showed evidence of phosphate present in the raakta® film indicating that
phosphate may have incorporated into theGA\Glm matrix during anodic film growth.

As a result we have performed reactions in phogpfiae NaOH solutions to determine
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if the incorporation of anions into the electrocheatly-grown AgO films exerts a

significant influence on the kinetics of the filmrosersion reaction.

4.2 Experimental Details

Experiments were performed using silver electradaswere fabricated by the
method described in Chapter 2, section 2.1.3.\&isworking electrode with an
exposed surface area of 0.385°cenplatinum mesh counter electrode, and a satlrate
calomel reference electrode (SCE) were used falatitrochemical measurements.
Experiments were conducted at room temperaturighirreAr-sparged 0.02 mdm ™
NaH,PO, with the pH adjusted to 12 with NaOH or in 0.01l @ 3 NaOH.

Oxide films were grown on Ag substrates using tilwing procedure. After
polishing the Ag electrode using the procedure ilesd in Chapter 2, section 2.1.3, the
electrode was cathodically cleaned by applytthdl Vscefor 300 s. Silver oxide films
were grown potentiostatically by applying 0.4c¥to the silver electrode. The total

charge used to grow the startingQdfilm, (Q,,),. Was measured and is related to the
initial quantity of AgO in the film by

(mAgzo)o :(QAgZO)O — J.I Ag,0 ki mt
2 F F

4.1)

where(m,,,), is the amount of Ag in the starting film in mol and F is the Faraday

constant, 96 485@o0l™*. Films with different amounts of A@ were prepared by

varying (Qa,0), from 0.035 to 0.063 C (or 0.090 to 0.18@%). To confirm the

accuracy of the film mass determined by this metheigrence tests were performed in

which the anodically grown A@ was cathodically reduced and the charges fotvbe
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processes were compared. In all cases the twewvalare the same (within 5%),
indicating that the anodic charge used during titengiostatic film growth is a very good
measure of the amount of Xg present in the film.

The AgO covered electrode was then transferred to a;R@&iHor NaOH solution
containing a pre-determined concentration of KheKI concentration was in the range
of 4x 10° to 5% 10 moldm ™. After transferring the Ag-coated electrode to the KI
solution, the progress of the reaction betweesOAgnd T(aq) was monitored by
measuring the & as a function of time. At different reaction tispéhe conversion was
terminated by removing the Ag electrode from thes&lution, gently rinsing it with
deionized water, and introducing it back into thefiée solution for further
electrochemical testing. Cathodic stripping voltaetry was performed, which entailed
scanning the potential from the&to —1.1 \kce at a scan rate of 0.17 8. The CSV
measurements were performed at different readioest and the reduction currents of
un-reacted AgO and the reaction product Agl were measured.

The morphologies of silver electrodes at diffenaatction times were obtained
with a Leo 440 scanning electron microscope (SERNor to SEM analysis, Ag
electrodes were removed from the electrolyte smhytiinsed with deionized water, and
dried under argon gas.

X-ray diffraction (XRD) data of the A® films grown in NaOH and NaiRO,
solutions were collected on a BruK&D8 Discover diffractometer in an off-coupled

scan mode wher@, = 6°, andd, = 16.5° and the beam diameter was B0 The

diffractometer was operated with &ux radiation generated at 40 kV and 40 mA.
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4.3  Results and Discussion
4.3.1 Characterization of Electrochemically Grown@d-ilms

To provide a starting point for the kinetic study daq) with AgO, a known
amount of AgO was grown potentiostatically on Ag electrodeblatH,PO, and NaOH
solutions. The SEM micrographs of the,8gfilms were shown above in Figure 3.2.
Slightly different AgO crystal structures were observed. A possiblsar#or the
discrepancy in surface morphology is the incorponabf phosphate anion into the A
matrix during the anodic A@ film growth in phosphate solutions. AnalysisXiRD
supports the hypothesis that incorporation of phapinto the AgO matrix occurred.
A clear difference in the X-ray diffraction pattefigure 4.1, observable as a peakéat 2
=18, appears in the diffraction pattern of the;8dilm grown in phosphate-containing
solutions. This peak was absent from the pattetheoAgO film grown in NaOH and
does not correspond to NgiPO, which may precipitate on the surface in the ewaént
insufficient electrode rinsing. The diffractiontfean did not match AgPO, or any of the

patterns available in the XRD database, so a pediientification was not made.
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Figure 4.1 XRD patterns recorded for the oxides growQ/(,,), = 0.050 C) in the

presence of 0.02 mdim ™ NaH,PO, (top pattern) and in 0.01 nidin >NaOH (bottom

pattern). The blue diffraction lines correspondt) and the green diffraction lines

correspond to AgD. The asterix highlights the peak not presetthénphosphate-free
Ag,0 diffraction pattern.

4.3.2 k¢ Behaviour Observed During the Reaction 0§@gn 1 (aq) Solutions

The time-dependent behaviour affobserved during the reaction of Aywith
I"(aq) phosphate-free (NaOH) solutions under stagr@mditions for various (aq)
concentrations is shown in Figure 4.2a. Similgreziments were conducted in
phosphate solutions. Since theclbehaviour observed in NaOH and N&, was
similar, only the data collected in NaOH is presdrtere. A comparison of the kinetic

parameters obtained in both electrolyte solutigrdiscussed in section 4.4.
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Figure 4.2 Open circuit potential as a function of reactiiome and its dependence on
[I (ag)bin NaOH solutions wheréQ,,,), was constant at 0.050 C. The concentration

of I"(aq) ranged from & 107 to 5x 10> moldm >.

In the second set of experiments ,8dilms were potentiostatically grown to
different anodic charges, which was accomplishedxtgnding or shortening the
duration of polarization at 0.4s¢s The AgO films were exposed to a solution

containing T(aq) and the &cwas followed as a function of time. The dependeayide,c

0N (Qpg0)0 IS shown in Figure 4.3.
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Figure 4.3 Open circuit potential as a function of reactiome and its dependence on
(Qag0)o In NaOH solutions. For these experiment{ai)b was constant at

5x 107 moldm™ and (Q,,, ), ranged from 0.035 to 0.063 C.

In both sets of experiments (Figure 4.2 and 4t®) initial value of ¢ was very
close to the equilibrium potentidE®) », o, A, » fOr the AgO system. TheE®) o/, Was
calculated by the Nernst equation to be 0.222\ét pH 12. The results presented in
Figure 4.2 show that the initial value af&was independent of [laq), and varied only
marginally for different initial oxide film thickreses, Figure 4.3. TheEdecreased
slowly with time, until it reached a second plateaa time dependent q@,,.),,
before undergoing a final abrupt transition to acmlower value, which was close to

(E®) agiiag- The time taken to reach the final transitionrdased as [(aq)h increased
and (Q,,0),decreased. The time at which the potential trexmsdccurs is termed the

total reaction timet;. This is the time required for complete convarsd AgpO to Agl.

These values will be used for the kinetic analgssussed in section 4.4.
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The final value of B¢ was close tqE®) ,,, ,, Values calculated from the Nernst

eqguation, as shown in Figure 4.4 [7,8]. Note thatfinal B¢ value decreased with
higher '(aq) concentrations, a result that is in agreemihtthe Nernst equation.
Clearly, once the final potential transition hasweced, redox conditions on the Ag
surface are dominated by the Agl/Ag redox reactiOmce the potential dropped to a

value close t6E®) ., 5, it remained constant.

-0.12+
-0.16+
-0.20+

-0.24

Final E . (Vo)

-0.28+

-0.32 4 ———rr ——

(-] (M)
Figure 4.4 Final steady-statedz values (symbols) observed for variougdt)l

compared to calculated equilibrium potential valteeghe Ag + T(aq)> Agl + e
reaction (line).

4.3.3 Amounts of AQ and Agl as a Function of Reaction Time

The conversion of A@ to Agl was studied by terminating the reaction at
different times by transferring the electrode taade-free solution and performing
cathodic stripping voltammetry to determine the anis of un-reacted AQ that

remained and product Agl that formed, Figure 4&e results show that the progress of
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conversion was clearly monitored. The peak for #egluction increased, while that for
Ag-0 reduction decreased with an increase in reatio®. Once the transition to the
final steady-state &z value occurred, no AQ remained on the electrode surface and no
additional Agl was formed. This confirmed that pagential transition signaled the

complete conversion of AQ to Agl.
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Figure 4.5 (a) Cathodic stripping voltammograms performedrenAgO/Agl covered
electrodes following termination of the reactiorvatious times, and (b) cathodic charges
used for the reduction of AQ to Ag and Agl to Ag determined from the CSV. Huogse

experimentyQ,,,), was 0.050 C and Jtag)} was constant at % 10 * moldm .
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Integration of the two reduction peaks in Figureedyielded values of

(Qago0)i@nd (Q,, ), as a function of reaction time. The values averisely related, and
(Qago): = 0 atty, which further confirms there was no residuat@g@xide on the Ag

surface at t ;. Therefore, the relationship,

2(Qugo)t * (Qag)e = 2(Qago)o (4.2)
was maintained throughout the potential transi@mtfirming the near 100% efficiency
of the conversion reaction. There was a small dd¢se overall mass of silver, which

may be due to some dissolution of,8gy

The cathodic stripping voltammetry results indidé#t the rate of the decrease in
Ag,0 was approximately equal to the rate of increas®gl, and the rates were constant
with time, Figure 4.5b. The slopes of the two $ime Figure 4.5b were also used to
determine reaction rate constants, as describeavbel

The constant conversion rate (Figure 4.5b), whye temained at a value near

(E‘*)Agzo,Ag (Figures 4.2 and 4.3), until the reaction was pseggests that the

progression of the surface reaction ob@gvith I'(aq) was linear (i.e., one-dimensional),
and that the concentration ofdq) reaching the Ag substrate was small. Thigastg

that the amount of Agl formed from the galvanic gkng reaction (reaction pathway 3)
was also small. The small decreaseda  a second plateau suggests some
contribution of the galvanic coupling reaction ¢an pathway 3) to the overall rate.

However, it is believed that the contribution wasignificant [9].
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The cathodic stripping study also showed that dhedinal transition of ¢ to

(E®) aqisag OCcurred, any further exposure of the electrodaed (aq) solution does not

lead to an increase in Agl.

Images of the Ag electrode surface were also aeduit various reaction times.
The time during the & transient when the electrode was removed fronh {aq)
solution and an SEM image acquired is shown inféiguéa. Micrographs of the surface
were recorded: (b) prior to exposure t@g), (c) after the first short potential trangitio
and (d) on completion of the reaction (tF As the reaction proceeds, the surface
becomes progressively covered by small particulattégyl. The micrograph in (4.6c¢)
shows the coexistence of Ay and Agl particles, confirming that Agl does notrh a
protective layer on top of AQ and that the underlying AQ was continuously exposed

to I'(aq) solution.
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Figure 4.6 SEM images of the Ag electrode surface obtairftent ®arious reaction
times. The times when the reaction was terminated,the SEM images taken, are
shown in (a), and the corresponding micrographslaogvn in (b-d).

4.4  Reaction Kinetic Analysis
4.4.1 Reaction Orders

For a surface reaction, the rate can be expressed a

d(mAgzo)t

a Kot 1Ang0): X~ (a0, (4.3)

1
2
where (m, ), is the amount of reactant 4@ at time t (mol) ky,, is the net rate

coefficient per surface area in units of c‘rh-éAAgzo)t is the area of the available AY

reaction sites at time t in units of §nand [X (aq)} is the aqueous halide concentration

(in this case(aq)) of X (aq) at time t in units of mol-dih Note that(m,,.), is related
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to (Qay0), Py equation (4.1). Since surface reactions aendimited by the rate of

diffusion of agueous species, a net rate coefficighich is a function of mass transport
and surface reaction rate coefficients, is usdtierequation.

As the surface area of the electrodes in our @xgerts is small compared to the
volume of electrolyte in the electrochemical cahd therefore the amount of halide ion
that can be deposited on the electrode surfacgeal)st can be assumed that the halide
agueous concentration will remain constant.

[X™(ag)], =[X " (ag), (4.4)
The thickness of the deposited&glayer is approximately 440 nm. If the reaction
uniformly consumes A®D, then the effective surface area ob@ghat is available to the
aqueous phase is effectively constant until thentesolayer of AgO is consumed.
Since this monolayer represents a very small fsaatif the total film thickness, its
consumption can be neglected. Hence, it can heressthat the area of the available
Ag-0 reaction sites at the oxide/solution interfacendbvary as the reaction progresses:

(AAgZO)t = (AAQ,ZO)O = constant (4.5)
The surface reaction rate becomes constant with @ina the rate can be integrated to
give:

(Myg0): = (Myg0)o = 204K MAsgo)o X (0]} (4.6)

When the reaction is complete, t=and (m,,,), = 0 and

(mAgzo)O

= _ (4.7)
Zm(Netll'A‘Agzo)O [BX (aq)]o

Ty
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Since the amount of A@ is related to the charge used to grow the i@, ), by

equation 4.1, equation 4.7 can be rewritten as

(QAgZO)O

=X - (4.8)
F |](Net qAAgzo)O [ﬂx (aq)]o

Ty

We have assumed that the electrochemically grows®Am is uniform, and therefore
the thickness depends on the total charge usemvotye film and the electrode surface

area.

(QAgZO)O

= = nmoI DA‘Elec |1dAgzo)0 (49)

where Aeiecis the geometric surface area of the electrgdg, ) ,is theAgO film

thickness, F is the Faraday constant, apglis the number of moles of AQ per unit
volume of AgO film in mol-cm?®. If we assume that the area of reactive sites is
proportional to the electrode surface area the tegetion time can then be expressed

using the two known experimental variables, theltcharge(Q,,,),, and the halide

concentration, [X(aq)b

1 B (QAgZO)O

= - (4.10)
F |]‘Elec |:I](App [x (aq)]o

Ty

where I, is the apparent rate constant for the reactionhascunits cris .
A more generalized rate equation for a surfaceti@acan be expressed by

allowing the reaction order dependences other finstrorder dependences:

1 ((QAQZO )o )p

= 4.11
K F DA‘Elec |:H(App X~ (aq)]o)q ( )
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This equation states that the reaction ordersdmacsan be obtained from the slope of a
log Trvs (Qag0),0r 10gTs Vs [X (aq)b graph.

In the derivation of equation 4.10, it was assurmied the reaction has a first
order dependence on(&qg)h and the AgO surface area. This assumption was based on
the cathodic stripping results. However, as memstibabove, the reaction orders can be

further confirmed from the relationship betwegrand [l (ag)k for a given(Q,,.), or
betweent;and (Q,,0), for a given [[(ag)k, since from equation (4.10)
log7, =const-log[l 7], (4.12)
log7 =const+109(Qay0)0 (4.13)
That is, the slopes of the plots of logvs log [I (ag)b and logts vs 109(Q,,.), Should
be-1 and +1 if a there is a first order dependench ¢aq)h and (A,,.),, respectively.
Thet; observed as a function@,,.), and [[(aq)b are shown in log-log plots

in Figures 4.7a and 4.7b. These plots yield slgfe9.9+ 0.1 and 1.& 0.1, further
confirming first-order dependence on(giq), and (A,,.),- The scatter in the log vs
log (Qag0)o PlOt may be attributed to a small dependence ofthtace area on the total

charge used to grow the &g film. Similar experiments performed in phosphate
solution provided similar values from the tdgg plots, which yielded slopes 60.9+

0.1 and 1.2 0.07. In both solutions, the conversion ob@go Agl exhibited a first-
order dependence on both(gig)b and(A,,,) , indicating that the presence of phosphate

in solution, and/or the potential incorporation lzadegligible effect on the reaction

kinetic orders.
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Figure 4.7 (a) Plot of the log of the total reaction time log of [I' (ag)hb. (b) Plot of the
log of the total reaction times. 10g (Q,,0), -

4.4.2 Apparent Reaction Rate Constant

Since the true surface area ofs@ghas not been determined, the apparent rate
constant, k,, was obtained using the geometric surface aréizeoélectrode. A value
for kapp can be extracted from the total reaction time nleskas a function of [(aq).
The apparent reaction rate constant was then @autaising equation 4.10 and all of the
experimentally obtained; values. For the A® grown in phosphate-free NaOH
solutions, the average rate constant was¥4L6)x 10° cmS*. This compares well

with the kgpp value of 5.4x 103 cmiS™ obtained in the presence of phosphate buffer.
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Alternatively, kpp can be obtained fro(@,,), and(Q, ), as a function of

reaction time from:

(Qug)e = (Qugo)o = (Qugo)e) = Kap OF L{l1 71 ) A 18 (4.14)
Hence, Figure 4.5b yields apkof 3.8 102 cmis* and is in good agreement (within
50%) with the k,, value obtained from the total reaction time. Arendgorous Kinetic
study to determine the rate constant more accyrags been completed and is presented
in Chapter 5.

Although the XRD analysis results suggest thatelesis some incorporation of
phosphate into the AQ matrix during the initial anodic A@ film growth in phosphate
solutions, this study suggests that its presenes dot seem to have any influence on the
mechanism or kinetics of the conversion. Considgtihere is some variability in the
morphologies of the A® films as shown by SEM micrographs, the&-Behaviour and
CSV results show that neither the incorporatioplodsphate into the A@ film, nor its
presence during the interaction of &gwith I'(aq), significantly affects the reaction

orders or the rate constant.

4.5  Conclusions

The chemical conversion of AQ with I'(aq) to Agl in aqueous iodide solutions
has been studied by following the reaction on opesuit. The amounts of oxide and
iodide on the Ag substrate were determined atnmeeliate reaction times by cathodic
stripping voltammetry. The reaction was nearly%0&fficient since both the oxide and

the iodide are very insoluble under the experimesdatitions.
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Complete conversion was indicated by an abrupsitian in the e from a
value close to the equilibrium potential for the.®¢Ag redox pair to a value close to the
equilibrium potential for the Agl/Ag redox pair.hiB abrupt change indz allowed for
an easy determination of the total reaction tingriied for complete conversion. The
time to complete the reaction was inversely prapod to the iodide concentration, and
nearly proportional to the amount of oxide eled@mically grown on the Ag surface.

The rate of the chemical conversion, determineddtigodic stripping
voltammetry as a function of time, was constardidating that the effective surface area
of Ag,0 available for the reaction was constant. Thisstant surface area was
attributable to the fact that the Agl product dat form a protective layer on the X9
surface.

A detailed kinetic analysis established the refegiop between the total reaction
time and the reaction orders. From the total readtmes as a function of iodide
concentration and initial AQ inventory, the rate was found to be first oraeiodide
concentration and first order in oxide surface andaoth electrolyte solutions. This
indicates that the presence of phosphate in solusiod/or the potential incorporation of
phosphate anions into the A oxide phase did not affect the reaction kinetics.

The kinetic analysis discussed in this chapter puddished in 2007 in the Journal
of the Electrochemical Society [3]. Based on thmetic data obtained, rate equations
were derived which can be used in models develtpededict the fate of radioiodine in

various proposed nuclear reactor accident scenarios
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Chapter 5
Investigation of Interfacial Reaction Kinetics of I'(aqg) with Ag>O(s) on Ag

Substrate: Determining Mass Transport and SurfacdReaction Rates

5.1 Introduction

In this chapter we examine the effect ¢af]) transport to the AQ surface by
measuring the total reaction timg)(as a function of electrode rotation rate. Bydging
the conversion as a function of electrode rotataia we are able to separate transport
effects from the reaction kinetics. The interfaogaction follows kinetics typical of a
sequential binary-reaction system of mass trangplboived by reaction at the surface.
Varying the rotation rate allows a quantitativeragblation of the data to the infinite

rotation rate to determine the chemical reactite aathe surface.

5.2 Experimental Details

The working electrodes were silver with an expasedace area of 0.385 émA
platinum mesh counter electrode and saturated ehleference electrode (SCE) were
used for all electrochemical measurements. Expariewere conducted at room
temperature in Ar-sparged 0.01 rigih™> NaOH or 0.02 mafim ™3 NaH,PO, with the pH
adjusted to 12 with NaOH. Potassium iodide sohgiavere prepared with deionized
water and had a final concentration of 50 moldm™,

Silver electrodes were polished following the paligy procedure described in
Chapter 2, section 2.1.3. Electrodes were rinsed cathodically reduced at.1 Vsce

for 300 s. Silver oxide films were grown by applyi0.4 \sce until the total anodic
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charge reached 0.050 C. The,®gcovered electrode was then mounted on a rotating
shaft, and electrode rotation was initiated priotrénsferring the Ag)-coated electrode
in the NaOH or NakPQ, solution containing (aq). The progress of the reaction was

monitored by measuring thegEwith time.

5.3 Results and Discussion
5.3.1 Mass Transport Rate and Surface Reaction Rate

The rate of a solid-solution interaction is detereal by both the transport of the
agueous reactant(aq), to the reactant surface, and the kinetidh@feaction between
I"(aq) and AgO on the surface. The overall rate constag}, kf the binary kinetic
system is typically expressed as

11,1 (5.1)
Kk k. K

app mass surf

where kssiS the mass transport coefficient anghks the surface reaction rate constant.
The results discussed in Chapter 4 were performddrnstagnant conditions, and the
observed rate constant approached values thattypcal of an aqueous diffusion-
controlled reaction. This indicated that the appareaction rate might have been mass
transport limited. To determine whether this wastase, the AQ to Agl conversion
kinetics were studied as a function of electrodation rate.

Figure 5.1a shows the effect of electrode rotatade on the gc behaviour. The

general trend in & was similar to the behaviour observed under stagranditions

(Chapter 4, Figure 4.4 and 4.3). Initially thecEvas close tdE®) 5,0, 4, » but dropped to

(E®) aqisag UPON completion of the conversion. The total ieacime, determined by the
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transition in B¢, however, is a strong function of the rotatioreraThe solution to the

convective-diffusion equation describing trans@ara rotating disk is well established
[1] and provides the diffusion boundary layer timeks dqir, @s a function of electrode

angular velocityg:

Sairt = 1613 v 2 " (5.2)
wherev is the kinematic viscosity and has units of &1, andw = 2rf, where f is the
rotation frequency ana@ is otherwise known as angular rotation frequerrayate. Since
the mass transport rate is inversely proportiomalt;,

1

Ow? 5.3
” (5.3)

mass

From Equations 5.1, 4.10, and 5.3,
Ty = Cyp [0 + Tsurt (5.4)
with,

(QAgzo)o B 1

= 5.5
TSU"f F mAEIe(‘) [I.JI _]0 ksurf ( )

wheretg,rf is the total reaction time at infinitely fast diexle rotation rate andqfg is a

proportionality constant.
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Figure 5.1 (a) B¢ as a function of reaction time and its dependemcelectrode
rotation rate, and (b) total reaction tive 1/iw ~2. The experimental conditions were
0.01 mol-dm® NaOH, (Qago)oWas constant at 0.050 C and(alg)p was

5x 10*mol-dni* for all cases. Electrode rotation rate rangethffoto 50 Hz.

Equation 5.4 states thgtwould increase linearly witkh /2, and the intercept of
ats vs.w “? plot provides a value af,from which the surface reaction rate constant,
ksur, Can be obtained. The,;value was obtained using the least-square andtystata

collected in phosphate-free NaOH solutions (Fidgufd). Thets,svalue (the y-intercept
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of Figure 5.1b) was determined to be 64 s. Theagy surface reaction rate constant
was calculated to belg= 4.2x 102 cmS ™. This value was approximately an order of
magnitude larger than the net rate constant olfaineer stagnant conditions [2].
Therefore, under our experimental conditions, agaemnsport of (aq) to the AgO
surface was the rate-determining step under stagoaditions.

After developing this relatively simple method &parate mass transport and
surface reaction rates, experiments were also ipeeid with phosphate present. For
these experiments phosphate was present duringtmtrowth of the AgD film and
during the chemical conversion under electrodetimia The results obtained with
phosphate present also show the same electrodemotipendence af; an increase in

electrode rotation rate results in a decreasg, ifigure 5.2a. From thg vs.w 2

plot
(Figure 5.2b), k,in phosphate solution was determined to bex7182 cmS ™. This
value was ~20 times larger than the net rate cohetatained with no rotation in

phosphate solution [2,3].
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Figure 5.2 (a) B¢ as a function of reaction time and its dependemcelectrode
rotation rate, and (b) total reaction tive 1/iw ~2. The experimental conditions were
0.02 mol-dm® NaH,PQy, (Q,,0),Was constant at 0.050 C and(#iq)h was

5x 10*mol-dni* for all cases. Electrode rotation rate rangethffoto 50 Hz.
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The surface reaction rate constant observed iprémence of phosphate was
approximately twice that observed in the absengshosphate: 7.8 102 cmiS " vs.
4.2x 107 cmis . The difference may be partially attributed te tifference in the

initial surface aregA, ), of the AgO films grown in the presence and absence of

phosphate.

5.4  Comparison of Kinetic Parameters to Establishidrature Values

In 2005 Guntay et al. [4], investigated the radiatinduced decomposition of
Agl colloids under a variety of conditions. Expeants included reactions in the
presence of an initial excess of Aaq) and 1(aq), at pH 2 and 5, and withb® or Argon
sparging [4]. The results of this study showed tiuddtile iodine species could be
formed via the decomposition of Agl by reactiontwitxidizing free radicals such as
*OH, «Cl and, «CJ but the production of these radicals is compleselypressed when a
large excess of Agaq) is present [4]. While the authors were paléidy thorough in
their investigation, the possibility of the formatiof AgO and its subsequent reaction
with 1"(aq) was not evaluated. Due to the highly oxidizionditions expected during
irradiation it is reasonable to expect that Ag vabloé in contact with & thus, allowing
for the formation of both Agl and A@. It is well known that the degree of oxidatidn o
Ag will have a significant influence on the inteliact of Ag species with (aq)[5].
However, the interaction of Ag with femains unaffected by Ag oxidation [6].

The interactions of Ag with,land AgO with I'(aq) have also been investigated
by Krausmann et aJ6]. They developed a model to investigate ttikience of a variety

of factors on the silver oxide to silver iodidectan kinetics including: pH, temperature,
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initial iodine and iodide concentration, and agaatof the test solution. Their model
showed that the accumulation of Agl monolayersagndf the AgO film was not rate
limiting; therefore, diffusion or migration of eh Ag(l) or I through the Agl film was
not rate-limiting. This is in agreement with oesults discussed in Chapter 4, section
4.4. The substrate in our work does differ, assleetrochemically oxidized the Ag
electrode to a pre-determined degree, while tHeyvald an Ag mesh to air-oxidize, and
were thus unable to determine the exact amounirface area of the reactant, Ay for
their model calculations. They reported a ratestamt of (8.2+ 3.6) molt 2 * for the
chemical reaction of A® with I'(aq) [6], which is approximately two orders of
magnitude lower than the value obtained in thiglgtun our study, the rate constant was
obtained using the geometric area of the electrai@ the true surface area may be many
times larger than the geometric area due to rougbeturing AgO film growth [7,8].
The difference between the rate constant repogd¢rbusmann et al. and what we have
reported is still larger than the difference thatexpect when the geometvis true
surface area is taken into account. It shoulddiechthat Krausmann et al. investigated
the homogeneous reaction of Agpowders/colloids dispersed in the aqueous phébke w
I"(aq) to form Agl, whereas the value we report istfie conversion of a AQ film.
These authors also concluded that pH had littleoteffect on the reaction kinetics,
which is somewhat surprising since the dissolutibAg,O increases by a factor of 10
with a pH change at1.0 away from pH 12, where AQ solubility is at a minimum [9].
Presently, we are not aware of any other repoitgyubese particular techniques
to examine the separate contributions of the iatéaf chemical reaction kinetics and

diffusion of a metal oxide-metal halide system. i/khere is a significant amount of
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work available regarding the oxidation or reductkimetics of small molecules or anions
at metal surfaces [10,11], it appears that thertieckes and the kinetic analysis used in

this study are, in fact, a novel method for deteing interfacial reaction kinetics.

55 Summary and Conclusions

The effect of mass transfer on the reaction kisetias investigated by measuring
the total reaction time as a function of electroatation rate. The total reaction time was
found to be inversely proportional to the squa af the rotation rate, and
extrapolation of the rotation rate dependencefiaite rotation enabled us to determine a
surface chemical reaction rate with reasonableracgu This surface reaction rate
constant was approximately an order of magnitudgetathan the net conversion rate
constant obtained under stagnant conditions (Chdpténdicating that the conversion is
largely mass-transfer limited under stagnant coorust

The influence of phosphate in electrolytes on th@version reaction was also
investigated. The surface reaction rate constaphosphate solutions was
approximately twice that in the absence of phosahabx 102 cmS *vs.
4.2x 10%cmS™ . This difference is small, and is partially dttried to the difference in

the initial surface area or surface structge, ), of the AgO films grown in the

presence and absence of phosphate (Chapter 4rsdc3il). Although the XRD
analysis results suggest the incorporation of phosjus into the AgD matrix during the
initial anodic AgO film growth in phosphate solutions, this studggests that its
presence does not seem to have any influence dartbiics of the conversion.
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Chapter 6

In Situ Conversion of Silver Oxide-Halide Films Stulied by Neutron Reflectometry

6.1 Introduction

As described in Chapters 4 and 5, the surfaceiogact I (aq) with AgO to form Agl is
fast and the net conversion under stagnant condii®limited by diffusion of (aq) to the oxide
surface [1,2]. The observed dependences of taergdction time on the concentration dqab)
and the amount of A@ initially present on the Ag substrate were susftdly modeled using a
simple reaction kinetic model.

Two key assumptions were made when developingeetion kinetic model described
in Chapter 4. The first assumption of a first erdependence on the concentration (dd) was
easily verified by performing experiments as a fiorcof I (aq) concentration. The second
assumption was that the available,@gsurface area did not change as the reactiongssed,
and that the AgD surface area is proportional to the electrodasararea. This second
assumption has led to the linear dependence dbthkreaction time on the total charge used to
grow the initial amount of AgD. It was hypothesized that the surface area wastant because
the conversion of A to Agl proceeded mainly by the chemical reacpathway, and the
resulting Agl formed individual molecules, not dhecent solid Agl phase. Consequently, the
Agl formed by this process does not protect theQA\gurface from reacting with(aq).

The linear dependence of the total reaction timéennitial AgO film thickness, and
hence total anodic charge used to grow the fillggested that conversion progressed in a layer-

by-layer fashion. However, we have not been abtest the validity of the layer-by-layer
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conversion using conventional surface analyticgthmégques because of the instability of Agl
under light [3].

Other researchers have shown that specular negfienstometry (NR) is a powerful
technique that can be used to study the structusertaces, thin films, or layered structures, and
it can be used to investigate changes at surfaedanes (e.g., corrosion or adsorption/adhesion
[4-13]). Hence, we have employed the use of NR tbg@the Ag/AgO/Agl interfaces during
the conversion reaction to determine the relatieations of AgO and Agl films formed during
conversion of AgO to Agl, as well as to identify, or rule out, paipiation by any other possible
surface species (e.g., AgO or AQOH). If conversioaurs via a layer-by-layer mechanism as
we have previously surmised [1,2], the neutrorefimetry results should be consistent with
the presence of discrete AYAgl layers. However, if conversion occurs ingbegs or through
pores in the surface film, discrete layers woultlbr@expected.

Additionally, we have been unsuccessful in detemgithe change in surface area (for
example, due to surface roughening) that occurggltine anodic growth of A€ on our
starting Ag electrodes [1,2]. Currently, we use geometric area of the electrode as the area of
Ag,0 for modeling our experimental results. This lsnawn over-simplification, as researchers
have shown that the Ag/A@ electrode surface roughness increases signilfjodunting AgO
film growth [14]. Neutron reflectometry is alsdaol that can provide information on changes
in the structure or compactness (density) of thdeogrown atop silver as a function of
anodization time, which can be related to the éifecsurface area of the electrode.

Specular neutron reflectometry probes variatiorthéneutron scattering length density
(SLD) perpendicular to the sample surface at degph® 10s of microns [4L3]. Beyond the

critical scattering vector (Q i.e. the wave vector above which neutrons artghlg reflected by
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the sample, normalized reflectivity (R) is obtairmddividing the number of neutrons reflected
from the sample by the number of neutrons incidgain the surface.

As prescribed by both kinematic approximation aydaanical scattering theory, the
reflection of neutrons occurs at the interfacerof tavo materials with different SLD values.
The SLD is defined as the prodydt, wherep is the density of atoms ailxdthe coherent
scattering length of a particular isotope-18]. The experimentally observable reflectivityeof
sample depends on the variation in the SLD, whmduin is determined by the isotopic
composition and density of the constituent lay&tharacteristic Kiessig fringes will appear in
the reflectivity, provided the sample consistsuffisiently flat interfaces. If a sample consists
of many interfaces, then the reflectivity spectith 8how modulations or fringes of several

periodicities.

6.2 Experimental Details
6.2.1 Stand-Alone Electrochemistry and XPS Measemésn

The working electrode was silver with a flat sug@rea 0.385 ¢ Electrodes were
polished according to the polishing procedure diesdrin Chapter 2, section 2.1.3. The
electrolyte wa®.01 mol-dm® NaOH solution that was made using ultra-pure waiter
deaerated using argon for 60 min prior to an expenkt. Prior to exposure to halide solutions,

the reactant (AgD film) was grown potentiostatically at 0.43£in the NaOH solution until the

total charge(Q,,0),, reached 0.050 C. The A@-coated electrode was then transferred to a

solution containing (aq) or Cl(aq) and the &: was monitored. Two halide concentrations
were used, ¥ 10° mol-dni® and 5x 10 mol-dm*. In a second experiment the ;&8coated

electrode was exposed to a NaOH solution contaiequgl amounts of (aq) and Cl(aq) (at
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3x 10° mol-dm®). The B¢ was monitored for 500 s, followed by a potentérsfrom 0.20 to
-1.1 Vsceat a scan rate of 0.17 8/ to obtain the cathodic stripping currents.

The XPS data was acquired on a KRATOS Axis Ultecsppmeter using
monochromatic Al K radiation and operating at 150 W with a base pressf 10° Pa. Under
normal analysis conditions, the analysis spot siage approximately 40@m x 700um. The
binding energies were calibrated with respect tbs(285.0 eV). A broad spectrum survey
determined the average surface composition andreggiution spectra were used to examine
specific bands of 5 elements in detail: Ag-3d (atlimg energies 368 and 374 eV), O-1s

(530 eV), 1-3d (619 eV), Cl-2p (198 eV) and C-1852V).

6.2.2 Neutron Reflectometry Coupled with In SitecEbchemistry

A thin-film silver working electrode was preparequksially for the neutron reflectometry
measurements by magnetron sputtering of metalliaiAgn Ar atmosphere. To prevent
delamination of the resulting silver film from thigcular, phosphorous-doped Si(111) wafer
substrate (6 mm thick and 10 cm in diameter), thewwas prepared with an initial thin layer of
Cr sputtered at a rate of 0.0%A to a thickness of 20 A. The thin silver film bi¢kness
~600 A was then sputter deposited at a rate oETAThis electrode was exposed to ambient air
when it was removed from the sputtering chambemendttempt was made to prevent
oxide/hydroxide formation on the silver surface.

A schematic of the electrochemical cell used ferréflectometry experiments is shown
in Figure 6.1. A cylindrically machined PTFE ceths clamped to the Ag working electrode and

electrical contact was made via a platinum foikplhbetween the O-ring seal of the PTFE cell
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and the Ag electrode surface. NR scans were redgrdor to, and after, the addition of

0.01 mol-dm® of the NaOH electrolyte solution to the electraoiel cell.

Ar gas
/ g

Ptel

PTFE

W NaOH sol Ag film
neutronS; P-doped Si slab : |
e ¢ o
RE WE CE

Potentiostat

Figure 6.1 A schematic view of the experimental set-up useathduhe in situ neutron
reflectometry experiments. The set-up was desigmatudy a Ag thin film, sputter deposited
on a conductive Si slab on one side and exposadigoid medium on the other side.

The experiment consisted of two parts: (1) the angawth of an AgO film, and (2)
exposure of this Ag film to an I'(aq) solution (shown schematically in Figure 6.RR scans
were recorded throughout the anodic growth of tggQAfilm at 0.25 \4cgat100, 200, 700 and
1200 s (as indicated b¥ in Figure 6.2). After oxide growth(hq) was added to a concentration
of 1x 10° mol-dm®. The B¢ was continuously monitored and NR scans were decbevery
15 min. After 8 h the electrode potential was seahfrom 0.2 to-1.1 Vscgat 0.50 mV-3 and
the cathodic stripping current was measured. Al MR scan was recorded after the complete
reduction of the Ag films. All electrochemical d¢ool was maintained using an Autolab

PGSTAT128N potentiostat.
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Figure 6.2 Potential vs. time plot of the experimental apploased to study: (1) the anodic
growth of AgO, and (2) the chemical reaction of a,®8gfilm with 1" (aq) resulting in the
formation of a Agl film. Eachk on the plot represents the time at which a newgoam was
initiated.

Reflectivity measurements were carried out on tlagypus time-of-flight reflectometer,
at the Bragg Institute, Australian Nuclear Scieand Technology Organisation (ANSTO) in
Sydney, Australia. This time-of-flight instrumentith 20 Hz neutron pulse frequencies, was
operated in the medium resolution moda/p = 4.3%) and reflected neutrons were recorded on
a 2-dimensional helium-3 detector, with an actireaeb00 mm wide 250 mm high. In order to
achieve sufficient dynamic range, data was colteatewo incident grazing angled= 0.6° for
5 min and® = 2.4° for 10 min. The total collection time fach NR scan was 15 minutes, and
in some cases, these 15 minute scans have beeahtageéher and averaged in order to reduce
the measurement error. Reduction and analysiseodata, as log normalized reflectivity (&)
scattering vector (£), was performed with Motofit reflectometry analysoftware. A more
detailed description of the complete instrumentagtdata collection, and analysis techniques can

be found in Chapter 2, section 2.4.4.
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The NR results are analyzed by comparing the obdarflectivity to a proposed model
profile, where each discrete layer/interface isespnted in the model. There are three
adjustable parameters per layer: SLD, thicknessyamghness of the interface to the adjacent
layer in the model. Least-squares refinementesiis minimize the differences between the
calculated and measured reflectivity. A scattelamgth density profile graphically shows the
thickness, roughness, and relative position ofrdiedayers that are incorporated into the model.
The as-prepared Ag film was first examined withay-reflectometry to ensure sample quality
(free of macroscopic bending and of sufficientlgghinterfaces) and further characterized by
X-ray photoelectron spectroscopy (XPS) prior tcetechemical treatment. A Hitachi S-4500
field emission scanning electron microscope (SEM3 wsed to examine the morphology of the
Ag electrode following cathodic stripping, as a @hment to neutron reflectometry

measurements.

6.3 Results and Discussion
6.3.1 Neutron Reflectometry — As-Prepared Film

One aspect of non-linear least-squares fittingas the model it yields may not be
correct if the refinement has converged to a falsemum. Mindful of this possibility, we have
chosen to propose a model that is simplest (i.@dditional features unless they actually lead to
a significantly better fit), and consistent witlsuéis obtained from other thin-film and surface
characterization techniques [1,2]. For instana pvwopose the outermost layer as AQOH instead

of Ag,O or other oxides since XPS results described baldwate the presence of hydroxide.



112

To obtain a baseline for later measurements, tpFegsared Ag film on the Si substrate
was characterized using NR prior to electrolyteosxpe. The model for the layering on the as-
prepared sample consists of Si as the incidentumgda layer of metallic Ag, a layer of AQOH,
and air. The SLD values for all relevant specssduduring the fitting procedure corresponded
with the expected (calculated) values. In ordestitain information that confirms or disputes
the hypothesis that conversion occurs by a laydeygr process, a second fitting of the data
will be completed where variance in the SLD valwdkbe allowed. Therefore, the results
presented here are preliminary.

Notably absent from the proposed layer profile étgan expected thin Sydayer
located between the Si and Cr layers, and (2) tHay@r that was deposited on Si before the Ag
layer. Inclusion of these layers did not improke fit of the model, indicating that they are too
thin to be resolved with our data that reaches irmam scattering vector of Q.= 0.15 A™.
Resolution between films can also be lost if the materials have similar SLD values.
Consequently, they are “hidden” within the relalyMeroad interface (~50 A) between Ag and Si
in our model.

Figure 6.3 shows the layer profile correspondinthtobest-fit model of the Ag electrode
in air. The measured (black symbols with errosharl estimated standard deviation (e.s.d.))
and calculated (red curve) reflectivity for thedeaquares refined model are shown in the inset.
The numerical values for all of the fitting parasrst(film thickness, SLD, and interface
roughness) are given in Table 6.1. The errordisgpresents 1 e.s.d. for parameters that were
allowed to vary during the fitting procedure whitese held constant (e.g. the SLD of Si) appear

without errors.
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Figure 6.3 Least-squares fitted SLD profile of the as-prepaa@tple. The numerical
parameters of the model, consisting of four distiagered species: Si, Ag, AgQOH and air are
given in Table 6.1. The normalized neutron refletst spectra of the sample (black line) and
proposed model (red line) are inset to the SLDileroiGraphical representation for the layer

thicknesses for this specimen is indicated withguFe 6.5 by®.

Table 6.1 Numerical parameters of the least squares fittedain@presenting the as-prepared
sample in air, electrolyte, and throughout stepeveisodization. Non-variable parameters are
indicated in bold, and an uncertainty is giventfa variable parameters, the infinity symbol is

used for all layers with thickness assumed >500 nm. The results are plotted graphically in
Figure 6.5.

Condition Layer SLD Layer Interface
pb x 10° (A thickness (A) thickness (A)
As-prepared, Si 2.07 00 5.5
in air Ag 3.47 601 +4 13+8
AgO 3.27 0 0
AgOH 2.1 515 14+8
Air 0 00
In solution, Si 2.07 00 5.5
at be Ag 3.47 604 £ 7 138
Ag.O 3.27 0 0
AgOH 2.1 39+11 38 £10

Water -0.55 00
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100 s Si 2.07 0 55

polarization Ag 3.47 582+9 13+6
AgO 3.27 392 -
AgOH 2.1 12+1 64 +5
Water -0.55 00

200 s Si 2.07 0 55

polarization Ag 3.47 522 + 16 16 +5
Ag.O 3.27 99 + 23 -
AgOH 2.1 10+ 8 61+6
Water -0.55 00

700 s Si 2.07 00 5.5

polarization Ag 3.47 411 +13 24 +4
Ag.O 3.27 199 + 21 -
AgOH 2.1 29 £ 15 60 £12
Water -0.55 00

1200 s Si 2.07 00 5.5

polarization Ag 3.47 410 +13 41 +5
AgO 3.27 207 £ 41 -
AgOH 2.1 15+4 100 9
Water -0.55 00

Analysis by XPS supports our inclusion of a AgOWelaon the as-prepared sample
surface in our model. This feature has also béserwed and extensively discussed in literature
[15-22]. Figure 6.4 shows the survey spectra resattd,characteristic peaks for Ag (3d), O
(1s) and C (1s) are indicated on the plot. TheowaAg 3d peak at 368.1 eV is due to the
presence of predominantly metallic Ag [15]. Decolation of this peak into Ag and AQ
signals showed a small amount of oxidized Ag. De&otution produced a ratio of 93:7 for
Ag:Ag.0. Unfortunately, the small separation betweeraAd AgO, and the location of AQOH
between these positions, makes quantifying the atsaf each species (Ag/AgOH/AQD)

difficult.
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Figure 6.4 XPS survey spectra of the as-prepared Ag sanfiiglesputter deposition.

6.3.2 Neutron Reflectometry — As-Prepared Filmahufton at B¢

The reflectivity of the silver electrode in NaOHEjc was very similar to that of the air-
exposed electrode. The same model employed ind-83 was used for the wet sample, with
the air layer replaced by a water layer (compast fio bars in Figure 6.5). The fitting results
(layer thickness, roughness, and SLD values) éndadted in Table 6.1 and plotted in Figure 6.5,
where each bar represents a specific experimemtalitton and each layer thickness and
roughness was given a unique colour and pattere. btk materials (Ag, A@ and AgOH) are
represented by solid bars and the thatched bamsseqt roughness at the particular interface.
The only observable difference between the samgdesed to air and initially exposed to
solution was a slight increase in the AQOH layergttness observed after the addition of NaOH.
We have postulated that the increase in roughrfabe &gOH interface after wetting was likely

due to swelling caused by hydration of the oute©RNgilm.
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Figure 6.5 Graphical representation of the numerical vafjuresented in Table 6.1 indicating
the progression of AQ film growth. For simplicity, only the upper tleréof the five) distinct

layers are shown: Ag (red), AQ (blue) and AgOH (green). The Si and air/watgetaemain
constant and are not represented here.

6.3.3 In Situ AgD Film Growth

Neutron reflectivity scans were recorded while a@@lm was grown electrochemically
after each anodization step to monitor the prograssf AgO film growth. The bar graph in
Figure 6.5 allows for easy visualization of how fil thickness changed as a function of

anodization time.

Anodization at 0.25 Ycg, a value slightly aboudE®) 0, 4, results in the conversion of

Ag to AgO via the following electrochemical reaction [14;23]:

2Ag+HO> AQO+2H +2¢ (6.1)
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A second electrochemical reaction, namely the faomacf AQOH via the following reaction:

Ag- 0 agt O3 AgOH (6.2)
proposed by Nagle et al. may also occur at thiem@l [27]. In equation (6.2) Ads defined as
high energy, superactive, surface metal atoms [ZRE key finding in Nagle et al.’s study was
that an outer AQOH layer, formed via the processgunation (6.2), was extremely porous.
Hence, subsequent 4@ formation was not expected to be hindered bytheence of this
AgOH film. Our NR results are consistent with N&iglAQOH outer layer, since they show that
Ag,0 grows below a rough (~40 A) AgOH film.

Figure 6.6 shows the SLD profile, and observedcfblane) and calculated (red line)
reflectivity for the Ag film at the completion ohadization. This is the last of the four steps of
anodization, shown as an example. Although ong/r@flectometry result is shown, all least-
squares fitted parameters for each anodizationastefpsted in Table 6.1. Our model of the
electrode surface consists of five layers: Si, thetdg, Ag.O, AgOH, and water. Figure 6.5
shows how the thicknesses of these layers changegdbhe anodization process. After 1200 s
of anodization the Ag thickness markedly decregbgd-200 A) and the A® thickness
increased by a similar amount (~200 A). The totgDM thickness varied slightly, but
compared to Ag and AQ was considered to remain nearly constant throuigihe duration of

the anodization process.
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Figure 6.6 SLD profile and normalized reflected neutron dsyblack line) and calculated
reflectivity (red line) for the Ag film at the corfgtion of 1200 s anodization. Graphical
representation for the layer thicknesses for thecsnen is indicated within Figure 6.5 8y
and numerical values are given in Table 6.1.

The Pilling-Bedworth ratio for a metal-oxide is givby:

— Voxide — M oxide |$metal
Res V, nm

metal

(6.3)

metal oxide

where M is the molar masgthe density, and V the molar volume, of oxide @tah

respectively, and n is the number of atoms of m@taimolecule of oxide [28]. The calculated
Rpg for Ag,0 is 1.58. Using this ratio, one can estimatecti@nge in oxide thickness that would
correspond to the consumption of a certain thickmés\g metal. The loss of 200 A of Ag
should lead to the formation of 316 A of &y However, we measured (based on model

analysis of the NR results) an A film thickness of 200 A. This suggests that atrane-third

of the oxidized Ag was lost to dissolution.
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Previous researchers have observed a significargase in Ag roughness after the
formation of AgO by electrochemical anodization [14,-28], which is consistent with the
results presented in Table 6.1. The measuredaretgflectometry results show an almost four-
fold increase in Ag film roughness at the completd anodization. Additionally, the roughness
of the AgOH interface increased from 40 to 100Unfortunately, the proposed model was not
sensitive to changes in roughness at thgOMygOH interface; therefore, we cannot determine
exactly how the AgD roughness changed as a function of anodizatioe. ti

In addition to being in good agreement with obseémedlectivity, the proposed model
leads to results that make sense chemically. Th#er of moles of metallic Ag consumed and
the number of moles of AQ produced can be calculated from film thicknegsbtained from
NR data), sample surface area, density, and maasmof each species. The amount of Ag
consumed was found to be X1.0°mol and the amount of A® formed was found to be
3.8x 10° mol. This gives a Ag:A® ratio of 2.9:1. This ratio is likely higher théme expected

2:1 ratio due to dissolution of some of the oxidize.

6.3.4 In Situ Conversion of AQ to Agl

After the anodic growth of a A@ layer, T(aq) was added to the electrochemical cell to
initiate the conversion of AQ to Agl. The k¢ was monitored while the conversion reaction
occurred and NR scans were acquired continuallyi®mnext 8 hours. The most dramatic
changes in reflectivity were observed in the #Stminutes after the addition ofaq). All of
the reflectivity scans collected over the coursthefremainder of the 8-hour experiment looked

very similar. For this reason only one SLD proéld reflectivity scan are presented in Figure
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6.7. The reflectivity plot is the sum of 6 scaasarded over a 1.5-hour period, beginning after

the large transition in &z, when the chemical system had nearly achievedaalgtstate.
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Figure 6.7 SLD profile of the Ag electrode recorded i 10> mol-dm®of I'(ag). The
observed neutron reflectivity spectrum (black linajl the predictions of our proposed model

(red line) with five distinct layers is inset. Ghagal representation for the layer thicknesses for
this specimen is indicated within Figure 6.8@yand numerical values are given in Table 6.2.

The model that was used to analyze the reflectdaia consists of Si substrate (incident
medium encountered by neutrons), a metallic Ag,fanAg0 film, a Agl film, a AgCl film, and
water. The AgCI film is necessary because an uwkremount of Cl(ag) was released from the
SCE reference electrode into the cell solutionthiglresulted in the conversion of some,@g
to AgCl. The time at which (faq) leaked into the cell is not known. Inclusaira AgCI layer
used to model the surface during.@8gfilm growth led to a significant increase in erb@tween

the measured and calculated reflectivity profitence it was not included in the model.
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The minimum concentration of Gaq) that would result i(E°®) pyc ag < (E®) agorag IS
3 x 10*mol-dni®. This corresponds to 4B°) 5, 4, 0f 0.19 Vsce Release of only 15 pL of

solution from the SCE electrode would be sufficiengéxceed the minimum Gaq)
concentration required for A@ conversion to AgCIl. The volume of solution thestked from
SCE was visibly apparent, and regions of the Agtedele close to the reference electrode
appeared tarnished or blackened. The sequenbe &yters (i.e., Agl on AgCl vs. AgCl on
Agl) was easily determined by NR because the SUDegfor AgCl (3.68 1¢° A™) and Agl
(1.53x 1¢° A™) are different enough that the layers can cleaglgistinguished.

Changes to the layered species on the electroticewas a function of exposure time are
shown in Figure 6.8 and SLD, thickness, and rougfidata for each layer are tabulated in Table
6.2. A decrease in the AQ layer thickness from 207 to 140 A was observatiwithe first
15 minutes after the addition of the KI solutiortlie electrochemical cell. The &g layer
thickness remained constant for the remaindereéitperiment. An Agl film was added to the
model on top of the A®, which resulted from the conversion of8gto Agl. The Agl layer
had a thickness of 80 A and an average roughneks Af

A 15 A-thick AgCl layer was added to the model ai® minutes of Ec measurement.
This AgCI film may have formed by the precipitatiohAgCl from the dissolved Agaq)
(discussed in section 6.3.3) with (@q) entering the solution from the leaking SCHtirtg of
the reflectivity data indicates that the AgCl filmas rough (40 A). This nominal roughness may

indicate the film formed unevenly or in patchesrawe electrode surface.
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Figure 6.8 Graphical representation of the calculated Ag)(ragO (blue), Agl (purple), and
AgCI (pink) thickness and roughness values afteratiidition of I(ag). The numerical values
are given in Table 6.2.

Table 6.2 Numerical parameters of the least squares fittedathoepresenting the sample after
the addition of KI. The model is shown in Figut&,6and the results are plotted graphically in
Figure 6.8. Non-variable parameters are indicatdmbld, and an uncertainty is given for

variable parameters.

Condition Layer SLD Layer Interface
pb x 10° (A% thickness (A) thickness (A)
15 min exposure Si 2.07 00 5.5
Ag 3.47 410 41
Ag.O 3.27 158 + 7 -
Agl 1.53 805 19+1
Water -0.55 00
30 min exposure Si 2.07 00 55
Ag 3.47 410 41
Ag.O 3.27 141 +12 -
Agl 1.53 803 16 +12
AgCl 3.68 15 38 £12
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Water -0.55 0

150 min exposure Si 2.07 00 5.5
Ag 3.47 410 41
Ag.O 3.27 139+3 -
Agl 1.53 802 11+4
AgCl 3.68 15 41 +3
Water -0.55 00

255 min exposure Si 2.07 00 5.5
Ag 3.47 410 41
AgO 3.27 139+ 3 -
Agl 1.53 802 12+4
AgCl 3.68 15 41 +3
Water -0.55 00

345 min exposure Si 2.07 00 55
Ag 3.47 410 41
AgO 3.27 139+ 4 -
Agl 1.53 802 11+6
AgCl 3.68 15 42 £ 4
Water -0.55 00

420 min exposure Si 2.07 00 5.5
Ag 3.47 410 41
Ag.O 3.27 139+4 -
Agl 1.53 83x2 14 +5
AgCl 3.68 15 35+4
Water -0.55 00

495 min exposure Si 2.07 00 5.5
Ag 3.47 410 41
Ag.O 3.27 139+3 -
Agl 1.53 832 15+4
AgCl 3.68 15 42 +3
Water -0.55 00

Cathodic stripping voltammetry was performed atehd of the experiment and the
results showed the presence of two poorly-sepacatiubdic reduction peaks (Figure 6.9). The

more positive reduction peak centered around 04 Was attributed to the reduction of Ay
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to Ag and the more negative peak-at20 Vscewas due to the reduction of Agl to Ag. Poor

separation of the cathodic reduction peaks may hesudted from contamination by Cdq),
since the reduction of AgCl occurred at a potertéiveen(E®) ,,o,a, aNd (E®) o/ aq» @S

shown in the cyclic voltammograms discussed in @raf section 3.3.5 [281]. The amount

of Ag,O/AgCl and Agl was estimated from the voltammogramwever due to the closeness of

(E®) agorag 10 (E®) ageir ag» the amount of Agd and AgCI could not be distinguished by this

method. This result also indicated that the casigarreaction did not go to completion and

unreacted AgD was still present on the electrode surface.

0.20

Laboratory Result
1 — in-situ Neutron Reflectometry Result

Current (mA)

r — r r
-040 -030 -020 -010 0.00 0.10 0.20 0.30
Potential (V vs. SCE)

Figure 6.9 Cathodic stripping voltammogram recorded at thragletion of the experiment.
The concentration of (ag) was 1x 10 mol-dm?* (red line, NR results). Cathodic stripping
result recorded after a AQ film with (QAng)o 0.050 C was exposed to a solution containing 3

102 mol-dm*of I"(aq) and 3« 10" mol-dni® of CI"(aq) (black line).

Due to the contamination observed during NR measein¢s a second cathodic stripping
measurement was performed on a bulk Ag electrosied(tor all other electrochemical

experiments). An AgD film was exposed to a solution containing a nmetof [ (ag) and
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Cl(aq). The reaction was terminated by removingelbetrode from the halide-containing
solution after 500 s, rinsing it with water, plagimin a NaOH solution, and cathodically
reducing the films present on the Ag surface (Fedu®). The large cathodic peak (at 0.Xz&/
corresponds to the reduction of Ayto Ag. The very small peak at —0.22¢is due to
reduction of Agl to Ag and the small shoulder oa &g.O peak (at ~ 0.1 ¥ was attributed to
the reduction of AgCl to Ag. This agrees well witie CVs presented in Chapter 3, section 3.3.5
[29-31] and indicates that the electrochemical behawabthe thin-film sample is similar to that
of a bulk Ag sample.

These results also show that both Agl and AgCldibme formed concurrently. The
AgCl film appears to be thinner than the Agl filba§ed on the areas, or estimated charges, of
the cathodic peaks). However, quantifying the amha@fi AQCI present is not possible from this
scan because of the overlap with the largeiGAgeak. The thinner AgCI film is expected
because the rate of conversion ob@go AgCl is ~2.5 times slower than the rate of @sion

of Ag.0 to Agl, as determined by the&profiles shown in Figure 6.10.
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Figure 6.10 Open-circuit potential for a AQ oxide grown at 0.4 £ to a constant anodic
charge(Qpg0), 0f 0.050 C. The AgD film was exposed to solutions containing 1)

5x 10°mol-dm* I (aq) (black solid line), 2) ¥ 10* mol-dm* I (aq) (black dashed line), 3)
5x 103mol-dm* Cl (aq) (red solid line) and 4)210*mol-dm* CI (aq) (red dashed line).

The amounts of AgD, AgCl and Agl present on the surface calculatethfthe NR
results and cathodic stripping analyses are ginérable 6.3. As mentioned earlier, the
reduction of AgO cannot be distinguished from the reduction of Agi@l a combined value is
given for these species. The NR and electrochémasalts agree quite well. The total amount
of Ag from AgO, AgCl and Agl determined from NR was &80 °mol and that determined by
cathodic stripping was 7x410° mol. These values are both close to the amousitwar
initially oxidized to AgO (7.6x 10°mol). The measured post-test film quantities Hghty
smaller due to dissolutive losses of,8g The close agreement between all of these values

shows that we have a good understanding of therdilm and its reactions.

Table 6.3 Summary of the calculated amount of,8g Agl and AgCl from the NR experiment
using: 1) neutron reflectometry (top block) 2) aatit stripping voltammetry (centre block) and
3) a comparison of the amount of Ag in the filmocgdted from NR, cathodic stripping
voltammetry and the initial A® film growth (bottom block).

Neutron Reflectometry
Species AgO AgCl Agl
Film Thickness (A) 140 15 80
Amount (mol) 2.6x10° 3.5x 10" 1.2x 107
Amount Ag (mol) 5.2x 10° 3.5x 10" 1.2x10°
Total Amount of Ag (mol) 6.8x 10°

Cathodic Stripping Voltammetry

Species | AgO | Agl
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Charge (mC) 347 373
Amount Ag (mol) 3.6x10° 3.8x 10°
Total Amount of Ag (mol) | 7.4x10°

Comparison of Neutron Reflectometry and Cathodic
Stripping Voltammetry

Amount of Ag from 7.4%x10°
Cathodic Stripping (mol)
Amount of Ag from Neutron 6.8x 10°
Reflectometry (mol)
Amount of Ag Initially 7.6x10°
Anodized (mol)

A final NR scan on the reduced electrode was citeafter cathodic stripping, however,
the spectrum was featureless. SEM micrographsi{€ig.11) taken after the Ag electrode was
cathodically stripped show that the electrode s@ri@as covered with very fine particulates.
Cathodic reduction led to an increase in surfacghoess that was uniform over the entire

electrode surface.

Figure 6.11 SEM image of the Ag thin film electrode after,&gfilm growth, film conversion
and cathodic stripping.

6.4  Conclusions
We have shown that the progression of the anadwtty of a AgO film on an Ag

substrate can be followed successfully using nauefiectometry. The anodization of a Ag
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film in a NaOH solution results in the growth of iamer AgO film with a rough AQOH outer
layer. We cannot extract changes in the roughoietbe AgO film as it grows, but our
preliminary results show an increase in roughné#isenAgOH film at the water interface and a
much smaller change in roughness at the AgDAigiterface. If these findings are confirmed
after re-analysis of the data, they provide a basisnodifying the effective surface used in
kinetic models of electrochemistry on silver eledes.

Neutron reflectometry has also been used effdgtteestudy the conversion of
AgOH/AQ;0 to Agl. Our preliminary NR results show thattotist Ag,O and Agl layers are
present on the electrode surface. This confirrastnversion process that we had previously
postulated based only on our prior electrochemgingies. We would like to confirm this by
removing the restriction that the SLD values aractly equal to the calculated values. Changes
in the SLD values away from calculated values qawigde information that will further our
understanding of the film conversion process. éxaimple, a decrease in the,8gSLD as the

reaction progresses may indicate diffusion ¢dd) through the film to the Ag substrate.
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Chapter 7
Comparison of the Interfacial Reaction Kinetics ofBromide and lodide Anion with

Silver Oxide on an Ag Substrate

7.1  Introduction

The three reaction pathways were introduced indasgribed in some detail in
Chapter 1 section 1.2.1. Briefly, the conversibAg@,O on an Ag substrate to AgX by
X (aq) (where X(aq) represents(aq) or Br(aq)) can occur via one of three of the
following reaction pathways: (1) chemical reactairX™ with Ag,O in the oxide surface,
(2) a galvanic coupling of A® reduction to Ag with the oxidation of Ag with §aq) to
AgX on the surface of the Ag substrate, or (3)aision of Ag'(aq) from AgO,
followed by the reaction of Agaq) and X(aq) in the aqueous phase. In this study, the
reaction of Br(aq) with AgO on Ag are examined and the results are compaitedive
previously reported data on the reaction ¢dd) (Chapters 4 and 5). In this chapter we
extend our study to include the interfacial reacketics of the aqueous bromide anion
with Ag,O on a Ag substrate. The objective of this stsdypiexplore how the different
reaction thermodynamics and mass transport pregesfithe different halide ions affect
interfacial reaction kinetics.

The interfacial reaction kinetics were followedrgnitoring the open circuit
potential (k¢) after the reaction was initiated by exposing etahemically-formed
Ag-0 films to solutions containing Bjaq). The total reaction time, the time required t

completely convert AgD to AgBr, was easily determined since the Bropped from the
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equilibrium potential for the Ag/Ag redox pair to that of the AgBr/Ag redox pak.
similar change was observed in the conversion gOAg Agl, as discussed in Chapters
4 and 5. Galvanostatic reduction was performetketermine the amount of AQ that
remained and amount of AgBr formed as a functioreattion time. By measuring the
total reaction time as a function of halide concandn, the anodic charge used to grow
Ag-0, and the electrode rotation rate, various readtinetic parameters were obtained.
The kinetic analysis revealed that all three reacpathways contributed significantly to
the removal of the A film for the bromide case. This is differentrfrahe behaviour
observed for the conversion of Agto Agl. The T(aq) reaction occurs mainly via the
chemical reaction pathway while the bromide systemeriences a more complex kinetic
analysis. The kinetic analysis results of the haide systems are compared and the

differences discussed.

7.2 Experimental Details

Electrochemical measurements were conducted irea-#ectrode electrochemical
cell where the working electrode was a silver disea of 0.385 cfi), the counter
electrode was platinum, and the reference electn@dea saturated calomel electrode
(SCE). Measurements were conducted at room teroperia Ar-sparged
0.01 mol-dm® NaOH. Potassium bromide solutions were prepaittia@ncentrations
in the range of % 10 to 3x 10° mol-dni®.

Prior to electrochemical tests, the silver eleasdere abraded following the
procedure described in Chapter 2, section 2.1.8atAodic cleaning at —1.1s¥g for

300 s removed any air-formed oxide from the Agacef The initial AgO films were
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grown potentiostatically at 0.4s¢s The total charge used to grow the starting@\g

film, (Qa.0)0, Was measured and is related to the initial mésggO in the film by
equation 4.1. Films with different amounts of,@gwere prepared by varyin®,, ),

from 0.036 to 0.064 C.

The conversion of A@ to AgBr was initiated by transfer of the A¥coated
electrode to an electrochemical cell with a soluttontaining Br(aq). The reaction was
then followed by monitoring the open circuit poiahtEqc. The effect of electrode
rotation rate on the conversion kinetics was ingastd over a range of 0 to 50 Hz.

The amounts of reactant Ag and product AgBr on the electrode as a function o
time were determined by galvanostatic reductioa,ssfiematic presented in Figure 7.1.
In these experiments, the conversion reaction erasihated after a desired reaction time
by transferring the electrode from a solution comitey Br (aq) to a solution containing
only NaOH at the same pH. A constant negativeetuinvas then applied to the working
electrode and the potential was monitored as aifumof time. The negative current
reduced the AgD and/or AgBr that was present on the Ag electsadéace. The
reduction of AgO and AgBr was easily separated becaus@®Aamill reduce at 0.22 ¥¢
and AgBr will reduce at 0.0508¢ The charge required to reduce,@gand AgBr can
be obtained by multiplying the applied currer.85x 10> AGn¥) times the potential

residence time at 0.22s¥e and 0.050 ¥cg respectively.
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Figure 7.1 Schematic representation of the potentsakime profile used for the kinetic
analysis of AgO on Ag with aqueous Bispecies.

If no dissolution of A§(aq) has occurred during the reaction, then thegehased

to grow the initial amount of A®, (Q,,), should be equal to the sum of the charges
used to reduce A® and AgBr present on the electrode at reactioe tifQ,,,), and
(Qager )1 » respectively. Any difference betweé@,, ), and (Qa, o)+ (Qags): 1S
attributed to the dissolution of A@q) to the bulk aqueous pha$@,..),

(Qoss): = (Qug0)o ~(Qugo): *+ (Qugar):) (7.1)

The rate of dissolution of AQ in a NaOH-only solution was also determined by
galvanostatic reduction measurements. For thgserexents AgO was grown in a
NaOH solution until the total charge reached 0.081®.13 @m ?). After oxide film
growth, the bc was monitored while the electrode was held incidefor a desired
dissolution time. After this period, the amount’@f,O that had dissolved was

determined by measuring the charge required to vertiee remaining Ag.
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The morphologies of A® and AgBr films were analyzed at various timesrayr
the conversion reaction. The electrodes were rechérom the electrochemical cell,
rinsed with deionized water, and dried with arg@amples were stored under vacuum
before being transferred to a Hitachi S-4500 fegliission scanning electron microscope
(SEM) equipped with a Quartz Xone energy disperX¥aray (EDX) analysis system.

This was used to examine the surface topographyaalyze the elements present on the

electrode surface.

7.3 Results
7.3.1 k¢ Behaviour Observed During the Reaction 0f@gn Br Solutions
A typical example of the time profile ofdg is shown in Figure 7.2a. The&

shows three distinct stages of conversion. Inesiadhe initial ¢ starts close to the

equilibrium potential for the A§/Ag redox pair,(E®) », /., @nd decreases slowly with

time. In stage 2, thedz reaches and remains at a nearly constant vatustage 3, the

Eoc abruptly drops and quickly reaches a steady vehse to the equilibrium potential

for the AgBr/Ag redox paiE®) ..z, 4, The change in stage 3 indicates that the

conversion from AgO to AgBr was complete.
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Figure 7.2 (a) A typical open circuit potential fg) measurement observed of a,&g
film exposed to a solution containing<8L0* mol-dm?® of Br(aq). The stars indicate the
times at which a test coupon was removed for SEdlyars (see Figure 7.8).

7.3.2 Observed Dependence of Total Reaction TinjX d@q)]o and (Q,,0),

The abrupt drop in & signals the completion of the 4@ to AgX conversion
process and the time at which the drop occurseisdtal reaction time;. The inverse of
the reaction time gives the reaction rate. Thefofiles obtained with different Biaq)

concentrations, but at a const@,,,), are shown in Figure 7.3a, and thsclprofiles

obtained with variou®Q ., ), and a constant [Bfaq), are shown in Figure 7.3b.
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Figure 7.3 (a) A series of open circuit potential measurempetformed at various

Br (aqg) concentrations whe(®,,,), is constant at 0.050 C. (b) Open circuit potential

measurements carried out with different amoun#sgd exposed to % 10°* mol-dni®
Br (aq).

TheTts observed as a function@,,.), and [Br(ag)k are shown in log-log plots

in Figures 7.4a and 7.4b. Also shown in Figureareithe earlier reported data for the



138

reaction of AgO with I'(aq) for comparison. The slopes of the tpgs log [X (aq)b
plots for both bromide and iodide reactions-ated & 0.1), indicating that, over the
studied concentration range, the surface reactsralfirst order dependence on

[X"(ag)b. On the other hand, the slopes for thetogs (Q,, ), plots of the two halides

are slightly different. The slope is 4.4 and 1.2 0.1 for the bromide and iodide
reactions, respectively. Although the uncertagirethe slope in the bromide case are
larger than iodide, both results indicate thatrdeection rate deviates from a first order
dependence o(Q,,,),. The reasons for the differences observed fotwieehalide
systems are discussed in section 7.4.

The apparent rate constkﬁgpfor the conversion of A® to AgBr was also

calculated using the total reaction times fromEbe measurements. Under stagnant

conditions thek® was (1.61+ 0.33)x 10° cmiS ™. This is approximately two times

App

smaller than the

appdetermined for the conversion of Agto Agl,

(3.67+ 1.08)x 10 cmiS™ previously measured (Chapter 4).
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Figure 7.4 (a) Plot of the log of the total reaction tintg)(vs log [X (aq)h. (b) Plot of
the log of the total reaction timeg[ vs. log (Q,,),. Data for I(aq) taken from

Chapter 4.
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7.3.3 Observed Dependence of Total Reaction Tinteemtrode Rotation Speed
The open circuit potential profiles observed atedlént electrode rotation rates is

Y2 observed for

shown in Figure 7.5a and the dependence of ther&ztetion time o
the bromide reaction is shown in Figure 7.5b. Puesly reported iodide data obtained
under the same conditions are also shown in Figie for comparison (Chapter 5).

Both halides show a linear dependencexdff. The bromide shows a slightly steeper

slope (733, compared to 504 for the iodide case)aasignificantly lower intercept at

infinite rotation.
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Figure 7.5 (a) Eoc plotted as a function of reaction time for diffierelectrode rotation

speedsp, and (b)

total reaction times (o™*%). For this datgQ,,,), was 0.050 C and

[Br-(ag)pwas 5% 10“*mol-dmi®. The results obtained in iodide solutions untiersame
experimental conditions are also included in (hadaken from Chapter 5.
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The surface reaction rate coefficienks, . , obtained using the intercept extracted

from Figure 7.5b and using equation (5.5) arex71® * cms * for bromide and

4.2x 102 cmis *for iodide. These surface reaction rate coeffisieme about one to two

orders of magnitude larger than the net reactitsnaaefficientsk,., measured under

stagnant conditions.

7.3.4 Galvanostatic Reduction Measurements

Galvanostatic reduction measurements were perfotmddtermine the amounts
of reactant AgO remaining, product AgBr formed, and Aylost due to dissolution as a
function of reaction time. The potential as a tiort of time observed during the
galvanostatic reduction is shown in Figure 7.64gsO films exposed to a Bfaq)
solution for different reaction times. The amounit®\g,O and AgBr present on the
electrode were calculated using the method destiibsection 7.2 and these values are
listed in Table 7.1. The sum of the Agand AgBr present on the electrode are plotted
as a percentage of the initial Ayfilm and are shown in Figure 7.7. Also shown in
Figure 7.7 is the percentage of an,@dilm that does not dissolve after exposure of the

film to a halide-free NaOH solution for differeirnes.
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Figure 7.6 Potential as a function of time for galvanostagiduction of AgO and AgBr
films. Prior to reduction, the A® films were grown to a constant anodic charge of
0.050 C and then exposed to solutions containimg(@B)} at 5x 10 mol-dm for

different reaction times.

Table 7.1 Measured quantities of AQ and AgBr on an electrode and amount of
Ag’(aq) dissolved for different reaction times.

trxn (S) (QAgZO)t (C) (QAgBr)t (C) (QDiss)t (C) % Aggiss
100 0.040 0.005 0.005 10
200 0.032 0.012 0.006 12
400 0.027 0.011 0.012 24
800 0.006 0.017 0.027 54
1480 0 0.014 0.036 72

Without Br (aq) present, the rate of loss of,8gdue to dissolution of AQ in a

halide-free solution at pH 12 was small. With(@q) present the rate of 4@ lost from

the film was much faster. This is very differeetlviour than what was observed for

similar experiments in iodide solutions. The raté\g,O loss from the AgD film was

small and comparable to the rate of loss due tgAdissolution alone H3]. The higher
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rate of AgO loss with Br(aq) present suggests the dissolution reactionyastiireaction
path 3) is an important contributor to the ovecalhversion of AgO to AgBr.

The high rate of Ag loss from the AQ film during the bromide reaction was
somewhat surprising since the solubility of2@gis very low at pH 12 (that was the
reason for performing tests at this pH). Posstlganations for the Ag loss are

discussed in section 7.4.
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Figure 7.7 Fraction of Ag remaining on the Ag substrate agmheined by the
amounts of AgO and AgBr present. Also shown is the fractionhef initial AgO after
exposure of a film to a 0.01 mol-d@MNaOH solution as a function of time and the
amounts of AgO and Agl calculated from the cathodic strippingules shown in Figure
4.5b.
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7.3.5 Surface Analysis

The changes in surface morphology as the reactmgre@ssed were examined by
SEM and EDX. The SEM micrographs of the surfacthefsilver electrode taken at
each of the three stages of conversion are showigure 7.8 and the corresponding
EDX spectra are shown in Figure 7.9. The timeshath samples were removed from
the cell for the SEM analysis are indicated on Fegti2a. The SEM micrographs show a
decrease in the size of the Aycrystals on the electrode as the reaction pregtesAt
the beginning of stage 1 the surface was covereddmympact film of relatively uniform
‘spherical’ AgO crystals ranging in size from 18200 nm in diameter. The EDX
spectrum for these crystals contains two promipeaks attributed to Ag and O and no
other measurable peaks. By the beginning of age AgO crystals are smaller and
additional irregularly-shaped, longer crystals barseen inter-dispersed on the surface
(circled in Figure 7.8b). The EDX spectrum of ttregularly-shaped crystals shows
strong Ag and Br peaks and a negligible O peake dlbctrode in stage 3 is quite
different. Large areas of the electrode surfageaped to be covered by few or no
crystals. The remaining crystals are found in @néwdistributed larger clusters on the
Ag substrate. This change is reflected in the Ep&ctrum which shows a strong Ag

peak and a very weak Br peak (Figure 7.9c).
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Figure 7.8 SEM images of the Ag electrode surface obtainest ditferent reaction
times (see Figure 7.2a).
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Figure 7.9 EDX analysis carried out on the Ag electrode s@fearresponding to the
SEM images shown in Figure 7.8 and reaction tirhesva in Figure 7.2a.

7.4 Discussion
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As stated in section 7.1, there are three reag@nways for the conversion of
Ag,0 to AgX on conducting a Ag substrate. The diffexes observed for the reactions
of Br (ag) and 1(aq) with AgO indicate that different kinetic paths are inval\er the

different halides.

7.4.1 Chemical Reaction Path (1)

The rates of reaction pathway (1), surface chemezadtion, and reaction
pathway (2), galvanic coupling, can be controllgdhe diffusion of the reacting halide
from the bulk solution to the reacting film. Expeents performed at various electrode
rotation rates showed that ion mass transportdratiueous phase does influence the

reaction rate. By extrapolating to infinite rotatj we have obtained the surface reaction

rate coefficientk .. Since the surface reaction of halide with.@gn Ag can occur
via both reaction paths (1) and (R}, consists of two components:

Kaut = Kauri-chem + Kaur-can (7.2)
We found thek . value was 4.% 10 cmiS * for iodide and 7.& 10 cmiS ™ for

bromide.
The results reported earlier, and additional neseperformed in our laboratory

suggests that the reaction dfaqg) with AgO on Ag occurs mainly via the chemical

reaction pathway (reaction path 1381 (i.e., K&, —chem >> Kéur-can)- FOr B (aq) the rate

of the similar chemical reaction could be slowentlhe rate for (aq) because the Gibbs

free energy of reactiod\G, is smaller for the bromide reaction than foritidide
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reaction. From the thermodynamic properties ofraetants and products (given in
Table 7.2), thé\,G values for the reactions of g and X(aq) forming Agl and AgBr

are—-255.7 kihol™* and-213.3 kdhol™, respectively [4].

Table 7.2 Thermodynamic parameters for species involvatienAgO/AgX reactions.

Thermo. | Ag20(s) | 1'(aq) | Br(aqg) | Agl(s) | AgBr(s) | H:O(aq) | OH (aq) | Ag*(aq)
Paramete
AH,(0 -31.1 -56.7| -121.4, -61.8] -100.4 -285.8 -230.0 105/6
kJmol™)

S 121.3 106.4 82.5 115.5| 107.1 69.9 -10.8 12.7
(Jmol™)

The activation energy for a reaction, which terasdntrol the reaction rate, is
not dependent on the Gibbs free energy of readbioihfor a reversible system, with a
low activation energy, a more highly favoured reactvill tend to make the approach to
equilibrium faster and yield a higher chemical teacrate. Clearly this is an important
consideration here because the surface reactieriaiabromide is faster than that for
iodide. Additionally, we have no reason to exghat the activation energy for the
surface chemical reaction between@gnd X(aq) will be higher for'(aq) compared to
Br (aq) to explain the higher reaction rate. For eplanthe electron affinity of Bris
greater than that of (-324 kJmol™ for Br and-295 kJmol™ for I” [5]) and the
chemical reaction (reaction pathway 1) might noekgected to proceed faster with the

halide that can most easily give up its electroh (I
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If the higherkZ,; value observed for the bromide reaction is nottdue higher

chemical reaction rate, then pathway 2 must be mgakilarge contribution to the overall

reaction of Br(aq) with AgO.

7.4.2 Galvanic Coupling Reaction Path (2)

The galvanic coupling reaction can begin when tlalh ion diffuses through the
Ag-0 film to the Ag substrate. In the iodide systevhere the chemical reaction path
dominates the interaction, the concentration oidedeaching the Ag substrate is
negligible until most of the A® film is converted to Agl. The bromide ion has a
smaller ionic radius than the iodide ion (1.96 ABy™ and 2.2 A for1[6]) and this will
make diffusion through the A@ lattice easier and faster for BrThis will allow the
galvanic coupling reaction to start to make a dbatron to the overall reaction rate at an
earlier time and lead to an overall faster ratdnenbromide reaction.

The presence of a significant rate of the galvanigpling reaction in the bromide
system can be seen from thecbehaviour. The & is determined by the potential at
which the anodic and cathodic reaction rates meigdual, and a change in thecE
indicates a change in the redox rates. In the ld®ystem, the & starts to decrease
immediately (Figure 7.2b) until it reaches a psesigady-state value in stage 2. In

I (aq)solutions, the Bc remained at a constant value close to the equilibpotential of

the AgO/Ag pair, (E®) 5,0/, fOr most of stage 1, indicating that the conceittreof

I"(aq) reaching the Ag substrate was negligible dustage 1.
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The transition from stage 1 to stage 2 also ocduaten earlier time in the
Br (aqg) solution, compared to that observed in tfeq) solution. Although &

remained relatively constant during stage 2 in thatide solutions, its value was lower

during the reaction with Bag), despite the more pOSIt{le®) , g,/ aq -

The time-dependent behaviour aidas a function of electrode rotation rates
shows that rotation not only shortens the duratafrstages 1 and 2 (and hengg but
also increases the rate of changedg i6 stage 1. Faster rotation will increase the
Br (aqg) concentration at the film surface and heneectincentration of Bfaq) through
the AgO film. This would support a faster galvanic conglreaction rate.

When the chemical reaction is slow, the concermtnatif X (aq) at the
oxide/solution interface is close to its concemrain the bulk aqueous phase. Under

these conditions,

[X_(aq)]o (73)

[X~(m)], Dm

where[ X~ (m)], is defined as the concentration of(Xq) at the Ag substrate, and
(dag0): is the thickness of the AQ film [7]. Additionally, the initial oxide thickess
(dag0)o IS related to the charge used to grow the ink@dO film by equation 4.1.

Thus, if the electrochemical reaction is the domirraaction path, the total reaction time
will have a 1.5-order dependence @, ),:

 (Quo)y Qo) (7.4)

X @),
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The dependence of on (QAgzo)O observed in the bromide reaction was 1.4, clasér§,

while that observed for was 1.2, closer to 1.0. These observations areistent with a
greater contribution from the galvanic couplingatean pathway to the overall reaction

for the bromide case.

7.4.3 A Dissolution Path (3)

In the bromide case, we have observed much gresteof AgO from the
electrode compared to the loss seen in NaOH odéosiblutions. This was somewhat
surprising since the reaction conditions (pH, terapge) were identical. We attribute
the increase in silver dissolution in"Bxq) solutions to the reaction of Agq) and
Br (aq) to form AgBr(aq). This will result in a stegpAg'(ag) concentration gradient in
the oxide/solution interfacial region, thus inciegshe Ad(aq) dissolution rate. The

solubility products of AgO, AgBr and Agl areK 2&° = 3.6x 107, K% =5.3x 107"
and KsApg' =8.3x 10", respectively [4]. Reaction of Agq) from AgO to form a

lower solubility product silver halide will decremthe Ad(aq) concentration in the
agueous phase via precipitation of AgX. Becauseiiyl solubility is extremely low,
any Agl formed will tend to precipitate immediately the adjacent AQ film. More
soluble AgBr can diffuse away from film in the aqus phase. We did not observe any
silver bromide colloidal particles in the aqueobage because there was not enough
present in the large volume of the electrolyte ohs used in the experiments.

The effect of AgBr loss to the solution on the bidenreaction kinetics can be

seen in the dependence of the total reaction timb® electrode rotation rate. While
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both halide reactions have awith a linear dependence ain'’?, the bromide case shows

a steeper slope of 733, compared to a slope of&Ghe iodide case. Since the diffusion
coefficients of Br(aq) and 1(aq) in the aqueous phase are nearly the samengéls
transport of another species in the interface regiast be causing the different

dependences. We attribute the difference to ddfusf AgBr from the interface region.

7.5  Conclusions

The conversion of A on Ag to AgBr by Br(aqg) anion has been studied and the
results have been interpreted in terms of thrderetfit reaction pathways. The results
have also been compared with the previously regadsults for the conversion of 4@
to Agl by I'(ag). Under stagnant conditions, the bromide reaetas found to be slower
that the iodide reaction. However, experiment$goered as a function of electrode
rotation rate determined that the reaction withnfide was faster compared to iodide.
The reaction of AgO with I'(aq) to Agl occurred mainly by a chemical reactoath and
alternative galvanic coupling and dissolution patisvdid not contribute significantly to
the overall reaction of A®. Very different kinetic behaviour was observedthe
reaction with bromide. The smaller Banion size permitted faster diffusion of Br
through the AgO film to the Ag substrate. The presence of@rthe Ag/oxide substrate
enabled the galvanic coupling reaction to occulefasnd compete with the chemical
reaction pathway. Also, dissolution of AZywhich released Agaq) near the
Ag,O/solution interface led to the formation of AgByjavhich is more soluble than the

similarly formed Agl. The higher AgBr solubilitylaws it to diffuse into the bulk
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solution, as opposed to immediate precipitationhenAgO/AgBr film and thereby
cause a high loss of Ag. Both the electrochem&sults and SEM micrographs of the
Ag/Ag,0 surface confirmed that formation of AgBr via thissolution pathway is more
prevalent in the Bfaq) system compared to théalg) system.

Overall, the results of this study show that théA&gO films are particularly
stable with respect to reaction wiflfdq) compared to other halides. This means that
Ag/Ag,0 films can be used in applications where readtaeping of iodine (and
particularly trace levels of radioactive iodine¢ aequired. The work also shows that
contamination of the system by Baq), and likely Cl, is undesirable because it could

lead to higher loss rates of an Ag&&gfilm.
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Chapter 8
Investigating the Galvanic Coupling Reaction Pathwg During the Conversion of

Ag.0 to AgX

8.1 Introduction

The reaction of X(aq) with AgO (where X(aq) is I(aq) or Br(aq)) on an Ag
substrate to form AgX occurs via one or more oé¢hpathways: (1) chemical reaction
where X(aq) reacts with AgD on the oxide surface, (2) a galvanic couplindgfO
reduction to Ag coupled with the oxidation of AgtlviX™ (aq) forming AgX on the
surface of the Ag substrate, or (3) dissolutiodgf(aqg) from AgO, followed by the
reaction of Ag(aq) and X(aq) in the aqueous phase. In Chapter 7 we exptbee
reaction kinetics for the bromide system, and caegb# with the kinetics of the iodide
system discussed in Chapters 4 and 5. These igagshs led us to conclude that the
chemical reaction path (1) is the dominant pathtHerreaction of [aq) with AgO, but
contributes less for the reaction with @g). The slow chemical reaction results in an
increase in the concentration of g&xq) to the Ag substrate as well as to the@\g
surface, thus, promoting the galvanic coupling tieaqpathway 2) and the dissolution
reaction (pathway 3). In this chapter, the rol¢hef galvanic coupling reaction in the net
conversion of AgO to AgX was investigated by performing potentitistpolarization

and linear polarization measurements at differeattion times.
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8.2 Experimental Details

Silver working electrodes with a surface area 888.cnfwere polished
following procedure described previously (Chaptesettion 2.1.3). The three-electrode
electrochemical set-up included a silver workingcttode, a platinum mesh counter
electrode and a saturated calomel (SCE) referdace@le. All potentials are quoted
against the SCE scale (0.24¥.the SHE). Experiments were conducted at room
temperature in 0.01 mdim 2 NaOH electrolyte solutions. Prior to electrocheshiests,
electrolyte solutions were Ar-sparged for 1 h, paodging was maintained for the
duration of the measurement. Potassium bromidepatassium iodide solutions were

added to the electrochemical cell aften@dilm growth.

8.2.1 Reaction of A® with X(aq)
After a cathodic cleaning atl.1 Vscg a AgO film was grown potentiostatically

by applying a potential of 0.45¢e until the total oxidation chargéQ,,.), , reached

0.050 C. The AgD-covered electrode was then transferred to aisalabntaining

1 x 10* moldm 3Kl or KBr, and the e was monitored. At this halide concentration,

(E®) agi/ag @NA (E®) pgprsag WeTe —0.16 ¥ceand 0.067 ¥cg respectively.

8.2.2 Potentiostatic Control Measurements

To explore the reaction mechanism further, potesiteitic control experiments
were conducted at different times during tke Brop. In the first set of experiments, a
potential of 0.22 ¥cg the equilibrium potential for the A@/Ag redox pair at pH 12,

was applied immediately after immersing a,;@ecovered electrode in a solution
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containing 5x 10 mol-dm?®X~(aq). This fixed potential was applied for thegénof
time required for the & to drop from the equilibrium potential for the AYAg redox
pair to the equilibrium potential for the AgX/Agdex pair. The length of time that the
fixed potential was applied for was determined imgkic experiments described above
and in Chapters<¥. Note that this time varied depending on hatyge and
concentration (see Figure 8.1). The:-Evas monitored after potentiostatic control, until
it decreased to the equilibrium potential of thexAfyg redox pair; 0.050 Ycefor
reactions in Br(aq), or —0.20 Vscefor reactions in'{aq).

In the second experiment, a Aycovered electrode was exposed to a solution
containing 5x 10 mol-dm* X "(aq) and the reaction was allowed to proceed-atfe a
desired reaction time (until the end of stageA ixed potential, equal to theds at the
end of stage 1 (0.20s¢¥p), was applied for the time required for complatawersion of
Ag.0 to AgX to occur. The & was then monitored until it decreased to the doyuiim
potential mentioned above.

Silver bromide and silver iodide films were growstgntiostatically on AgD-free
Ag electrodes. The AgBr films were grown at 0.2Mn = 0.15 V) and Agl films at

0.0 Vsce (N = 0.20 V), in both cases the halide concentratias 5x 10 mol-dm?

X (aq).

8.2.3 Linear Polarization Resistance Measurements
Linear polarization resistance measurements weyeii@d approximately every

30 min after exposure of AQ-covered Ag electrodes to solutions containing
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1 x 10 moldm™KI or KBr. The LPR measurement consisted of a mtiescan

+ 15 mVvs the B¢ at a scan rate of 0.17 /.

8.3  Results and Discussion
8.3.1 Open Circuit Behaviour Observed During then@asion of AgO to AgX

A typical example of the time profile ofdg observed during the reaction of Al
with 1"(aq) or Br(aq) is shown in Figure 8.1. In both halide sans the AgO film
undergoes three distinct stages of conversiomdisdted by the & behaviour in Figure
8.1, which have been discussed in detail in Chapteb and 7. Briefly, in stage 1, the

initial Eoc was close to the equilibrium potential for the,®¢Ag redox pair,
(E®) agoraq» DUt cONtinually decreased with time. This wdiofeed by stage 2, where
Eoc remained nearly constant, until it dropped abyugatla value closer to the

equilibrium potential for the AgX/Ag redox paifE®) 4.« a,» Which indicated that the

conversion from AgO to AgX was complete. Once thedgeachedE®) ,y, 5, in the
final stage (stage 3),dz did not change any further.

As discussed in detail in Chapter 7, the net reaati AgO with Br(aq) under
stagnant conditions was slower than the reactioh W@aq). This is reflected in the total
reaction timest) observed in Figure 8.1. For the same halide eatnation and initial

amount of AgO,(Q,,0), , thet; for the reaction of AgD with Br (aqg) was 6300 s and

with I"(aq) was 2700 s. Replacement @at) with Br(aq) lengthened the duration of

stages 1 and 2, and hence a longer total readtn@was observed.
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Figure 8.1 Open circuit potential as a function of reactiome and its dependence on
halide type. For these experimen®,,.),was constant at 0.050 C and the halide

concentration was £ 10* moldm 3.

8.3.2 Reaction of A® with Br(aq)
8.3.2.1 Potentiostatic Polarization §E°) », o

Polarization at 0.22 ¥ of an AgO-covered Ag electrode in bromide solutions
resulted in a current that increased steadily, wkieentually reached a maximum
magnitude of 0.08 m&m 2, Figure 8.2a. This current was attributed maialjhe
anodic oxidation of Ag to AgBr at the Ag substrate.addition, the maximum current
was almost equal in magnitude to the steady-statert observed during the anodic
growth of a AgBr film on a bare Ag electrode, whistalso shown in Figure 8.2a for

comparison. The steady-state current in the latise has been observed to be
independent of potential in the range fréB’) »yy; oy 10 (E®) a0/, Ut dependent on

the X (aq) concentration [1]. The magnitude of the sgestdte current was limited by

the aqueous diffusion of halide ion to the eleatredrface [24]. The slow and steady
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increase in current during polarization at 0.22pbbserved for the Af-covered Ag
electrode (Figure 8.2a) was attributed to an irswea Br(aq) concentration at the Ag
substrate with time, as Baq) diffused through the A@ film. Once the concentration
of Br (aq) at the Ag substrate equalled that of the bglkeous concentration of Baq)
the anodic current reached the same magnitudeealifthsion-limited current observed

during AgBr growth on a bare Ag electrode.
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Figure 8.2 (a) Currents observed during the potentiostaroops of the partial control
experiments as described in section 8.3.2.1 an@.8.3The current observed during
anodization at 0.20 84e of an oxide-free Ag electrode inG10™* moldm = Br (aq)

solution is also shown for comparison. Potentiafifes recorded during partially
controlled potentiostatic experiments; (b) 0.2¢zMwvas applied for 1400 s immediately
after transfer of the A®/Ag electrode to the bromide solution, followedHy:
measurement; (c)dz was measured until the end of stage 1, followegddigntiostatic
control at B¢ (0.20 Vscg) for 700 s, followed by further measurement g¢.E

The B¢ measured following polarization at 0.223¢for 1400 s shows a gradual

decrease from 0.15 to 0.1@3% which was slightly more negative (50-100 mV) thae

Eoc typically observed during the reaction of @q) with AgO/Ag (Chapter 7). Since
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the anodic and cathodic reaction rates are the safge and the rates of these half

reactions are a function of overpotential (i.eg plotential difference betweedgand
(E®) ag0rag0r (E®) agariag)» the change in & reflects the change in the galvanic
coupling reaction. The differentEbehaviour observed with and without polarization

can then be attributed to the different(&g) concentrations present at the Ag substrate.

It took 1500 s for the & to drop to the expected value of 0.056:-¥ i.e.,
(E®) agerr ag» Figure 8.2b. This time was similar to the togsction time observed for the
reaction of Br(aq) with AgO/Ag on open circuit. These results indicate thaing
polarization at 0.22 M very little, if any, AgO had reacted with Bfaq). At the

applied potential nedE®) ,, ., »,, the anodic reaction of Ag with Baq) to form AgBr

was relatively fast, since the overpotentiak E, ) = (E°®) aggi/ag = 0.17 Vsce Was

relatively large. Thus, most of the Baq) at or near the electrode surface was consumed
by the anodic formation of AgBr, leading to supgies of the chemical reaction

(reaction pathway 1). A(E®) .0, 44 the cathodic reduction of AQ was negligible

which prevented galvanic coupling (reaction path@pyThe reaction via the dissolution

process (reaction pathway 3) may occur, but sineepplied potential was 0.223% a

value close tQE®) ,, o, as» AQ20 would be continuously replenished by the oxidatid

Ag to AgO. Consequently, the net conversion ob@do AgBr was suppressed during

polarization at(E®) ,, o, aq -

8.3.2.2 Potentiostatic Polarization at the End tdde 1
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The current measured during polarization at thecrstiage 1, after 700 s of
exposure of the electrode to Brq) solution, was initially 0.03 nidm 2 and continued
to increase, approaching the steady-state curb=@reed for the anodic oxidation of Ag
to AgBr on a bare Ag electrode. This result issistent with the expectation that the Ag
substrate was already exposed ta#y) at a considerable concentration when the
potential was applied, since sufficient time wdsva¢d for the diffusion of Bi(aqg).

The B¢ behaviour after polarization at the end of stageshown in Figure 8.2c.
The results show that the potential transition ommi~1000 s after the fixed potential
was applied. The total time required to complbtereaction of AgD with Br(aq) on
open circuit was 1700 s (700 s before polarizgpiois 1000 s after). As observed in the
first set of experiments, this total reaction timas similar to the; measured for the
reaction on open circuit without polarization. Téfere, like during the polarization at

0.22 Vscg the net conversion of AQ to AgBr appears to be nearly suppressed during

the polarization at 0.203¢g which was still sufficiently higher thafE®) 5,5, .- At the

applied potential of 0.20 8¢ the cathodic reduction of AQ to Ag was also possible,

but did not appear to be significant.

8.3.2.3 Linear Polarization Resistance Measurements

The contribution of the galvanic coupling reacttorthe overall conversion of
Ag,0 to AgBr was further investigated by performingglar polarization measurements
as a function of reaction time. The linear polatian technique determines the current-

potential relationship near the open circuit pagb—7]. The potential is scanned over
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a narrow range centred on the open circuit potemiaghese experiments frorl5 to
+15 mVeoe. The polarization resistance can be determinad this curve by:

where R is the polarization resistance determined fromstbpe of the potentialAE)
versus current densitii) curve at the open circuit potentiaHH|.

The Butler-Volmer equation (Chapter 2, equatiorbpdescribes the measured
current as a function of overpotential for a sinmipddf-reaction (i.e., the forward and
reverse of the same reaction). In the present case a typical corrosion system, we are
looking at two half-reactions, each with kinetiesdribed by a different Butler-Volmer
equation. For our particular system, the cathbdi€reaction is given by:

Ag:O + 2 + HLO> 2Ag + 20H (8.2)
and the anodic half reaction is given by:

Ag + X > AgX + e (8.3)
The total reaction is

AgO + 2X + HO> 2AgX + 20OH (8.4)
The observed current-potential relationship caddseribed by the sum of the Butler-
Volmer relationships for the two half-reactions alhis given by the Wagner-Traud

equation [57]
et =1 e[E;SOC]—e[E_lfOC] =icmr!10[EbEmj—10[E'[’°Emj] (8.5)

Note that hand k are the anodic and cathodic Tafel slopes. This fappears

somewhat simpler than the sum of two Butler-Volmguations because each half
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reaction is polarized far enough from its equililoni potential that the reverse reactions
are negligible and the corresponding terms in théeB-\Volmer equation can be
dropped.

If the system is polarized away fromad&n either the anodic or cathodic direction
a current will result, which has contributions fraamth the anodic and cathodic reactions.
When the potential is polarized over a small raf@d®), the current-potential relationship
is linear (as it is in the individual Butler-Volmexkpressions), because

gll+xasx 0 (8.6)

therefore for smalh\E

inet = icorr |:(1+ 23AE] - (14_ 230E ]:| (87)
b, b,

The slope of the plot ofd; versus E is given b&%} which is R (previously defined in
i

equation 8.1). Using equation 8.1, 8.5 and 8.8va @quation called the Stern-Geary

equation can be defined:

| b, b.|
= —2cC IR 8.8
|corr [ 23(ba+|bc|)) P ( )

The Stern-Geary equation relates the slope ofilearl current-potential region to the
Tafel slopes and corrosion current [8].

Linear polarization measurements are used extelydiv determine changes in
the corrosion rate [9]. However, caution needsedaken when performing these
measurements, as a number of conditions must beroeder for the results to be valid
[6,8-10]. Our system violates a number of these impdissumptions. Firstly, the

surface conditions are constantly changing whigelthRR measurements are being made
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since the conversion of AQ to AgX is occurring. A drift in the & during the LPR
measurement can introduce error that cannot be @osaped for in the observed current-
potential relationship. Another requirement ig tin@ anodic and cathodic reactions
must be under kinetic control. We are unsure wédratie anodic or cathodic reactions
are mass-transfer limited or if the rate-limitirtggsis mass-transfer limited, therefore we
cannot assume that anodic and cathodic currentsnaier kinetic control. Finally, LPR
measurements should usually be made at least 2&way from the reversible redox
potentials to avoid contributions from the backctemns [8]. This is violated when LPR
measurements are acquired in stage 1 and stagin@ cdnversion process.

Linear polarization measurements were used hegeasnh qualitative, rather than
guantitative tool, in order to detect changes atAb/AgO and AgO/solution interface
during the conversion reaction. Unfortunatelyrosion rates that are specific to our
system cannot be determined using this technigueeber, information that is
complimentary to the potentiostatic polarizatiosulés was acquired.

The LPR results recorded during the reaction ofAgith Br (aq) are presented

in Figure 8.3. Since thedg gradually decreases from a value clos@f) ;o , 10

(E®) ageriag - LPR scans collected at the start of the convenstaction are at potentials

close to 0.22 ¥Yceand those collected at the end of conversionem&ged around
0.067 Vsce. Stages 1 through 3 are labelled on Figuret&®ever, the gradual
decrease in & made differentiating between the three stagegdiff and therefore

these should be taken as approximations only.
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Figure 8.3 Anodic and cathodic currents measured duringrizalgon over the potential

range e+ 15 mV during the conversion of AQ to AgBr in 1x 10 moldm™ Br (aq)
solutions.

Initially, the cathodic current showed no hystesesiring the forward and reverse
potential scans (first two LPR scans), howeverathedic current showed a distinct
capacitive loop. We have attributed the capacitvop to a pseudo-capacitance resulting
from Br (aq) adsorption onto the Ag surface on the postioieg scan and Bfaq)
desorption on the negative-going scan. The obdgrseudo-capacitance may have
contributions from the adsorption/desorption of Qd|) and from A§aq)
adsorption/desorption, however, we believe thattrributions from these processes
are small.

While Br (aq) was desorbing from the Ag surface as the piatemas scanned in
the negative direction, the oxidation of Ag to Agiémtinued to occur, but at a lower
rate. At stage 1, the electrochemical processoresple for the cathodic current was
reduction of AgO to Ag and OH(aq), and no capacitive behaviour was observe@d Th

Ag-0 film thinned as it was converted to AgBr and ¢herent behaviour of Bfaq)



167

adsorption and desorption became the dominantrieafithe voltammogram. As the
Eoc decreased with time, the linear polarization messent yielded smaller anodic and
cathodic currents. A shift in thesEto more negative potentials resulted in a decrgase
the overpotential for the oxidation of Ag to AgBFherefore, we would expect a
corresponding decrease in the rate (anodic curoé®yBr formation, since the rate of
an electrochemical reaction is related to the amertial. The adsorption/desorption of
Br (aqg) will also be potential dependent. Thereftre,slight decrease in the anodic
branch of the LPR scan indicates a change in tieeofaadsorption/desorption.
Additional experiments would be required to estdbthe relationship between the
potential and the adsorption/desorption process.

As the k¢ shifted to more negative potentials, the overpaéfor the reduction
of Ag.0 to Ag increased, however, as mentioned abovegieedse in the cathodic
current was observed. Since the conversion gOAg AgBr occurred throughout the
LPR measurements, the amount ob@gavailable to for the cathodic reaction decreased

and a smaller cathodic current was observed.

8.3.3 Reaction of A® with I'(aq)
8.3.3.1 Potentiostatic Polarization §E°) ,, o, a,

The current observed during polarization at 0.222\applied immediately after
transferring the electrode to a solution contairliifgq) is shown in Figure 8.4a. The
current quickly reached a steady-state value & MAGM ™. This steady-state current

was equal in magnitude to the diffusion-limitedremt recorded during the

electrochemical growth of Agl on bare Ag, whictsi®wn in Figure 8.4a. We have
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attributed this current to the anodic growth of Agthe AgO/solution interface, and not
at the Ag/AgO interface as observed in'Baq) solutions. Since the porous,8gfilm
was relatively conducting (with a resistance of QI8m? (Chapter 3), the anodic

oxidation of Ag with X(aq) is possible at the AQ/solution interface if the potential at
that interface exceeds tH&®) .., A, (i-€., @n overpotential is required to drive the

electrochemical reaction). When a sufficienthgoverpotential exists at the
Ag.O/surface, a Ag(l) cation can be injected intodkele lattice by the oxidation of Ag
at the Ag/AgO interface, it can then migrate to the,®gsolution interface and react
with X" (aqg) to form AgX. The exact cation transport mesta is not known, and could
include cation vacancy transport, interstitial raigyn and/or transport through grain

boundaries. In the bromide case, the overpotestiabt sufficiently large for this

process to occur, due to the small difference b&WE®) o, 0,y @ND (E®) pgprsag- ThE

anodic oxidation of Ag by Bfaq), thus, requires the diffusion of Bxq) to the Ag

substrate (see schematic in Figure 8.5).
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Figure 8.4 (a) Currents observed during the potentiostatiopsrof the partial control
experiments as described in section 8.3.2.1 an@.8.3The current observed during
anodization at 0.00 3 of an oxide-free Ag electrode in&10™* moldm™ I (aq)
solution is also shown for comparison. Potentiafifes recorded during partially
controlled potentiostatic experiments; (b) 0.2zMwvas applied for 600 s immediately
after transfer of the A®/Ag electrode to the iodide solution, followed Eyc
measurement; (c)dz was measured until the end of stage 1, followegddigntiostatic
control at B¢ (0.20 Vscg) for 300 s, followed by further measurement g¢.E

The anodic reaction of Ag with(kq) is known to quickly become diffusion
limited at relatively small overpotentials (FiguB&l, Chapter 3, section 3.3.3). The large,

constant anodic current during the potentiostatiangzation at 0.22 Yceis thus
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attributed to the anodic formation of Agl on Ay which depends on the concentration

of I'(aq) at the AgO/solution interface and is also diffusion-limited.

Ag Solution

Electrode
Potential

(E€)ag;07me

( Ee)AgBr/Ag__

r]Anodic—

(Ee)AgI/Ag
Ag+1" > Agl +e”

Figure 8.5 Schematic of the Ag/A®/solution interface in Xaq) solutions.

The Ec dropped to(E®) ., 5, after 1100 s, as shown in Figure 8.4b. This

reaction time was longer than ttyeof 600 s observed for the reaction f2@gwith I'(aq)
on open circuit. The time required for completew#Esion may have been longer than
what is observed without polarization at 0.2g-¥because the anodic growth of Agl on
top of the AgO film may have blocked the A@ reaction sites or restricted the diffusion
of I’ (aq) to the sites. This hypothesis is further sufga by the SEM micrographs of
Agl grown potentiostatically on Ag electrodes (simow Figure 3.8, Chapter 3, section
3.3.6). Images of anodically grown Agl on Ag suatds show that the electrode is

covered by a cohesive Agl film.
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8.3.3.2 Potentiostatic Polarization at the End tdde 1
When the reaction was allowed to proceed to theogsthge 1, the current
measured during polarization at 0.26c¥was negligible (Figure 8.4a). As discussed in
Chapters 4 and 5, the reaction @af}) with AgO on open circuit is fast. Thus, the
concentration of (aq) at the AgO/solution interface will be very small, even dgyithe
later stages of conversion. When a potential pdieg at the end of stage 1, only a small
amount of T(aq) is available at the A@/solution interface to support the anodic
formation of Agl, therefore the anodic currentnisadl. The reduction of A to Ag
may also occur at this applied potential, which lddurther reduce the net current.
These observations are consistent with those mghartour previous study where
the reaction was allowed to proceed for a shoirtez {until the midpoint of stage 1) [11].
The main difference was the effect of polarizationthe reaction time (see below).
Zhang et al. also performed polarization experimeitring stage 2. In stage 2, the
chemical conversion of A® to Agl progressed significantly and diffusionidfaq) to
the Ag substrate was no longer negligible. Whéreal potential was applied after the
system reached stage 2, the current increasedlyguie&ching a maximum magnitude
equal to the diffusion-limited current observedttoe anodic oxidation of Ag with (aq)
on a AgO-free Ag electrode [11].

The Ec behaviour observed after partial potentiostatiaticd is shown in Figure

8.4c. It took another 600 s fob&to drop to(E®) ,,, A, resulting in a total reaction time

on open circuit of 900 s. This reaction time wagrger than the time observed during

polarization at 0.22 ¥cg but still longer than the; of 600 s observed for the reaction of
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I"(aq) on AgO/Ag on open circuit. The anodically grown Agl ntegve blocked some
of the available AgD reaction sites or restricted the diffusion @¢&d|) to them, resulting
in a longert;. This effect will be much smaller when the pdation is applied at a later

stage.

8.3.3.3 Linear Polarization Resistance Measurements

The LPR results recorded during the reaction ofAgith I'(aq) are presented in
Figure 8.6. Like the LPR measurements acquirdgtifaq) solutions, scans collected
during stage 1 are centred close to 0.28evthose acquired as the reaction approached
completion are located at lower potentials, andlfyjnthose acquired after conversion
was complete overlap at abotfl.16 Vsce

The early capacitive loop observed in the firseéhtPR scans shown in Figure
8.6 are consistent with the anodic formation of AglAgO, which was also observed
during potentiostatic polarization at 0.223¢ When the potential was scanned in the
positive direction, I(aq) (or OH(aq)) at the AgO surface reacted with Ag(l) that
originated from the oxidation of Ag at the Ag/AYinterface. Cyclic voltammetric
results presented in Chapter 3 have shown tha&gli¢ transport through Ag and
AgX films is a relatively fast process, as low stance values were measured during film
reduction. The CV also shows an anodic currentiag attributed to OHaq)
adsorption in addition to the(aq) diffusion-limited steady-state current for thedation
of Ag to Agl when the potential was scanned aba®\3ce This is consistent with the
claim that the capacitive loop is due to a pseuasjmacitance related to the adsorption of

I"(aq) and OH(aq) species on the AQ film.
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Unlike in the Br(aq) case, the cathodic current shows a slighehgsis after
short reaction times. It is believed that two sges are responsible for the observed
current behaviour, these are the reduction gfOA Ag and OH(aq) and the desorption
of I'(aq).

In the bromide case the capacitive loop became praminent with time, but for
iodide, the influence of the capacitive behavioaswnore significant at stage 1 and
diminished with time. Since the chemical reactobi\g,O with iodide is fast, most of
the available'(aq) is consumed by this reaction. As a resudt ctbncentration of (aq)
at the Ag/AgO interface is much less than the bulfagj) concentration, until the AQ
film is completely converted to Agl. This explaitie significant decrease in magnitude
of the anodic and cathodic currents at stage 2tha#\gO film thins by conversion to
Agl, the adsorption and desorption afalgq) on AgO becomes less prominent in the LPR
voltammograms. At this point in the reaction andigant amount of AgO has
converted to Agl, and the adsorption and desorgiadraviour of 1(agq) on Ag/AgO/Agl
shows different behaviour from that observed oaGxgnly. However, if we compare
the shape and magnitude of the anodic and catleadients to those observed at stage 3,
we see that they are very similar. This resulgddition to the partial potentiostatic
control experiments, suggests that at stage 2 ¢p® Alm shows signs of porosity and

that a small amount of(kq) penetrates through the film, reaching the dastate.
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Figure 8.6 Anodic and cathodic currents measured during @alaon over the potential
range B¢+ 15 mV during the conversion of AQ to Agl in 1x 10 moldm > I™(aq)
solutions.

In some instances (though not in the experimeRigire 8.6) LPR
measurements were acquired during the potentiaditran (Figure 8.7). Scanning in
both the positive and negative direction resultedn anodic current, which was
attributed to oxidation of Ag to Agl. This is ansequence of the rapid changes in the
kinetics of the cathodic reaction during the patdrtansition. This result demonstrates

how a change in the surface conditions during dividual LPR measurement can affect

what is actually being measured and the validitthefmeasurement.
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Figure 8.7 Current measured during polarization over the ga@krange ¢ £ 15 mV

during the conversion of A® to Agl in 1x 10 moldm ™ I"(aq) solutions near the
potential transition.

8.4  Conclusions

In this chapter, the galvanic coupling reactiortlfpay 3) was probed at different
times during the conversion of 4Q to AgX. This was accomplished by performing
potentiostatic polarization (constant potentiakl enear polarization resistance (scanning
potential) measurements during the conversionigacilhe current measured during
potentiostatic polarization immediately after exjp@sto Br(aq) increased gradually,
until it reached a value equal in magnitude todineent measured during AgBr growth
on Ag electrodes. We attributed this current todhowth of a AgBr film at the Ag/A®
interface. The anodic formation of AgBr depletked toncentration of Bfaq) near the
electrode surface, which resulted in a suppressitine chemical conversion of AQ to
AgBr. A similar result was observed during polatian at the end of stage 1, except the

current was near the steady-state current obsewaay AgBr growth at the start of the
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potentiostatic polarization measurement. This eatggl that the concentration of
bromide at the Ag/AgD is nearly equal to the bulk concentration.

Linear polarization measurements were made thraughe duration of the
conversion reaction, however, the results arepné¢ed in a qualitative manner and used
as supporting evidence to the potentiostatic prdéion results. In the bromide reaction,
the measured anodic currents showed a distinctitaygaloop that was attributed to a
pseudo-capacitance resulting from (&) adsorption onto the Ag surface on the
positive-going scan and Baq) desorption on the negative-going scan. lhjifithe
cathodic current showed no capacitive behaviourneaslattributed to the reduction of
Ag,0 to Ag. However, as the AQ film thinned as it converted to AgBr, the pseudo-
capacitance became the dominant feature of thamattogram.

In the iodide case, the current measured duringnpioistatic polarization at

(E®) ag01ag Was identical to the current measured during Aghiation on Ag substrates.

Since the difference betwedk®) ,, o, ,, and(E®) »y, 4, i large, the potential at the

Ag-O/solution interface is large enough to drive tleeteochemical formation of Agl on
the AgO surface. A negligible current was measuredeattid of stage 1. At this time,
I"(aq) available at the electrode surface will bescomed by the fast chemical reaction
between AgO and T(aq).

The contribution from the pseudo-capacitance dug#o)) adsorption and
desorption diminished with time. This is consisterth the potentiostatic polarization
results, and was likely due to the fast chemicalveosion of AgO to Agl. The kB¢
behaviour, potentiostatic control, and LPR ressiiggest that little or no(kq) diffused

through the AgO film to the Ag surface, likely due to the faseafical reaction of AgD
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and [(aq). Therefore, the galvanic coupling reactioousth not contribute significantly
in the net reaction of AQ to Agl. This was not the case in the bromidetiea;
however additional experiments would be requiredraer to determine meaningful

corrosion rates.
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Chapter 9

Summary and Future Work

9.1 Summary

This thesis examined the mechanism and kinetissiidéce reactions involving
the conversion of an aqueous halide on silver ogidéaces. Under the experimental
conditions used to investigate the interfacial ieacinetics, the aqueous-solid
conversion of reaction A® with X (aq) to form AgX on a conducting Ag substrate can
occur via one of three main reaction pathways. fireepathway is a chemical reaction
(no charge transfer) that occurs at the oxide/swiuhterface. Conversion can also
proceed via a galvanic coupling pathway where ¢aeiction of AgO to Ag is coupled
to the oxidation of Ag to AgX. Lastly, conversioan proceed via a dissolution pathway,
where Ad(aq) released from A@ dissolution reacts with Xaq) in solution. The AgX
that forms in the solution phase can either prétipion the Ag substrate or remain in
solution.

From studies of the electrochemical and morphckdgroperties of silver oxide
and silver halide films formed on Ag electrodes emearious conditions we have
determined that the type of film formed dependshensolution conditions and the
magnitude of the applied potential.

The conversion of A films on Ag substrates to Agl in aqueous iodide
solutions was followed at the open circuit potdr{tiac) and cathodic stripping
voltammetry measurements were made at differectiogatimes. The conversion

reaction was initiated by placing a Arcovered Ag electrode into a solution containing
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I"(ag). The bcshowed three distinct stages of conversion. Igesia the initial B¢
starts close to the equilibrium potential for thgx@/Ag redox pair,(E®) », /a4, @and

decreased slowly with time. In stage 2, the Eeached and remained at a nearly

constant value. In stage 3, thecEbruptly drops and quickly reached a steady value

close to the equilibrium potential for the Agl/Agdox pair,(E®) o, », @and the change in

stage 3 indicated that the conversion from@dgo Agl was complete.

Cathodic current reduction of X9 and Agl to Ag provided a measure of the
amount of AgO converted. The conversion reaction was neai®yd éfficient. From
the total reaction times as a function of iodidacantration and initial A inventory,
the reaction rate was found to be first order @ide concentration and first order in
oxide surface area. Based on the kinetic analy@sjetermined that the reaction of
Ag-0 with I'(aq) forming Agl occurred mainly by a chemical rg@c path.

The influence of electrolyte composition on (i) quusition and morphology of
the AgO film and (ii) the kinetics of the conversion walso investigated. The reaction
rate constant in phosphate solutions was approgignato times larger than the value
measured in an NaOH solution. This difference aterbuted to the differences in the
initial surface area or surface structure of the@\glms grown in the presence and
absence of phosphate. WhileXRD analysis results suggest the incorporation of
phosphate into the A@ matrix occurs during the anodic AYfilm growth in phosphate
solutions, this does not seem to have any impath®@mechanism or kinetics of the
conversion reaction.

The effect of mass transfer on the reaction kisetias investigated and the

reaction time was found to be inversely proportidadahe square root of the electrode
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rotation rate. These results enabled us to determisurface chemical reaction rate.
This surface reaction rate constant was approxisnate to two orders of magnitude
larger than the reaction rate constant obtaine@mustdgnant conditions indicating that
the conversion reaction is mass-transfer limitedenrstagnant conditions.

Neutron reflectometry was performadsitu during the conversion of A@ to
Agl to investigate the mechanism of the converseaction. The neutron reflectometry
results show that the AQ/Agl interface can be modelled as a layered siraawith the
conversion occurring layer-by-layer. To confirnatlhis layered model accurately
represents the Ag/A@/Agl interfaces, the neutron reflectometry datausth be re-
analyzed in a way that will allow some variancéhe scattering length density values.

The reaction of Bi(aq) with AgO on Ag was also studied. The chemical
reaction pathway in this system is slower thanakéle system. This results in a build-
up of Br(aq) at the Ag/AgO interface and enables the galvanic coupling ieadcb
occur at a faster and competes with the chemieatien pathway. Also, dissolution of
Ag-0 and release of A¢pq) leads to the formation of AgBr(aq) which isrmeoluble
than Agl. The higher AgBr solubility allows it thffuse in the bulk solution instead of
immediately precipitating on the AQ/AgBr film. Both the electrochemical results and
SEM images of the Ag/A® surface confirmed that formation of AgBr via the

dissolution pathway is more prevalent in thé(8g) system than in the(aq) system.

9.2 Future Work
We believe that a more complete understandingefailvanic coupling reaction

pathway can be achieved by completing a few additiexperiments. The cyclic
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voltammetry results presented in Chapter 3 shoWwatthe polarization resistance
measured during AQ or AgX reduction was significantly lower when gipbate was
present in the electrolyte solution. These lovesistance values are attributed to solid-
state diffusion in the oxide or halide lattice. Wyer, the polarization resistance values
measured during AQ and AgX reduction in NaOH were close to the sofutesistance.
By performing further linear polarization resistarand potentiostatic polarization
measurements in the presence of phosphate, weioanine the influence of the

solution resistance and this may provide us witketter understanding of the factors that
affect the galvanic coupling reaction.

Another researcher in our group has performed piostatic polarization
measurements at the end of stage 2 of th®Adgaq) conversion reaction, and the
results were quite different from those discusse@hapter 8. Our results suggested that
galvanic coupling was most likely to occur duringge 2. Additional experiments that
probe the galvanic coupling reaction at the begigrind middle of stage 2 would help to
confirm this. Additionally, SEM images of the sacé may provide qualitative
information (i.e., film layering, crystal sizes/gl®s) that may support or enhance the
understanding of the potentiostatic polarizatiod lmear polarization resistance results.
Some of these experiments have been performechanésults, when analyzed, will be
published later.

A few simple experiments could also be completeidestigate the extent of the
dissolution observed during the conversion 0§@do AgBr. A number of techniques

could be used including; rotating ring disc expemts and electron probe beam
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diffraction. The measurements should be performesitu so that the charged species
that is migrating away from the electrode surfaae loe identified.

More extensive computer modelling of the open dingatential profile as a
function of iodide concentration, initial amountAd,O, and electrode rotation rate could
be useful. This could inform us further on how tleeninant conversion pathway
changes with respect to the chemical/electrochdrarcaronment. This would be
important for applications where silver surfaceripkes are used for radioiodine
trapping.

A long term goal of this work is to use the knovgedyained from the
silver/silver oxide and silver/silver halide systamd apply it to other metal oxide/metal
halide or metal oxide/metal sulphide systems. Bwiital. have applied some of the
principles of the kinetic model described in Chagtéo the copper oxide/copper
sulphide system, but did not complete a detailedtic analysis of the system.
Extension of the silver work to include an inveatign of the conversion of silver oxide
to silver sulphide may help to identify how changethe potential difference between
the equilibrium potentials of the AgX/Ag and A&JAg redox pairs affects the rates of
reaction and the role of solvent properties anthsarmorphology more generally for

surface conversion reactions.
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