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. ABSTRACT
The surface oxidatlon of Au electrodes has previously been shown to be a
complex process, consisting of several distinguishable stages, observed as
peaks In cyclic voltémograms. This process was alsc found to be very sensitive
to the type of anions in the solution, temperature and the structure of the
electrode surface on an atomic scale, Commencement of surface oxide formation
arigses at less positive potentiels in the presence of weakly adsorbed anions,

such as 0104", than with more strongly adsorbed anions, such as 8042‘

(BS0,7). ° -

In the present work, finéings of these previous investigations were
expanded upon by studying Au electrodes in solutiocns containing HClO4, H2804,
gr an@_ mixed HClO4/Est4. Existing techniques, developed to ﬁrevent
contamination, were improved by employing new potentlal-time pfograms and
better date collectlion and processing with a digital oscllloscope and a mini-
computer. - These new techniques allowed precise measurements of very small
charges, corresponding to less th;n 1-% of a monolayer of OE species, whereas
previously, sensitivity was limited to about 5% .

It was found that adsorbed F~ anions blocked the initisl stages of surface
oxide formaéion.to a greater extent than 50104', but less than sulfete ions.
This indicates that the relative strength of adsorption gt Au electrodes of
these ions is 50,27 (8S0,7) > F~ > €10,".

In mixed 50104/52804 electrolytes ([H2504] = 4x1074 M, 4%107° M), 5042'
adsorption at 1.2 V, which was studied by its disgplacement effect upon surface
oxide formation, was found to follow adsorptlion kinetics which are first order
in arnion concentration and sites. 1In these mixed electrolytes, anions may be
prevented from adsorbing at the surface ("anions off" situation) or be allowed
to éttain almost equilibrium coverage {("anions on" situation) by'using

different potential-time programs. "Anions off" I vs E profiles resemble those

found for 1 M HClO4, and those for "anions on"_resemble those found for 0.5 M



E5S0,.
‘ Surface oxide growth in 1 M 30104 is characterized by observing the
reduction of 0H/0 species in three cathodic peaks, 0C1, 0C2 and 0C3; in 0.5 M
52504, four peaks, 0C1, 0C1', OC2 and 0C3, are cbserved. The OC1 pesk arlses
from the reduction of reversibly deposited OH species, and its potential is
less positive in HClO4 than ;n HZSO4 solution. The 001; peak is the reduction
of OH electrosorbed in the presence Qg‘a lower coverage of sulfate than the
initial OC1 state. This is a result of the time-dependent desorption of
anions. There is an important relationship between the co-adsorbed anlons and
OE's, and :heir associated isotherms, causing time-dependent desorption and

relaxation of the adsorbed anion layer, especially for sulfate. The QOC3 peek

is due to reduction of species which have been turned-over and is in the

beginning of phase-oxide formation. The coverage by the species reduced in the
0C2 peak reaches a saturation limit, indicating that this is the reduction of
surféce CH §pecies remaining at the surface.

Surface oxide growth in both electrolytes 1is characterized by 2 non-
logarithmic reéﬁon in time followed by logarithmic regions. In EHC1O,, =
plateau is temporarily reached in growth after the 0C1 peak has atteined its
maximum charge at relatively negatife potentials; this behavior is not found in
52804. At these plateaus, the oxide charge formed in EClO4 increases very
little in time, and an iéotherm for the 0A1/0C1 OE épecies is given for these

conditions.

The change o; state of the intially electrosorbed OE specles, reduced in
the 0C1 peak, to states characterized by reduction in the 0C2 and especlizally
?he 0C3 peak, was examined in HC104. The charge associated with the conversion
of state of the OF species, is also found te follow a logarithmic relation with
time.

A t1/2 relation for surface oxide growth at Au has been found for a

relatively short time after growth was controlled by solution resistance (iR
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drop) and before the well establisﬁed log t relation sets in. These t1/2
relations were found under several conditions, i.e. different concentrations of
32304 and temperatures. The slopeé for these lines, dQ/d(t1/2), depend
linearly on potential, end not exponentially as is usually the‘case. Possible
mechanisms for this behavior are discusseq. | -

Surface oxide growth was also examined in mixed HC104/32804 solutions.
Under "anions off"™ conditilons, this process initially resembles that found in
30104, but in this case CH épecieS‘at the surface are displaced by readsorbing
8042' anions, characterized by a decrease in total surface oxide charge with
time. "Anlons on" growth resembles that observed in HZSO4. Although the
"anions off" and "anions on" growth behavior are quite different at short
holding times, understandably'they become more gimilar at longer holding times
and more positive potentials.

Temperature effects on Au surface oxidation were studied by cyclic
voltamnmetry and growth experiments.

The double-layer charging I vs E profiles for polycrystalline Au
electrodes in 0.5 M H2504 and 1 M HClO4 are nearly the same for £E 0.1 V (i.e.
well negative to the potential of zero charge) where no anions are adsorbed at

the surface, but are quite different for more positive potentials where anion

-

adsorption end some charre transfer occurs. For the double-layer cdﬁacitance
of Av in mixed HClO4/H2804 electrolytes, the currents in the cathodic I vs E
profile increase with_holding time at 1.2 V, as 804" (HSO4') anions adsorb with
time.

Roughening of Au electrodes by means of rapid potential cycling begins
when the potential is sufficient in the anodic sweep for the appearance of the
0C3 and CCz peaks during the reduction cycle, i.e. when the turn-over process
commences. Gold electrodes roughen moré rapidly in 0.5 M 32304 than in 1 M

HClO4.

-



IRTRODUCTIiON

1.1. General Area of Interest .

In many a=ancient and primitive mythologlies, the boundary between wo
different things, for example the threshold between a house and outdoors, was
considered to be partielly under the influence of supernatural forces and, for
this reason, + wes thought things might happen there that were quite out of
the ordinar§1. In physical science, boundaries are also found to de of special
significhnce. It is ¥nown that an "interphase", 1i.e. that maﬁter of finite
dimensions that resides - just at the interface between phases, may exhibit
properties which are different from ;hose_of either of the adjacent bul?-
phasesz. The special properties of thesg interphases are of practical
izmportence in such areas as heterogeneous catalysis, adhesion and the
corrosion and passivetion of metals.. Oft all the many types of interphases, the
work described in this thesis is concerned with those betwe?n polycrystalline
gold and electrolyte solutlons, parﬁicularly for the case of the géld surface
being partially covered with electrosorbed oxygen speciles.

In most electrochemical studies of métal oxidation, fairly thick oxide
films, involving several, or many, atomic layers, are examineda. However, as
éhown in a smaller number of investigations, generally concerned with noble
metals4, the very first layer, or monolayer, of oxygen specles at the metal
surface can " be distinguishably examined. Such studlies are impeortant for a
fundamental understending of the elementary processes of metal oxidation, in
3enera1f and for the elucidation of its initial stages, in particular. Although
several stﬁd-es have been made in the past of this behavior down to coverages
less than about ten percent of a monolayerzss_zso, the present workt represents

an improvement, mostly because of detter instrumentation, hut to some extent

alsc~ on account of & lack of appreciation of the méjor importance of



characterizing and understanding the elementary ﬁrocessés that occur at such
coverages. Witk recent advances in sclentific equipment, particularly
}or digital collection and manipulation of data, 1t is now possible to study
very low coverages, down to < 1% of a monolayer, as has been done in the
- present work, and to follow the kinetics of conversion of sub-monolayer levels

of adsorbed oxygen specles from one state to another at such coverages.

Gold is particularly well suited to studles of surface oxide formation and _

reduction down to monolay;r and sub-monolayer levels because the various stages
of these processes can be preclsely and uniquely resolved by potenticdynamic
techniquess-g, including the initial, reversible electrosorption and desorption
of CH at very low coverages. In aédition, the anions that are present in the
electrolyte, and hence usually adsorbed at the-electrode surface, are found to
have véry strong and chemically specific effects upen the Iinitial and
subseguent surface oxidation processes at gold. Also, géld sﬁrface oxidation
had been examined previously in this 1aboratorysf7 and the fequired special,
high-purity techniques had already been developed for _some of these
experiments, since gold électrodes are particularly sensitivé to the presence

6 so that extreme care is needed in

of organlc and certain ionic impurities
cleaning the experlmental cell, eleytrodes and other equipment, and in solutieon
preparation.

Previous research in this leboratory on noble metal oxidation processes
has been recorded in two earlier theses by Barnétt6 and SharpT, and pepers that
have resulted from that work. Because thelr respective theses, particularly
that of Sharp, contain extensive reviews of pertinent literature, the present

introduction will be only brief,. -

1.2. Metal Oxidation Mechanizms

1.2.1. Direct Dissolution_gg_Metal Cations

This 1s the simplest of metal oxidation mechanisms and is of perticular
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importance in corrosion and battery reactlions, especially those involving base
metals. KNo oxide £ilm 18 formed. This type of mechanlism occurs in -tho
corrosion of any relatively active metal, such as zine, in an _acidic
electrolyte1°’11 or, in some cases, also in strong ealkall where soluble.
metallate species can be formed. In the simplest case, metal atoms at ﬁhe )

electrode surface react to glve metal cations in sclution and electrons

remaining in the metal:
Z+
M -) H Soln. + Ze (1.1-)

1.2.2. Dissolution-precipitation

In thislmechanism, the previously described dissolution 1s followed by the
formation 6? an insoluble metal oxlde or hydroxide in solution. This material
precipitates at the electrode surface, siﬁée this dinsoluble product forms
-faster than the metal cations can diffuse away:

M — MZ* + Ze

soln.
¥E* 1n, + Z Ep0 = M(OE)y + Z EY (1.2.)

A porous, thick oxide £ilm resulte, and its growth is usually controlled by

diffusion of MZ* cations through the £ilm>’'2, This type of oxide film

formation often occurs in alkaline solutions on such metals as silver'> or

zinc14’15, and 1s often pH dependent when the snodically formed oxide has

amphoteric properties. |

1.2.%. Direct Oxide Fllm Formation

Unlike the two previously mentioned mechanisms, which are bulk processes,
a surface process may also be Involved in thegyery initial stages of oxidation
of some metals, as iz the case wlth noble metals’’% and nickel under certain
conditions16. No dissolution step is involved. Oxygen~containing species (O
or QOH) are -~eversibly electrosorbed at the metal surface:

¥+ B0 == M-0EH

\
surface * B o+ e (1.3.)

Although formation of a complete monolayer of oxygen species and subsegquent
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formation of thicker oxlide films usually involves a more complex mechanism, as
will be explained later, the process starts with this sort of ' electrosorption
step, which is therefore fundamental for oxidation of this type.

-

1.2.4. Fllm Growth Mechanisns .

Several different kinetlc laws have been proposed to describe oxide growth
on a varlety of metals under various conditions. Since meny review33’11’17'21
have alreaay cov;red this ;Ebject extensively, it is only necessary here to
describe breifly some of the general laws that are fouﬁa to describe the rates
of thin film oxide formution at metals. These are the so-called direct
logarithmic law, the inverse logarithmic 1awland the parabelic law. Most work
indicates that th; direct logarithmic rate law seems to be‘followed for oxide
film formation at noble metalsz1'31, but the results of some experimentéi work
are not always consistent with th1532'38. For some cases, the type of law that
spplies depends upon the stage or extent of oxide £ilm groyth at 2 glven metal’

Thg logarithmic oxide growth laws are found for conductive oxide films,
such as those found with noble metals and éome trensition metals?'. Growth
often proceeds throuéh.a place-exchange mechanism3’39, where adsorbed oxygen
species (0 or OH) are exchanged with surface metal atoms, as'willl be described
in greater detail later. The free energy of activation, AG+, for oxide growth
is often assumed to increase linearly with film thicknesss'4o, X

a6t = 86, % + bx (1.4.)
where b is constant. The resulting integrated rate law is:

x=klnt + k' ’ (1.5.)

\:where K and k' are constants and t is time.

The Iinverse logarithmic lew” is usually found for growth. of films of
insulating oxides, as iz the case, for example, with the valve metals3'18f21.
In the treatment of Mott and Cabrera41, the growth is considered in terms of

ions (generated at the metel/oxide interface) passing over a series of energy

¥
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barriers assoclated with a jumping mechanism of ionic transport through the
f£ilm.
The integrated form of thls law is:
+=k -Xint | (1.6.)
Parabolic gréwth of oxides is found where field-assisted diffusion of ions
though the film determines the rate of grouth3’11, #ielding for this .case an
integrated growth law of the form:
x =k tV/2 4} (1.7.)
for the ease of diminishing field, at constant potential, due to the growth of

the film.

1
1.5. Experimental Methods for the Study of Electrochemical Surface

Processes

1.3.1. The Need for Transient Methods

Electrochemical methods detect changes in the state of the electrode
surface or of species readting at tfis surface by the the passage of charge.
Unlike bulk Faradaic processes, where the reaction of essentially - unlimited
amounts qf mate;ial give rise to steady-state currents, surface procésses, by
their nature, are always limited by the coverage of products at the surface, a
monolayer or‘less for any given state. For thls reason, transient methods are
egsential for the effective eiamination of electrochemical surface processes.
Several excellent reviews dicuss these techniques in detail42'45..

Two kinds of transient methods are generally used in these experiments:

1. Galvanostatic, where a constant current (I) or current pulse I1s
passad, and the resulting change in potential (E} is exanmined as a
function of time and hence charge.

2. Potentiostatic, where a known potential or time-dependent function of
potentiai (a triangular wave in cyclic-voltammetry46’47 or sinusocidal

in a.c. impedance), is applied, and the resulting current response is

e



examined as & functlon of time and/or potentiel, or frequency and
phase.
Both methods depend on the two characteristics of electrochemicalh reactions,
viz. current magnitudes are some function of electrode potential and
integration of current in time corresponds to the passage of =a well-defined
charge that can be related to chemical material changes through Faradaj's laws
applied on a mic;oscopic sca].e.'L

1.5.2. Galvanogtatic Method

This method was developed by . Bowdeﬁ and Rideal*® for double—layer'
capacltance studies, and subsequently used by Frumkin et.al.49 and Butler et
31.50’51 to exgmine adsorption and desorption of hydrogen and oxygen species at
Pt electrodes. Since each reaction has e particglar energy change and
corresponding'potential assoclated with i%t, the shapes of-the chargiig curves
give information about successive processes occuring at the electrode surface.
Partial arrests in the curve may be due to the predominance‘ of a single
reaction42 or to distingulshable stages cof = brocess.

1.3.3. Cveclic-Voltammetry

The first potentiostat was developed by Fickling in 193972 for steady
state measurements at golld metals, but was not extensively useé in electro-
. chemical s&rface studies until reliable and more sensitive instrumentation was
available in the late 1550's. Cyclic sweep polaragraphy was introduced by
Sevcik46 and Will and Knorr47, in one of the most widely, quoted papers in
medern electrochemistry, used a repetitive linear potential-time progran
employing an electronic potentiostat, to examine the electrosorption and
deéorption of hydrogen and oxygen specles at Pt and other noble metals.

A cyclic-voltammogran is illustrated in Figure 1.1. for a PL electrode in

0.5 M H,S50 53, which shows features typical for I vs E profiles at noble metals
2°va =

in general. Eetween the potentials for molecular hydrogen and oxygen evolution

S
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from water, three major pétential reglons corresponding to three processes are
found:
1. electrosorption (cathodic sweep) and desorption {(anodic sweep) of
atomic hydrogen between 0.0 V and ca. 0.35 V. -~
2. double-layer charging between ca. 0.35 V and ca. 0.78 V.
3. electrosorption of oxygen specles and subsequent oxide film formation
and growth (anodic sweep) at potentials above ca. 0.78 V.
In the cathodic sweep, a¥arge peak due to the reduction of the surface
'oxide is found over a ‘1ess positive potential range than that for its
formation, indicating hysteresis or irreversiblity in this précesa. This
hysteresis will be discussed in greater detall later in this introduction, Tand
in relation to new results to be described later in thls thesis.
Cyclic~-voltammetry is a very sensitive technique for the study of surface
properties, since the number, éize and shape of the peaks in the I vs E
profiles give relative energy information about the different states as well as
the kinetics of the adsorption/desorption processes43'45. An important feature

of the technique is that it gives differential information (dQ/dE) since the

potentizl, E, of a process is related to current {dQ/dt) rather than just
chérge, Q, 80 that a sort of "spectrum®™ of states of electrosorbed specles is
resolved in terms of potentlal or Gibbs energy for thelr =adascrption or
desorption. Coverages and adsorption lsotherms may be obtained from the areas
under these adsorptlon peaks. The shape and symmetry gf the peaks are related
to the kinetics and reversibility of the processes involved?#~>°, and the width
of the peak bhecomes greater with repulsive interactlons and narrower with
attractive interaction between adsorbdate specie§ in the monolayer57’58. By
varying the sweep-rate, diffusion-controlied and reversible or irreversible
faradaic surface processes may be differentiated by examining the dependence of

peak currents on sweep-rate; they increase wilth sweep-rate as the square-root
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or linearly, respectively. Also, electrochemical rate constants for adsorption
may be obtalned from the'variation of peak potential with sweep—ratesgn

Cne of the advantages of linear sweep voltammetry is the flexibility in
the types of potential-time programs that may be used. Programs with assorted
potentisl sweeps and arrests may be used to obtain a varlety of information, as
has been done in this laboratorys’5 and othersso'ss.

Single or repetitive linear potential sweeps give general information
about adsorption processes occurring at the electrode surface. This approach
is especilally usefula when the potential limit is taken to a serles of
successively increasing or decreasing anodic values within the range of “the
partiéular process belng examined, . so that the desorption or reduction may be
examiged after different stages or extents of adsorption or ozxldation, -or
growth of an oxide f£ilm, By varing the sweep-rate, Ildnetic information may
also bé obtained as was previously mentionedsg.

Surface oxlide may be aged by using a potentisl cycle in which the surface
oxide formed is only parfi;lly reduced before reoxidation. The surface oxide
formed in this way is found to be in a different state from that developed in a
gingle potential sweep6’61'69.

Application of a controlled constan¥ potential arrest in potentlal
"Tholding" experiments may be used to examine the growth or time-dependent
reduction of surface oxide at a single potential or to allow time for anion
adsorption to reach ecquilibrium. In oxide growth experiments, surface oxide
which is formed at a set potential during several different holding times 1s
analyzed by a cathodic sweep in which oxygen species in vafious states at the
surface are reduced in characteristic peakss’6 at different potentials, 1il.e.
for different Gibbs energles. In these experiments, it i1s ﬂimportant to
minirize surface nxide formation:before the growth potential is reached, s0 =

very fast ancdic potential sweep (approaching a step), taken from a potential
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below that for the onset of surface oxide formation, ' is used. In studies of
surface oxlde reduction, surface oxide formed under the séme conditions (sweep-
rate and potential 1imit) 1s reduced at a particular potentisl for several
holding times, and then the oxide remaining is measured In a cathodic sweeps.
The adsorption of anlons and thelr subsequent effect on surface oxide formation
may be studled by holding the potential at a value slightly negative to that
for the onset of surface oxide'formation6’65.

1.5.4. Complementary Non-Electrochemical Methods

Since electrochemical methods give only indirect information  about
chemical changes in state, complementary, non—electfochemical methods are
sometimes used to cobtain mofe direct information about the nature of oxygen
species or other adsorbates at the electrode surface. A useful review of some
these teéhniques has been glven by Yeager70. Several ‘in-situ methods have
been used to méasure various properties of the surface in cénjunction witk
electrochemical experiments. ¥Ex-situ methods may alsc be used, but usually the
electrochemlcal experiment musf be interrupted and the surface may change
during the time between emersion from sclution a;d the measurement.

In some of the earlier in-situ work, the metal solution interface was
examined by means of reflectivity and elliﬁ;ometry, yielding information about
the refractive index, optical adsorption coefficient and thiclmess of adsorbate
films at the surface. These measurements ﬁay be used for examining surface
'charge, adsorption isotherms, the state of water in the compact double-layer,
surface roughness and the electronic properties of films at the electroée
surface10-73, I% is also possible to make this type of measurement as a
function of wavelength74’75of the incident radiation used. This method has been
used extensively to examine surface processes at Pt76'79 and Au®0-85,  surface
plasmon polaron  spectroscopy, which is a sgpecilal type of visible-TUV

reflectance measurement involving excitons on intrinsically highly reflective
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metalsss, has been used to examine Au electrodes at potentials for both the

87,88 gna surface oxide formation89-91 processes.

double—la&er charging

Surface enhanced Ramen spectroscopy (SERS) has alsc been used to loock at
adsorption at Au in solution92'94, but this metho&imay only be used to. obtain
qualitative_information, since it is still uncertain why the signal is enhanced
despite many theories on the origin of this effect.

Very recent advances in infrared - spectroscopy, Iin particular Fqurier
£ransform infrared spectroscopy95'96, iﬁ which very small slgnals may be
measured with respect to 2 much larger background signal, has facilitated the
use of IR spectroscopy in surface studies. In electrochemical work, the best
results have been obtained using a specular reflectance method in which IR
- light, polarized parallel to the surface, is used as a reference, since
adsorbates only absorb 1light polarilzed perpendicular to the surface97'98.
Fhotoacoustic spectroscopy, IiIn which absorption of modulated IR radiation
results in a detectable sound wave, and photothermal spectroscopy have also
been used to examine the surface oxide on Au?9-101,

Fhotoelectrochenistry has also been used to examine surface oxldes at gold
105,

electrodes especlally somewhat thicker oxides which are kmown to have

photosensitive semiconductor properties.

Radiotracer studiesm3

using radiloactive anions have given information on
anion adsorption and its competitlon with subsequent surface oxide formaticn at

Pt104  ang an05,

An indirect examination of surface oxide formation at gold
has been made using labelled Ca2* 106,

Information about the state of the electrode, such as adsorption, simple
charging - and the potential of zero charge, may.be obtained by measuring the
resistance of a wmlcroscopically thin electrode during electrochemical

experiments107‘111.

Recently, an investigation of Au dissolution and surface oxide formation
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and dissgsolution used a plezoelectric microbalance to messure very small weight
changes112, and found corroborative evidence for a place exchange mechanism.
Some recent work showed, surprisingly, that electrodes may be emersed from
l'solution under certaln conditions with the double-layer unchanged111'113'1151
l.e. the charge ét the metal surface is unchanged and the distribution of
ads;rbed weter and anions remains intact after emersion. Eowgver, it 1s
doubtful 1f submonolayer oxide films at noble metals would remsin the same

6,61,63  after an electrode is

after emersion, at’ the very least they would age
emergsed, various techniques not available i;-situ, including wltra high vacuum
measurezments such as LEED116'11§ or XPS113’119'130, maﬁ be used. = Work
functions have bheen measured at an emersed gold electrode115’131'132‘with and
without surface oxide, and reflectivitz measurements on the emersed gold have

been found to be similar to those made in solution114.

1.4. Electrochemical Direct Oxide Film Growth =t Hoble Metals

1.4.1. Indications of Direct Surface Processes and their Resolution

&t Sub-monolayer Levels of Coverage

Two electrochemical surface processes are generally found at noble metal
electrodes between the potentials for hydrogen and oxygen evolution, the
underpotential deposition and desorption of hydrogen {except at gold) and
electrosorption of oxygen species (OH or 0). As with some other surface
processes, electrosorbed oxygen specles in different states existing at
submonolayer coverages can be distinguisheé through their resolution as current
peakts in cyclic-voltammetry expériments, as was described in the previous
section. These processes may depend upon the orientation and microscopic
structure of the surface, pH, anions in solution, temperature and potential.

It was shown in this laﬁoratory that there are three peaks, designated
OA1, OAZ2 and 0OA3, that can be distinguished in the electrosorption of 0F up to

monolayer coverage (220 uc cm'z) in the I vs E profile for polycrystalline
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pt7:55,133  (pigure 1.1.). Since the charges assoclated with these peaks are
about 55, 55, and 110 LC cmfz for 0A1, OA2 and QA3, respectively, 1t was
suggested that these peaks correspond tb the formation of successive ordered
overlattices of OE with coverages 0 = 0325, 0.5, and 1.0, respectively. These
states were denoted “Pt4OH", "Pt,CH" and "PtOE" and theoretically éorrespond to
(2 Xx2), (JZ2XxJ2 )R45° and (1 X 1) superlattices of OE on Pt(100), giving
maximized spacing between mutually.repelling Pt-0E dipoles. Oxidation of the
surface beyond monolayer coverage of OH, seen as a broad plateau anodic to

these three peaks in the I vs E profile, is due to further oxidation of the
electrosorbed CH to O:

Pt-0H —> Pt-0 + HM + e - (1.8.)
and to the simultanious formation of a rearranged layer of oxide by a place-
exchange process (reconstrﬁction mechanism) between metal atoms and surface
oxygen species. At higher potentials and/or for extended times, more than one
monolayef of oxlde specles can he formed. B

A reversible electrochemical surface process is one in which adsorption
and desorption occur, for a given fractional coverage, &, at the same poteﬁtial
over an appreclable range of rates. In a cyclic-volt&mmdgram, the I vs E
profile for desorption should then be the mirror imege of that for the
adsorption process; experimentally, such reversible behavior 18, to =a
substantial degree, realized in the deposition end desorption of H at Pt
(Figure 1.1), especially in dilute electrolyte solutions where anion aasorption
is minimized. The electrosorption of OE at Pt electrodes up to a coverage of
about 0.15 and a potential of 0.9 v23 ig also en almost reversible process but
the reduction of surface oxide becomes irreversible as greater extents of OE
deposition are generated either in time or at higher positive potentials.
Similar behévior can be demonstrated in optical reflectivity measurements o

The initiel stages of electrosorption of OH at gold electrodes are also found
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-to be reversible, but irreversible procesées agise glready af'ter a fractional
coverage by OH > 0.02 is depositeds’s, as will be reporteé and dlscuassed
« further in.latqr sectlons of this thesls.

A cyélic—voltammogram for surface oxide formation and reduction- at
polycrystalline gold in 0.001 M HC1Q, st 0.02 V &2 and in 1 M HC10, at 20 V
8_1 is shown in Figure 1.2.5’6. Four peals, identifled as 0A1, 0A2, O0A3 and
QA4, are resolved in the anodic I vs E profile and three, ldentified as 0C1,
002 and 0C3, in ;he cathodic profile, and are designated according to the
following convention: the peaks are numbered in the.ggggg_in which they appear
on the aﬁsdic (A) and cathodic™(C) sweeps with increasing end potential of the
aﬁodic swee; in cy;iic-voltammetry experinents. This leads to a situatlon in
which peak .0C3 lies on the cathodip sweep potential scale beiween the peals

hd

desiéﬁated 0C1 =nd 0C2, =@as seen e.g. in Figure 1.2. The three reduction peaks
have previously. been observed by Gol'dshtein et a1.8:9 ana Sottoso, and
previously in +this laboratory by Barnetts's. However, only those oxygen
speciles resultiﬁg in the peak designated as 041/0C1 (Figure 1.2.) are deposited
reversibly, further oxidation belng irreversible with resulting species being
reduced in the peaks designated as 0C2 and CC3. It is important to note that
these designations for the anodic gnd-cathodic peeks observed at Au are wused
thoughout the remainder<of this thesls without further explanation.

The state in which the OE species are initiaily reversibly deposited at
2old in H2804 solutions 1s very short lived, and can only be observed using
relatively rapld sweep-rates. The onset of surface oxide formatlion is also
more posltive i the presence of the strongly addorbed anions from sto4 (ESO4_
and 8042'). The large 0C3 peak corresponds to the the main reduction process,
thought to be the reduction of oxygen specles which have undergone place-

exchange with Au metal atoms into & quasi-3-dimensional surface oxide phase,

but only a nominal monclayer in thickness. Qxﬁh.-~\\
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The specles reduced in the 0C2 peak reaches a limiting covérage‘ﬁsee e.g.
Flgure 4.4.7.) which depends characﬁeristically on the anlons of the
electrolyte and their concentration, as well as temperature. It is thought,
however, that this peak corresponds: to the reduction of eleétrosorbed oxygen
species that are arranged in two-dimensional zierlattices in the relative
;bsence of strongly adsorbed ions such as 3304' (8042‘j. Such a situation
erigses especially (but not only) when an appreciabie coverage by oxygen
épecies in the reconstructed 0C3 state has beénagenerated and is reduced in the
cathodic sweep. After the completlon of the OC3 reduction process, some sub-
monolayer quantity of electrosorbed OE species appears to remain on the surface
at relativeiy low coverages in the absence of strongly adsorbed anions (this is
because the lons were desorbed in the preceeding aﬁodic sweep during the
oxidation process). Such ions may, however, become readsorbed if the tfansit
time of the asweep 1is lengéhy over the O0CZ2 peakt region. The 0C2 peak
corresponds‘to the reducticn of these residual electrosorbed OH species. This
behavior is evidently general, since it is also obsepved for the three
principal index planes of Au194. Note that the potential range for the m0C2"
. reductlion process (see Figure 1.2.) is always much less positive than that for
the "QA1® of other "0A" process. This 13 btecause, due to the chemisorption of
anions 1In the ancdic sweep, OH species are always initially competively
deposited ammongst these adsorbed anions, therefore at & more positive
potential. The evidence "for this mechanism has been given in earlier
paperss’6’194’195.

The I vs E profiles for gold in alkeline solutions are characterized dby a
wider double-layer charglng region (larger double-layer capacitance)5'6, which
seems In Cfact to be due to a sort of reversibly electrosorbed ' {upd-like) OF
specles, possibly with a fractional electrcsorption valency134.

Results similar' to the above have been found by Nguyen et 21.8% in
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double-capacitance =and electroreflectance spectra of Au electrodes in neutral
and =alkaline NaF solutions. A relatively»slow adsorption of 10 to 20 ¥ of =2
monolayer of OH at potentials substantlally less positive than that for- the
onset of surface oxidatlon was characterized and referred to as the Minciplent
oxidatipn". The electroreflectance spectrum for this “ihcipient oxide™ was
alsc found to be d¥}ferent than that for double-layer cherging alene.

1.4.2, Irreversidble Processes and Hysterlsls in Metal Surface

Oxidation

As discussed previously, although initielly the adsorption of OH is
reversible,‘ subsequent surface oxide }ormation processes are irreversible.
Electrochemical surf;ce processes may become irreversible because of either
Idinetic irreversibility54’56 or hystéresis. In kinetic irreversibility, the
electrochemical rate constant for the desorption process is small (relative to
the sweep-rate), and a relatively large overpotential is needed for an
appreciable rate of desorption %o be achleved; however, the desorption 1is
microscopically simply the opposite 6f‘the chemiesl process inveolved in the
adsorption. In hysteresis, howevefﬁz the adsorbate undergoes an irreversible
change in state after the initial adsorption process, so that the desorption
process procéeds through a different kinetic pathway as was found e.g. in the
adsorption and desorption of benzene on active charcoal as a function of
pressure by Everett and Whitton135. The irreversiblity of the surface oxlde
formation at noble metals is due to hysteresls, because the I vs E profile does
not become more reversible with decreasing sweep-rate, as.would be expected for
kinetic reversiblity as it does for E adscrption and desorption =at Pt. As
well, the ' reduction process seens to oceur principally in one peek while the
oxidation p.'ocess 1is resolved into several stages (Figure 1.1.). The
irreversible, post-electrosorption change in the state of the oxygen specles at

the surface 18 thought to occur through a reconstructive place-exchange
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process, resulting in a new state having lower energs53.

1.4.3. Reconstructive Place-Exchange Process

In place-exchange, adsorbed oxygen species interchange with underlying

metal atoms and are incorporated into the substrate. A schematic illustration

of this is given as follows°® in ternms of ;0H specles, .but may equivalently

arise with O speciles:

10):1

M

OH

M

CH 0©¢5 OH OB OH

v

M M M M M M M

M CE M 0B M

QE M 0H M M M OH

This type of mechanism was first suggested for oxide film formation at

metals expcsed to b,%ygen in the gas phaseag. Changes in work function during

the initial stages of oxide £ilm formation'>® under such conditions indicated a

reversal in metal/oxygen dipoles, which reduces the total energy of the film

and increases its thermodynamic stability.

There 1s the evidence, listed below, that 2 post-electrochemical place-

exchange process occurs also in electrochemical surface oxide formation:

1.

The observed hysteresls of surface oxide formation and reduction at
noble and other metsals;

The logarithmic decline of current in time due oxide film formation at
constant potentia17’81’136. <

The cathodic potential shift of the main cathodic growth peak (0C3 in
Au I vs E profile, Figure 1.2.) with increasing coverages’-s._

The "aging effects™ found with respect to the thermodynamic states of
oxide filma6’51’63.

Weight gain at gold electrodes (measured by a piezoelectric

microbalence) only d4fter considerable OH or O is adsorbed. This is
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thought to occur because of adsorption of additional water molecules
lat the newly exposed metal atoms after place—exchange112.

6. Certain small organic molecules are only oxidized at potentlals at

-which reversibly electrosorbed oxygen specieé are present137.

© _Place-exchange in oxide film formgtion is assisted by the repulsive -
intéraction between.metai/oxygen dipoles and adsorbed anions, and by increasing
eibctrode fie1d5'6’53’138. By place-exchange, these repuisive forces arising
from chemisorbed oxygen specles (M-OE or ¥-0 surface dlpoles) are relieved, and
g more stable state of the surface oxlde is then formed. Place-exchange is
an activated process, whichk 1s generally slower than the initial adsorption
step, and sc its rate increases with temperature.

This type of mnechanism was first treated in Sato and Cohen's
interpretation of anodic oxide film growth at Fe139, and later applied to Pt
surface oxidsation by R;ddy et 31.23. Before this, Schuldiner et 31.140‘
qualitatively suggested that oxygen specles may be "dermasorbed" after
electrosorptioen.

The rate-determining step in the reduction of place-exchanged surface
oxide =8t gold electrodes was found by Earnett6 in previcus work from this
laboratory to be & saimple irreversidle electrochemical process with the
transfer of two electirons. It was also found by Cadle and Bruékenstein141,
using & ring-disk electrode, that the reduction of this type of surface oxide

was associated with some dissolution of gold.
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1.4.4. Specific Adsorption of Anions and Surface Oxide Formation

In many cases, the surface concentration of ionms found at the electrode
surface 1s greater than that which would be due Just te electrostaéic
physisorption. These ions, especlally anions such as the halides and 5042'
(HSO4‘), are chemlsorbed at the electrode. This phenomenon  is Ilmown as
tgpecifid adsorptionﬂ‘ and was first observed as an increase in double-layer
capacitance in electrocapillaritya measurements at Hg142. More recently,
specific‘ adsorption of anions has been studied by a variety of techniques st
polycrystalline and siﬁgle-crystal surfaces of several meﬁﬁls143’144. Anion
adsorption may depend upon anion concentration, potential, surface orientation
and structufe on a mlcroscopic level, and temperature.

The d-orbital bonds between the chemisorbed anions and the metal .are

' ° 145,146

similar to 1ligand bonds found in metal complexes ’ . The Increase in
double-layer capacitance found with specifically adsorbed anions may be because
either the larger concentration of~anions at the surface causes a greater
positi%e charge at the metal surfece by inducing image charges147 or because
partial charge‘transfer occurs, determined by the electrosorpticen valency134,
between the anion and the metal, In the latter case, the extra capacitance is
not strictly an electrostatice capacitance.'

In genefal, the halides (excepting F~), followed by 3042', are the most

strongly adsorbed anlons at noble metal electrodes, a trend that is also found

* for the formation of complexes of these metals with anions in solution.

Previously the order of strength of anion adsorption et gold was glven as C1° >

Br~ > OE > C17 > 5042‘ > 0104" > F~ 148, buat the double-layer capacitance
measurenents made at that time were not sensitive enough to determine the small
difference in specific adsorption between 0104' and ¥~. In more recent work,

in which adsorption of weakly adsorbed anions at Ag single-crystal planes weas

examined, it was found that the relative strength of adsorption is 5042' > F
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> 0104' 2_BF4' = PFg 149, F~ nas also been found to be more strongly adsorbed

at Au than 0104' by both double-layer capacltance measurements15° snd electrode

resigtance measurements110.

The double-layer capcltance behavior of' Au in
perchlorate solutlons is quite complex151 and BF4' seems to be the only anion
which does not specifically adsorb at all gold surfaces152.\ Anlon adsorption
is also dependent upon the subfmicroscopic structure of the electrode surface,
and the relative strength of adsorption of anions for different Au single-
crystal planes has been found to be (111) > (100) > (110) > (210) 153,154,
which is alsc the relative order of. hydropnobickty of these surfaces156.

The nature of snions in solution and hence their adsorption behavior at
electrode surfaces has an important effect on surface oxlde formation at noble

meta155’6’157’158, especially gold. - Some of ways in which this is manifested

are:

1. The adsorption of anionq.is competitive with the electrosorption of OH
and causes either "blocking" of the initial states of surface oxide
formetion, resulting in a diminution of charge in the corresponding
.peak55’6’159, or "displacement®, in whick the initiel OE is
electrosorbed in 2 different energy state ({corresponding to a
different current peak) a2t a more positive potential. "Blocking™ is
found with Cl1™ sadsorption at Pt1%9 and ndisplacement™ is found for
8042' adsorpticn at Aus’s.

2. The inner-layer potential profile is changed ﬁy ‘adsorbed anions,

affecting charge transfer kinetics160’164.

W
.

The charged adsorbed enions influence the place-exchange between the
metal and oxygen spécie35’6’23’133’138.

4. Co-adsurbed anions may stabilize or destabilize certeln states of
adsorbed oxygen speciess’s.

5. Adéorbed antons affect oriented water at the surface165’166, possibly
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~ §
though Gurney co-sphere/electrode co-plane water interactions167.

&. Anion adsorption may-cause surface reconstruction (e.g. of the {100)

154,168’

plane) under certain conditions when water does not already

cause such reconstruction to occur169'171.

Gold electrodes are par%icularly sensitive to the nature of the gnions
adsorbed; the onset of surface oxidation ig 100 mV more positive in solutions
contaiﬁing 52304 than.in those containing HClO45’6. As 1ittle as 1078 M HESO4
in = 30104 solution can cause displacement of the potentlzsl for the initial

" stage of deposition of OE species. The competlition between strong esdsorption
of thls anlon and surface oxide formation was shown in a redlotracer study in
which the surface conc'entration of 804' was found to increase with potential
until surface oxide formation commenceg, after which which almost no adsorbed
5042' was founal03,

arvia et 21.55 have recently examined the imnibiting effect of holding
long perieods of time (20 - 1800 s) at potentials jusﬁ cathodic of those for
surface oxide formation upen the I vs E profiles for subsequené surface oxide
formation. This was interpreted as being due to the slow adsorption of anions;
however, it ;as determined by the resulté presented in this thesis that the
adsorption of anions at [H2804] > 1074 M 1s nearly complete after 1 s. The
effect observed by Arvia et al. may actually be due to the slow restfucturing
of the water/anion film or more likely to-the slow adsorption of trace organic
impurities from solution.

Cne of the reasons why surface oxide formation at Au electrodes 1is so
strongly influenced by adsorbed anions is that this proﬁess occurs at a
potential "that is considerably positive to the potentlal of =zero charge
{(p.z.c.). The p.z.c. depends upon surface orientation172, temperature173'176,

and the nature of anions adsorbed at the electrode!!!. The values reported are

usually between 0.1 and 0.54 V s.h.e. for different faces of gold and about 0.2



- 23 -

V for polycrystalline surfaces178'179.

1.4.5. Behavior at Single-Crystal Surfaces

Studies of surface oxlde formation at Pt180"189, 10199 ana Au?7’60’83’15°'
152,168,175,176,190-195 single-crystal planes have shown that  the
submicroscopic structure (lattice geometry) of the metal surface has an
important effect upon thls process as might be expected. This is particularly
true for gold single-crystel surfaces, where the cyclic-voltammograms for the .
different principal index planes are qqite different from each other and
display several different peaks in the anodic and ;athodic I vs E profiles
{(Figure 1.3.168), and far more detailed information may be obtained than is
possible with polyerystalline gold. Different potentials for the onset of
surface oxide formation are found for the different planes60'191"194. The 0OC3
reduction pesk is, however, nearly the same for all the single-crystal planes,
put the 0OC1 and 0C2 type reduction pesks vary considerably. Surface oxide
formation at single-crystal gold surfaces is also quite sensitive to the nature
of the anions in solution194, and the adsorption behavior of a particular anion

”>

is different on different planes144, a phenomenon probably determined by the
the electronic work function, é, of that plane. |

Dickertmann et al.27 found that the orientation of the surface of single-
crystal gold electrodes had a role in the growth of thin oxide films. Their
cyclic—voltamogramg for (100), (111) and polycryctalline gold in 1 M H0104
differed considerably in the anodic profiles, but the cathodic profiles
coincided. Contrary results were found by Kozowska and Eamelin19ﬁ, whose
cyclic-voltammogréms were characteristicallydifferent for the three principal
index planeés, both in the cathodic as well as the anodic sweeps. The
relatively aaodic poténtial for the onset of surface oxide forﬁation and the

lack of structure in the I yvs E profiles, when compared with the results of

more recent single-crystal work in H0104194’195, indicate thet organic or aome
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other impurities probsbly had contaminated the electrodes, even [ﬁhough the
preparation of the crystallographlc planes seems to have been satisfactorily
done.

Sotto et 31.60'191'193 studled how surface oiide formation and reduction
at single-crystal surfaces changes as a function of pH, tererature and sweep-
rate in cyclic-voltammetry studies at gold. The reduction of the surface oxlde

kformgd was examined by a cathodlc sweep tzkcn to a pafticular potential, which
was then held for e variable amount of time, after which the remaining surface
oxide was reduced by resuming, the cathodic sweep. An electrochemlcal pretreat-
m;nt of extensive potential cycling to an anodic end potential of 1.9 V was
used to obtain reproducidle I vs E profiles; thls must have caused some
regstructuring and rougheging of the electrode surface by dissolutionM1 and
redeposition of the gold. However, some recent LEED studies have shown that
more gentle cycling of gold190 and Pt188 single-crystal electrodes may not
cause much damage to the single-crystal surface. )

Sotto found from 'one to three peaks for the reduction of tﬁe surfacé
oxide; this rfesult was thought to indicate the reductlion of thre? loxidation
states of ;old, all exlsting at the electrode surfacq*at the same time: Au III
as Au203'320 phase oxide, and Au II and Au I as oxides or hydroxides only
existing at the surface. Thegse different states were simultanliously present
because of a supposed "energetlc heterogeneity" even existing at single-cryst;l
surfaces.

Bamelin et al. have recently made I vs E profiles for Au(210)175 and
(111)178 in HClO4 electrolyte for a series of temperatures between 274 and 334
X. The results show the same general trends for surface oxide formation and
reduction with temperature found at poiycrystalline Au  electrodes, e.g. the

initial formation pesk becomes less poslitive with increasing temperature7

In récent examinations of surface oxide formation at gold single-crystals,
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it Dbecame recognized that effects associated with co-adsorption of anions are
§r great importance. For example, the distinguishable adsorption behavior of
anions144 at different single-crystal planes is consldered to be responsibie
for the differences observed in the potegtial for the onset of surface
oxldation and other aspects of surface oxide formation, as was recently’found
by Angerstein-Kozlowska et al.'94 in g careful and detalled examination of the
Aﬁ(100), (111), and -(110) planes in HClO4 end H,S0, solutions of varying
concentratlion. Adsorbed anions are thought to form an ordered hydrated layer,
which depends strongly on the orientation of the electrode
surface195(tetrahedral anions will adsorb most strongly on the {111) surface
which has similar 5-fold symmetry to thet of the anions). Gas-phase studies of
the co-adsorpiion of halides and water vapor at Pt165 and Ag166 single-crystal
surfaces showed that hydrated-anion complex films are formed, with certain
bhydration states being more stable tﬁan others. Anlon edsorption may even cause
surface reconstruction in some cases154’168, as is found in the gas phase with
adsorption on a very clean (100) surface'96-198,  1n addition, considerable
extents of charge transfer can arise when anions are strongly chemisorbea’97,

It 1s thought that the initial reversible stages of surface oxide
formation originate from-'discharge of water molecules within this hydrated-
anion complex layer and may involve only partiel charge trensfer 195,
Completion of the surface oxidetion processes requires desorption of the
anlons, which, 1t is believed, begins to take place when place-exchange sets
in, and the very sharp peaks found in the I vs E profiles may‘&gg“\due to
desorption of the anions, followed by the process of further oxidation ofn the
surface,

1.4.6. Transition to Thick Film Growth and Aging of the Oxide

Logically, the formation of the initial monolayeé of oxygen species should

be considered differently from the process of growth of thicker oxide films.
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Bowever, experimentally there is wusually no distinct transition between
monolayer formetion and 'qpltilayer growth, since no inflectlon 1s found
experimentally in oxlde g;dwth curves as the monolayer level OH or O
coverage5’6’24’g00 is atteined and exceeded. Examinations of the formation of
thicker oxide films at noble metal surfaces have usually found difect
losarithmic21‘31 or lnverse 1ogarithmic32'38 growth laws, which have been
degseribed earlier. The disagreement over the the kinetics for the growth of
noblé metal surface oxldes is partially due to the fact that oxlde growth must:
te examined over 4 to 5 decades in time in order %o distinguish between
logarithmic and inverse logarithmic kinetics. In addition, it does not see;
‘reasonable that thin noble matal oxide films,» especially tﬁose leés than a
monolayer in extent, are insulating as is the basls of the model for high-
field, inverse logarithmic ?ilm‘growth. Work of this kind has been extensively
_ Teviewed elsewnereo’ 112 17-21,

Damjanov1535'38’201 found "inverse” logerarithmlc kineti;s for oxide
growth at Pt electrodes over a wide range of pH, using galvanostatic and other
techniques. At low pH, growth was not found to depend on pH, but for pE > 12,
growth increased linearly with p5201. This indicates that the mechanism of
giowth of surface oxlde at Pt in alkaline sclutions is different for that Iin
acid. Ord and H034 also found inverse logarithmic kineties. Experimentally,
Vetter and Schultze found "direct” logarithmic kinetics for up to 5 decades of
time and three layers of 0O species for potentlostatic growth of surface oxide
at Pt and A2, They also used a high-field model in an attempt to interpret
the kinetics of these processes even %hough their data could not be fitted to
the predictions of that model.

The growth of the initial monolayer (2e / surface Au gtom) had been

extensively investigated Dby Barnett in this laboratorys'6 by using

potentiostatic holding experiments at several growth potentials and in several
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electrolyte solutions. Generally, an initial pon-legarithmic growth regilon,
followed by two direct logarithmic growth regioﬁa in time, were <found. The
initial non—logarithmic‘grogth was thought to follow a log(1-8) wvs t relatioh,_
which ecould be explained by the electrochemically controlled adsorptioh of 0
with a two electron transfer:

Au + B0 => AuO., . + 2 H" +2e & (1.9.)

The logarithmic growth behavior is thought to correspond to growth of the

monolayer by the. place-exchange mechanism, since those oxygeh specles reduced

in the O0C3 peak seem to be associated with this type of growth. Direct
-~

logarithmic growth of surface oxide at sub-monolayer levels of coverage was

also found at Pt electrodeszs’zs.

Barnett also examined the formation of oxide films on gold, greater ﬁhan -]
monolayef in thickness, by cyeling to very anodic potential limits, and he also
performed "aging" experiments of the type described in Secztion 1.3.3.6. It was
found that the potentiel of the 0C5 peak shifts to less positive values and
becomes narrower as the coverage by oxygen species (thiclmess of the film) at
the surface i;creases, indicating thgt éhe ;urface oxide becomes more stable
with respect to reduction though a time and potential-dependent restructuring
process. This prccess continues aé miltilayer oxlde formation 1s developed to
Q > 400 uC cm™2. For high extents of oxidation, where %this process approaches
bulk oxide formation, the surface pxide 1s recduced in & single peak, 0C4. In
alkaline solution, amr additional peak negative to 0C2 is found during aging
experiments at high'coverages. Under scme aging conditions, where the actual
charge due to surface oxide is increased very 1little, it is possible to
increasé the charge of the 0C2 peak at the expense of that for the 0OC3 peak.
These changes were considercd to be the result of tiﬁé-dependent changes in the
structure of the surface oxide, such as place-exchange. Similar results for

aging experiments were found by Arvia et a1.61’63 and 3Burke et 81.66-69;
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however, Arvia attributed these changes to stepwise oxidation processes and
Burke +to the formation a porous "hydrous" oxide, similar to those observed at

Ir and Ru.

Thicker anodic f£ilms on Au are found by XPS to be in oxidation state
III123'2°2; h;wever, there is some controversy &3 to the actuel composition of
such oxide films. Different researchers hﬁve suggested that they may be.
aydrous  Mu,0528:32:8H,203, nyarates  auy0577%%, Au00E204-206 ang
Au(OH) 66,202, 207  in some of these studies, the electrode surface was examined
in high vacuum, and, in such experiments, the oxide may have changed after

emersion from the electrolyte.

1.4.7. Monolaver Oxide Formation in the Gas FPhase

The interscticon of gasedts oxygen with scme metals ‘parallels the
electrochemical surface oxide formation in that both reversibly chemisorbed
oxygen at the surface and place-exchanged surface oxlde are’ found. This 4is

especlally true of the Group VIII transitlon metals: Ni, P%t, - Pd, Eh, Ir and

Ru208_ At low temperatures, oxygen mereiy chemisorbs reversiblj but, at higker

temperatures, the oxygen binds very strongly and irreversibly at the métai/

surface in & state more like thad of a bdulk oxide than chemisorbed

209,210,

T oxygen In some -caseé, the oxygen méy he undér metal atoms at the

surface and form more than one monolayer of surface oxide or even an epitaxial

metal oxide £ilm. The temperature et which the surface oxlde forms depends

[y

upon the paticular metal, for example Ni forms a surface oxide at much lower

temperature than p£210,

. Experimental evidence from the literature, clearly contrasting the two

very different states of Oxygen found at Pt surfaces, has been summarized by

211
»

Niehus and Comsa and an abbreviated vergion of their classification 1is

g

given in Table 1.1.
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Table 1.1.
A Comparison of Chemisorbed Oxyzen and Surface Oxide at Pt
Chemlsorbed Oxygen Surfgce Oxide
Formed by exposure to 0, at < 80 K > 800 K
\
Desorption . ) begins at 550 K; decomposes
complete at 1000 K at 1200 K
Reaction with CO and I, at rocom temperature nene
L Binding energy of CO and =0 same greater
w.r.t. clean Pf
Catalytic activity w.r.t. same generally
clean Pt L greater
Auger oxygen signals 496 & 517 eV 491 & 511 eV
Work\function change w.r.t. + 0.5 eV - 1.0 eV
clean Pt M
. AVl
The change of reactlivity of Hy and CO with respect to the {wo types of
212,215 .

indicates a difference in their
[

chemlcal mnature. Similarly, »reversibly electrosorbed oxygen species at Pt

oxygen species at the Pt surface

electrodes are also found to be more reactive towards the eléétro-oxidation of
small molecules than oxygen specles which have been place-exchanged137. The
Auger shift of 5 to 6 eV indicates that there is a differencé in the valence
(oxidation state) of oxygen between the two states?12, The difference in work
function changé with respect to clean Pt 213’?16’217 indicates a difference in
the orlentation of 1the metal-oxygen dipole at the surface and that place-
exchange haé oeccurred in surface oxide formation.
* At single-e¢rystal surfac;s, the chemisorbed oxygen has been shown by LEED
J,to form ordered superlattice5218, Jjust as has been proposed for elect}oéorbed
| oxygen specles at electrode surfaces?-. The surface oxide also forms super-

lattices, and epitaxial film growth is found as well?%8:2%4.  oxygen nas been

: s .
shown to be chemisorbed more readlly at ldnk and stép sites on Pt surfaces than

-
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at the principal index planes, where adéorption is very s}ow215’219'221.

Unlike ©Pt, oxygen forms only chemisorbed monolayers at.single-crystal Au
222

. surfaces in the gas phase . Althopgh older work reported thicker Auzo3

film5223’224, more recent work using much improved experimental techniques
indicates that dﬁI& monolayer-type surface oxlide is formed y#gj dissoclative

adsorption of oxygen at gold surfac35225'227 and, in some work, no dissociatlve

adsorption of oxygen was found on clean Au surfaces at 211228, These results

are quite.different from those found for the elecérocheﬁical oxidation of gold,
where large hysteresis afises between surface oxlde formatiqn and reduction,
indicéting place-exchange. of CQEE?Q, in the electrochemical case, A variabli
driviﬁé\force for the oxidatlon of Au is provided, different from the affini€§
change available in the spontaneous oxldation from molecular ox?gen._\'lt has
also been found that the éissoclative adsorption of oxygen aﬁ“‘iﬁy‘isl highly
activated, occuring only at temperatures above 373 KEOS, but may be catalyzed
by‘ kinks or stepszzg, or 03230’231 and Si.232’23-5 impurities at the surface.
Weter vapor may also react dissociatively with the gold surface to glve
chemlisorbed oxygen and hydrogen227.

1.5. Hew Areas of Work Requlired

) S

The brief review giﬁgﬂ“ab;ve indicates that there have been a number of
experimental studies of su;face oxide formation at gold iﬁ the past., However,
there are still imporitant areas where new work, or extensions of previous work
in this laboratory, needs to be carrled out. For example, the kinetlcs of
anion adsorption in the absence of mass Eransport effects has not been properly

examined. The effect of temperature on the kinetics of anion adsorptien,

"surface oxide formation and place-exchange has not been thoroughly studied. It

has been showa recently that electrochemicel measurements can be made in frozen
HClO4'5.5 E20254, in which the proton has[been found to be surprisingly mobile.

This means noble metal surface oxlde fo%sation proceéses may be examined in a
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range of temperatures hetween 150 and 360 K.
Recent work suggests that more detailed and revealing information
concerning the initial stages of surface oxide may be obtalned usi?g 8ingle-
- crystal surfaces rather than polycrystalline ones, as has generally been done
in s'the past. Much of the previous work done using single-crystals has been
marred by iInsufficient care in surface preparation and/or solution and cell
cieanliness; however, better experiments have been made in the past few years.
A careful examination of gold singlé-crystal surfaces in alkaline solutions has
yet to be made.
The introductiop of new scientific instrumentation end improved techniques
always s?ggests new areas for research which were not previously poésible. The
" recent 1introduction of digital data acquisition end maenipulstion, especlally
using digital oscilloscopes, allows the precise measuremént of very ‘small
coverages of electrosorbed species during rapid potential sweeps which were not
possible previously using analog egulpment. Since scme of thésspecies formed
" in the earliest stages of surface oxilde formation are very short lived (< 10
ms), new iﬁformation about these processes should be obtained, as has been done
in the present Hork; Very recently, advances in spectroscopy, particularly
Fourier-transform i%frared spectroscopy, have been made, which will facllitate
in-situ measurementé during electrochemlcal experiments. It may be anticipated
that this wlll allow more direct cbéractérization of the bonding of oxygen
specles, anlons and adsorbed water molecules found before and during the

inltial stages of surface oxide formation, giving useful information

complementary to data derived from purely electrochemicel measurenents.
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CHAPTER II

ATMS OF THE EXPERIMENTS

Sefore déscribing the experimental procedures used and the fesults of the
experiments,- it is desirable to givg_a summary of phe aims of the work. This
is because the choice of experimental technigues and the conditions wused, es
well as the chemical cholce of systems to be studied, depend very much on what
type of infé}mation is required in the program of . work. Accordingly, the
principal aims of the work are sum&arized below,

'.1. To characterize the relation between distinguishable processes in

the anodic oxidation of Au {over an appropriate potentiel range) “and

corresponding processes of oxide redﬁtion in the cathodic sweep. |

2. To establish the conjugate effects of potential and ‘time in the
successive processes.

3. To evaluate the role of anions in the surface oxidation processes,
as observed by the manifestation of their effects through the I vs E
profiles. Two oxyanions, 0164' and 3042' (HSO4'), and a monatomic anion,

F~, were investigated.

4. To evaluete, on a new scale of much improved sensitivity, the very

initial stages of suface oxidation of Au.

5. From the results of (4), to evaluate the conversion in time of the

distinguishable states of the oxidation of the surface below 20 % GO (two
electrons per metal atom site), with the possiblity of evaluating the
" kineties of this process. -
6. "o examine -the role of anions in the formation of  those
intercon-ertible specles and evaluate the %inetics involved.
7. In relation to (6), té establish how the distinguishable states are
influenced by temperature and to include the effect of temperature on the

interconversion rates.
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11.
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‘To establish the "growth laws" in time for the development of oxide
films at low coverage and high;r coverage (log t):

a) for the two types«f anions;
and

b) as a function of temperature;
in terms of possible mechanisms.

To compare, by means of an appropriate potential program, the

behavior of the distinguishable staées of surface oxidation, as manifested

in the reduction I vs E profiles, with and without strongly adsorbed anions

(804") present on the surface. -

To relate tﬂé oxidationbehavior to the two type of anions to the
double-layer charging profile as a function of potentiél, prior to Au
surface oxidation. J d}

To compare Au surface roughening_during rapid potential cycling in
0.5 M H2804 and 1M HClO4, and thus.to determine at what potentiél and

corresponding stage in surface oxide formation this roughening process

begins.
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CHAPTER ITT

4

EXPERTMENTAL PROCKDURES

3.1. Cholce of Methods

Becaugse the initisl stage of electrochemical oxidé%ion of gold and some

other noble metsls iz a 2-dimensional surface process, it can only be

effectively exemined using hon-steady state electrochemical tecuniques,
analogous to thermel desorption spectroscopy and similgr procedares in gas
phase surface studieszBS. In the present werk, the potentiodyramlc sweep
method47 was uged for almost all the electrochemical studies. This technique
is exceptionally well suited o surfacé studies, in that it provides e powerful
method for distinguishing different states of adsorption at an electrode
surface end allows +the examination of the energetics aﬁd kineticg of these
processes with high sensitivity and/or reduction of thke processes involved.
Complex potential-time pregrams, with one or more single potentiai arrests,

were often used to facilitate the study of the kinetiés of submonolayer surface

-t

oxide formation and the effect of anions upon this process at the gold
electrode. I

As in wltra-high-vacuuzm gas phase studies, cleanliness is critical to
electrochemical surface stua;es, especially those involving gold or platinum.
Therefore, it is necessary that speclial care be taken in preparing cells,
electro@cs _and solutions for this type of experiments, because orgenic
impurities or undesired traces of strongly adsorbed anions can eazily block
sensitive surfece processes. These aspects were therefore emphasized in the
present work and involved demandiné\requirements in the careful execution of
mosat of the experiments.

F.2. Electrodes

Working, cougter and intermal reference electrodes were prepared from

89.99%% pure, Johnson Matthey "Spectapure” gold wire having a diameter of
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0.5 mm. Imitlally, the wire was degreased in'pefluxing acetone in a Soxhlet
extractor. A 50 to 70 mm piece of the clean wlre was welded to a longer plece
. ° _
of sgilver wire and sealed ina 6 mm O0.D., lead free, soft-glass tube,
approximately 280 mm long. The cleaned wire was handled only by mnmeans of
cleaned Pt tipped forceps. 10 to 30 mm of the gold wire was left exposed, and
the gold-silver contact was well above the glass seal. The soft-glass tube was
cleaned in concentrated Cr03-H2804 solution, rinsed with doubly-distilled
water, then completely dried before the elecirode was sealed. The finlshed
electrode was stored in conce;trated 52804.

séft—glass/gold seals are fragile because of the difference in the thermal
expansion  behaviour of the two materiais. For this reason, a drop of
"Araldite" epoxy was placed Just behind the glass'seal to reinforce i1t. Well
cured "Araldit;ﬁ epoxy, when directly exposed to 1 ‘M HC104, did not
significantly contaminate the sclution with respect to the elecfrochemical
behaviour‘ of gold. The electrodes wiéh an additional YAraldite"™ sgeal
introduced no more impurities into the solution and were much less likely to
leak than electrodes without this extra reinforcement. A leaky seal at a gold
electrode leads to serious time dependent distortion of voltammograms. '

| To provide a relatlvely large surface area of the counter electrode, a 1
cm2 piece of 95.999% pure gold sheet was spot welded to a gold wire electrode.
This electrode was then eiched briefly in aque regia.

For all e%periments, the reference elecirodes were platinized platinum
hydrogen‘ electrodes in the same solution as the' ;orking elecirode, but
maintained .in a separate compartment of the cell. All potentials reported in
this thesis are given with respect to this electrode in tke sane solution. For
convenience, this potential scale is called "Ep".

Although 'monolayer surface processes are associated witﬁ very small

charges (less than 400 MC cmfe), quite high currents are generated during
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rapid potentlodynamic sweep experiments when sweep rates are greater than 1 V
5"1. This can give rise to significant ohmic drop errors between the working

electrode and the Luggin capillary of the H2 reference electrodes, despite'the
: 4

relatively low solution resistance between them (gé, tzohm in 0.5 M HZSO4).
Also, the much higher impedance of the stopcock between this reference

. electrode and the Luggin capillary can cause feed-back probléms at higher sweep
8y <
rates in  the potentiostatic circuit, producing significant potential

osclllations (electronic ringing). These problems were alleviated by using

e

an internmal reference electrode during experiments involving fast sweep rates.

A gold wire electrode in the cell's working compariment was used for this
purpose. It was possible to place this intermal reference electrode very close
to the working electrode. Even though this type of electrode ddes not have,ﬁ
reversible potentigl associated with it, it maintained a constant potential to
wit@§§ :_'1 mV over periods of several minutes during the experiments. The
potential of this internal reference was constantly monitored against " the
external Hz electrode during experimeﬁtation, 50 that the potential of the
working electrode was always indirectly and gccurately méasured against the Eg
scale, This 1s important as quite fine.differences of potentisls of current-
potential peaks fp{ variouénprocesses of Au oxide film formation and reduction
are significant and measurable.

Electrodes used in HF and KHF, electrol&te could not be sealed in soft-
glass, since these solutions readily attack glass. For experiments involving
EF or iEF,, a special triple electrode assembly was made from Teflon (Figﬁre
3.1.) which included the working, counter and internal reference electrodes a}}
together. A TFE Teflon sleeve was made with three 0.45 mz holes drilled in it.
Degreased pieces‘of 0.5 mm diameter, Johnson Metthey "Specirapure® gold wire,
' welded to silver leads, were force-fitted into the thres holes, with the wires

extending 2 few mm beyond the Teflon-gold seals. 1/16™ 0.D. FEP Teflon tubes
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Flegure 3.1.° Teflon triple electrode assembly employed in studies in agq. HF

and KHF,.
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were fitted over“the leads behind the seals to insulate them eléctrically. The
slesve was fitted over a short 1/4" 0.D. FEP Teflon tube.

The platinum electrode used for the E2 reference In HF and KHF2 solutions
consisted simply of & plece of platinized platinum gauze attached to a platinum
,wire lead (Figure 3.3.).

3.3. Cells for the Electrochemlcal Experiments

It has' ﬁeén found that simplifying the cell design can significantly
reduce the amount of Impurities in solution, which could poison the gold
electrode surfacés. This is mainly because such a cell can be mnore
convenlently and effectlively cleaned than a complicated cne witk several
stopcocks and %oints. It is important that the ratio of glass surface ar;a to
solution volume ié minimized and sclution contact with ground glass joints is
.avoided in experimental cells, Also, swmall simple cells require asmaller
quantities of purified water for cleaning and rinsing, and less volume of the
reqﬁired electrolyte solutions. This is important because of the complicated
Vcell cleaning procedures necessary in these experiments, requiring several
rinses with pyrocatalytically distilled?>® water. The cell and attached
reference electrode system, shown in Figure 3.2., represents an attémpt to
optimize these design criterla. This glass cell was used for all work carriéd
out in 32804 and HClO4 electrolytes.

For experiments done iz HF and KHF,, it was necegsary to design a small,
easily cleaned cell no% made of glass. It was found that TFE Teflon was not a
good mateéial to use for this purpose, even though, chemlcally, 1t iz wvery
inért and itself will not contaminate the test solution. ZHowever, it is a very
porous materiel, and therefore difficﬁlt to clean, as illustrated 4in the
following section. Leaching of E2304, ugéd in ¢leaning, from the cell walls

was a major protlem because fluoride does not adsorb as strongly as sulfate

ion. Eigh density polypropylene was found to be easier to clean and “introduced
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Figure 3.2. Glass experimehtal cell,
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less 'impurities into the electrolyte than TFE Teflon. Polypropylene 1s less
chemically inert. tﬁan Teflon; howéver, it ié stable towards H2304 snd HF.
Polypropylene iz also relatively inexpensive and availablp in many forms.

| A small cell and reférqnce electrode assembly for work in EF and KHF, was
fabricated from two 30 em? "Nalgene® polypropylene bottles (Figﬁre 3.3.). The
gas ~inlets and outlets, and the electrolyte connection between the main cell
and reference electrode boptles, was made of 1/16" 0.D. FEP Teflon tubing.

3.4. Difficulties in Cleaning Teflon Experimental Cells

Originally -a large, conventional, TFE Teflon cell was used for °
neasurements in EF and KEF, solutions, and was similar to those generally used
for electrochemical experiments in sclutions containing F- or alkaline
sclutions. Eéﬁe;er, when tested with 1 M HCIO4 as the electrolyte, in which
the behavior of gold electrodes 1s well establiéheds, this cell was found tp-be
usatisfactory for measurements of surface oxlde formetion on Au, which are
highly sensitive to the presence of 504' and orgenlc irpurities. This problem
arises because the & Teflon cell is difficult to ¢lean properly. Teflon is =
very porous material, analogous to a sponge, and will adsorb or even absorb
E,S0, {(used during the c¢leaning of the cell), and particularly organic
4mpurlities. Even after repeated rinsing, 804' continued to be leached from the
cell walls, evidence for which will be shown later. It is lmpossible to boll
or steam such a cell in order to remove 804', because Teflon beconmes deformed
at this temperature, and the cell would become leaky when reassenmbled.

Cyclic-voltammetry mneasurements at gold electrodes in 1 M 50104, which
had galready previously' been studied6’7, gave consistently unsatisfactory
results in the Teflon cell desplte the rigorous cleaning procedures employed
(Fiﬁure 3.4.). Figure 3.4.a. shows the cyecllic-voltammoegram obtained for this
system at a sweep rate of 0.05 V s~1 and at room temperature. The Teflon cell

hed been secaiked in concentrated H2804 for several hours, rinsed ten times with
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Experimental cell fo; studies in ag. HF.and KiF,, made of two

j “Nalgene" high -density polypropylene 30 ml bottles.

=
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- doubly distilled water and twice with hot pyrocatalytically distilled water2-©
before it was fillled with the electrolyte ug?d in ’the measurements. «Thé
initlal surface oxide format;%F peak for 1 Y EClO4 (yith HESO4 contamination)
then arose at 1.388 V, which is far more anodic than the first peak found in a
properly prepared and cleaned Au / 1 M 50104-system, with a potential of 1.332
v (Figure 4.4.1.). The small hump in the anodic sweep at 1.17 V alsoc indicates
the presence. of traces of oxidizable organic impurities. The electrolyte in
the . cell was then discarded and, using doubly distilled water, the cell was
again rinsed ten times, soaked for twelve hours, rinsed tén tizes more, scaked
for three hours, and finally rinsed twice with ho? and ten times with room-
temperature double distilled water. -After this elsborate cleaning ﬁrocedure,
the treces of organic impurities were eliminaﬁed but the treaces of 504" were
not (?igure 35.4.b.). The cell was then soaked for an additional twelve hours
in doubly distilled ﬂa@er and rinsed again‘ten times afferwards. After this
treatmént, the cell was ini{ially free of organic impurities and 504“, bhut
after less than an hour, results showed that both impurities had reappeared in
the electrolyte solution (Figure 3.4.c.).~ The ¢yellc voltammogram shows two‘
initiel peaks at 1.348 V¥ and 1.582 V, indicating a very small concentration
(10-7 —_‘10'8 M) of 304‘ in the electrolyte, since‘theiless anodic pealk is only
partly diéplaced by the anion?. Since satisfactory results could not be
obtalned, despite-eitremely careful cleaniggvof thelcell, it was concluded(that

“Teflon 1s e poor material for fabrication of cells for use In electrochemical

investigations of sensitive surface processes, e.g. as at gold.

3.5. Water Purification

In order to prevent blocking of the surface processes on gold and other
noble metal elzctrodes by organic impurities, it is necessary to use extremely
pure water for solutlion preparation and cleaning purposes. It was found in

this laboratory that some organic impurities are nobt completely reroved:. from
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water twice . distilled, the second time from alkaline KMn0,.  However,
pyrocatalytic distillation‘ does produce sufficlently pure water__ for
électrochemical surface studies.

In pyrocatalytic distillation, water vapour and oxygen are passed over a
Pt/Rh catalyst at 1050 K, which oxidizes any organic lmpurities. This process
has been described in detail elsewhere 7,236,257 in earlier papers from .thia
laboratory.

All water used for solution preparation and rinsing cells and electrodes
<

during this work was first distilled from city water, then from alkaline KMnO#,'

pyrodistilled and given a final sumple distillation from a giass still attached
to the pyrostill apparatus. This latter pfocedure is desirable for work with
gold electrodes in order to ensure thét ne hydrothermally distilled Pt species
are present in the final water for solytion preparation.

3.6. Solutidn Preparation

EDE TmMAristar" grade 30104, H2504 and HF were employed, witkout further
purification, to make experimental solutions. The 1imits of impurdities in
these aclids are specified by the manufacturer to be less than 1 prm. In

previous worlk, the. purity levels of this grade of acids was found to be

[

satisfactory. Pyrodistilled water was always used as the solvent. All
experimental solutions were deoxygenatpd by slow bubbling of purified Ko
through them for 30 minutes in the gell before experimental measurements were
commenced.

3.7. Gas Pulfication

-

The N, used to deoxygenate solutions was purified in a conventionel gas
‘train238. It consisted of BDE type 4A molecular sieves, Mg(ClO4) drying agent;
Cu twrnings at ca. 725 K to remove oxygen and three traps cooled in liquid Ny,
two of these containing activated charcoal. The Cu tuﬁnings were regenerated,

when needed, by heating them Iin purified E2. Hé gaa for the reference
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électrode was purified in a gas train similar to the N, one, except that it had
‘a pallsdized on esbestos section at 623 K in addition to copper
turnings138'238. For experimental temperatures above 300 K, the gases were also
passed through presaturators containing the same solutlon at the same
temperature as that in the cell, so that the solution examined would not change
concentration due to evaporation during the program of experiments. -

%.8. Cleaning Procedures

The all-glass cells were initially soaked in concentrated Cr03-32804
solution for at least 12 hours. They were then rinsed several times with
doubly-distilled water and refilled with fresh concentrated 32804. Before
starting experiments, the acid was poured out and‘the cell was rinsed 10 - 12
times with pyrodistllled water. Before experiments where traces of HZSO4 were
undesired, the' cell was slso rinsed twice with hot pyrodistilled water. The
cell was then rinsed with the expérimentgl solution and sét up In a glove
bag. This +time ‘consuming but unaveldable procedure was repeated before all

gets of experliments.

Electrodes, presaturstors and all glassware used for sclutlon preparation
were cleane;'in a similar way to that for the cells.

Teflon and polypropylene cells, and other apparatus for use with BEF and
KHF, solutions, was cleaned by soaking for a few hours in céncentrated H2804
only, followed by extensive rinsing several times with pyrodlistilled water
followed by sogking for cne day in pyrodistilled water.

3.9. Temperature Control

Experiments at ca. 273 K were performed by immersing the cell and the
reference electrode 1n a crushed ice baeth in a Dewar flask. Experiments at
temperatures between 274 and 364 K were obtained by immersing the cell and

reference elecirode in a Colora KB-32781 thermostated water bath.
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3.10. Electrical Clrcultry

The basic electrical circuit for potentiodynamic measurements used during
this work is shown in Figure 3.5: A high output voltage Wenking electronic
potentiostat was used to control the potential of the working eleétrode

according to a program set by a Tacussel GSATP function generator.
Y

The Teacussel functlon generator 1s quite versatile and can be programmed
. - N~
to supply complex potentlel-time functions with up to eilght dﬁ%ferent

[l

potentiodynamic sweeps and single stege holdings of poten?ial for times f£rom
0.0001 to 10 s. These complex potential-time oprograms greatly facilitgte
electrochemical surface studies, especi%lly those sensitive to .anion
adserption, as in the‘case of experiments at gold. Because several different
complex potentlal fun;tions were used during this work, their forms will be
included with the feSpective results for continuity in the presentation.
- The potential of the worlkdng electrode was measured with respect to the B,
reference electrode by means of a Cimron MM 15 multimeter, with the signal
sometimes passed first'through a Tektronix Type O operationsl amplifier acting
as a cathode follower. Currents passed between the working Llectrodg and the
counter electrode were measured, as a potentlal, =zcross a Leeds and FNorthrup
4755 precision decade resistance box. Current ¥3 potentlial data were recorded
on & Hewlett-Packard Moseley model 7001 AM X-Y recorder, on a Eewlett-Packard
181 A storage oscilloscope or on a Nicolet model 2090 III digital oscilloscope,
with a bullt-in flexible digk drive.

Digital oscllloscopes have many advantages over conventional analog
oscilloscopes. The data collected are more precise than those dbtained on

enalog instruments. Thig. allows accurate measurements to be made of the very

small charges assoclated wlth submonolayer covéfages of less than 1% which are
not possible otherwise. Digital data are in many ways easier to handle than

analog data. For example, it 1s easier to obtain accurate pealk potentials from
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Flgure 3.5. Electrical circuitry employed in potentibdynamic sweep studies.
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digltel data than from a Polarold oscilloscope photograph. The data may also
be éasily transferred into a computer for further analysis and processing.
'Finally, these oscllloscopes have "pretriggering® facilities, which allow data

collection before or after the instrument is triggered.

%.41. Computer Aspects

Extensive work pertaining to the wuse of computers for ‘various
electrochemical applications has been done in this laboratory239‘241. Although
nothing especially o;ﬁginal concerning the use of computers was developed
during this work, a Digital PDP .11/34 mainframe coméuter was used extensively
to analyze data obtained via the Nicolet oscilloscope. Various FORTRAN and
MACRO programs used for these operations are included in Appendix I. Many of
these programs. are modifications of prograﬁs previously written by D.F. Tesgsier
and D.A. Herrington in this laboratory, or utilize subroutine packages written
by then.

Data were transferred from the oscilloscope to the computer by means of a

Ricolet 2082 RS-232C interface comnnected between the computer and the VI-55

terminel. The current vs potential date were then stored on 8 inech flexible
dislrettes. .Céverage information was obtained by using the computer to
- integrate the current datas in the files with respect to time, subtracting
eppropriate double-layer charging data. Hard copies of I-V profiles were
produped by outputting the date via an RS-232 interface to a Hewlett-Packerd
T470 A digital plotter.

3.12. Electrode Area Determinatidn

It is not possible to determine accurately the real surface area of an
electrode from-its geometric arees because of its surface roughness. On Pt and
some other noble metals, a monolayer of E atoms is electr-odeposited242’243
already before the E, reversible potential, allowing en easy determinatign of

real area. However, electrodepositlon of H does not occur on Au6’244, so this

)



method 1s not appllcable.

Howevef, an effective method of determining the areas of gold using the

discharge of O specles was devélcﬁed ﬁy Michri, Pshechenichnikov  and

-~
-

Burshtein245. They found ‘that the charge due tg,éurface oxldation of ‘éold
below the potential of the current minimum in the cyclic-voltemmagram Jjust
before significant 0, evolution currents arise in 0.5 M 32504 corrasponded to
dischaige of 2 electropé per surface Au atom, éorresponding to a menolayer
* coverage of O gpecies or 400 ucC em™2.  These authors calibrated the areas of
their electrodes wusing B.E.T. messurements and showed that their
electrochemical methodqwas valld over a range of_temperatures and sweep rates,
-as later verified in this laboratory7. The method is also valid for oxidation
of gold in medie other than 52804, where a current minimum cah also be observed
in.the cyclic-voltammogran before 0, evolution.

In this way, the real areas of the gold elecirodes were calculated by
integrating (ﬁeighing paper or using the computer method) the cyclie-
voltammogram up to the "Burshtein minimum" and then obtaining the "Burshtein
charge”, Qp, less an estimated amount due to double-layer charging. Dividing

fhis charge by 400 puC cm'2 then gave the required real area.
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CHAPTER IV

RESULTS AND DISCUSSION

4.1. General Aspects of Surface Oxlde Formation at Gold and the Role

.

of Anion Adsorption

As was mentioned in the introduction,. formation of the first monolayer of
surface oxéde at Au electrodes 1s a complex process, involving three to four
distinguishable states of electrosorbed OE and O—speciess’s. This process is

also very sensitive to the nature of the anions adsorbed at the electrode

SU.I‘f&CEs-?’ 60; 1 91—1 95_

In order to facilitate the description gnd understanding of the results to
?e given in the materisl which follows, a general outline oflphe current "ideas
on the seguential steps in the surface' oxidation of Au is nééessary-here. Sore
of thege ideas were develop?d in earliér work in this 1éborator3, as will ©be
exemplified by reference to several typical potentiodynamic I vg E profiles,'
also recorded in the present work., Particular attention will be given to the
influence of anions upon surface oxide formation in its very early stages at
low coverage by OE or O speciles. It should be mentiocned +that cyelice-
voltammetry measurements have previously been mede in aq. stO4 and 30104
solution35'7,“ and some of those results havé been included .heré only for
the purpose of illustration of thé behavior of Au in these solutions. Some of
the ?esults obtained in thils earlier work are, however, not as accurate or as
weliﬂ regsolved as those obtained in the present work using more modern
equipment, in particular a Nicolet Explorer III digital oscllloscope.

The. study of very low oxide coverages, down to 0.5 %, or less, of =a
monolayer, has been made possible by recent improvements in data
scguisition end processing, using digltal oscilloscopes and computers, through
techniéues cdeveloped 1n this laboratory, maigly in the course of the present

work. The use of the digital oscilloscope was essential in order to obtaln
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Rl

the - the very precise data needed to-study the earliest stages of .surface oxide

formation, especially those corresponding to coverages of less than 1 % of a

r

monolayer. The digital oscilloscope also greatly facllitated data collection
during the variety of complex potential-time programs used during the course of
the present work. The acquired data could also be processed better using ea

miﬁi-computer.

4.1.1. Reversidble Processes and Hysterisis 1in Formation and
)

Reduction of Surface Oxide Formation at Gold

The main feature of an I vs E profile for formation and reduction of
surface oxlde species at Au, as seen in Mgure 4.1.1.a. for HClO4 and in Figure
4.1.1.b; for 32504, made ;n each—case to various end potentials, is the well
¥nown hysteresis between’ the oxidation peaks (denoted by OA) and reduction’
peaks (denoted by OC). Similar behavior is observed at most other noble metals.
The OH specles deposited on fhe surface of Au at certain potentisls in the OAZ2-
4 pesks (Figure 4.1.1.2.) underge transformation in a sgrface reconstruction
(turn-over) process into a pseudo-3-dimensional phase, the precursor to the 3=
dimensional bulk phase. This formlof surface oxlde is reduced in the 0C3 peak
at mué% more negative potentials than those at which it was formed, indlcating
conversion to a more stable species. Becsuse of the turn-over reconstructlon
process, which is relatively slow, the relative charges and peak currents
assoclated with the anodlc peaks are senéitive to chqnges in sweep-rate,
temperature and the crystallograghic surface of the electrode. Two more broad
and overlapping oxidation peaks (OA3 and OA4) arlse at more positive potentials
and are Dbelieved to be associated with oxidation of OE to 0 species in the

112575,
Tn the ansdic direction of sweep, several stages of the surface oxldatlon
process are resolved (this resolution is better at single-crystal surfaces of

Au194’195), including firstly a reversible region observed at low coverages in
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-50104, as was also seen at Pt electrod3553. The stages of progreséive‘surface
oxidation, revealed in the anodle Eweep, can be characterized by the behavior
exhiblted in corresponding peaks or shoulders in the cathodic sweeps, depending
on the potential 1limit that 1s taken in ‘the previous anodic sweep. The
commencement of the anodic I vs E profile and the reversibllity of the initial
stage of oxidation depends very much on the chemical nature of anions in
soluﬁion and their concentrations’s’so’191"195, as will be emphasized below.

‘ Three veaks are obsefved in4he-reduction profile under the conditions of
Figure 4.1.1.2.: fifst the peak due to reduction of reversibly e}ectrosorbed
0H, designated 091; the mein reduction peak, CC3; and the most cathodic peak,
- 0C2. For the first end poténtial of the anodlc sweep, thg reduction profile is
almost ‘the. mirror image of the oxidation profile, which clearly indicates a
reversibie electrosorptionh of some O-species, most likely OH, at the Au
electrode surface. In this respect, it bears ; qualitative resemblance to an
.underpotential deposition (u.p.d.) proceés, sécﬁ as B adsorption at Pt242'243. .
Howev;r, it is not possible, strictly speaking, to cell this a u.p.d. process,
without knowing the reversiblelpotential munder® which the electrosorptlon
occurs, as in H adsorption with respect to H, evolution at platinum. This
potential for the initial sgagé of surface oxlde formetion 1s substantially
less positive (by about 50 %;) than any that co;ld be examined iIn 0.5 M 32504
to achieve & similar result’ (see Sections 4.3. and 4.4.). Although surface
oxlde will grow slowly in 0.5 H2504 at poteﬁtials as low as 1.300 V, -the 091
reduction pesk deoes not appéar for oxidation potentials less than 1.380 V ;é\
room temperature. The O0C% peesk in 1 M 50104, however, appears at oxide
formation potentials as low as 1.280 V. This peak for reversible recduction has
a potential of 1.285 V, which is sbout 90 mV less positive than the 0C1 peak in
1550, under similar conditions (see Sec£ions 4.3, and 4.4.).

For the second anodic end potential shown in Figufe 4.1.1.a., & small
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shoulder due to the (Ct reductipn peak 1s seen, but most of the surface oxide
fogméd is reduced at more negative potentials in other peaks. Fdllowing £he
3w§ép to the third g?d‘potential (1.365’b}, ne 0Ct peak is distinguished and
the surface oxide -is redﬁced entirely in the 0C3 and 0C2 peéks. Firally, with ’

further increase inm the potentials of anodic sweeps, the 0C3 peak contihueé“tp

«

become larger. The same type of behavior is observed when the oxide £ilm is
groﬁn at fixed potential for longer times's’6 (potential "holding" experiments},
as will be shown in Section 4.3. _ ' N oo

The 0C3 peak shifts cathodically and becomes narrower with increasing

A

surface oxide formation charge, i.e. with the increase of end potential of the

tal.

)

H{?e 0C3 peak, - and it can be seen .that its

potential does not shift with ccvegage and that it saturates in charge, i.e. it

anodic sweep. This behavioigis typical of that for a phéée—type mate

s The OCZ#Xs smaller than

does not continue to grow as the .0C3 peak does. This beha®ddr 'is

j;.characteristic of a 2-dimensional surface specles. - The potentials of the 0C3
n ’ 3

¥

: /
and 0C2 reduction peaks'\gre much less positive than thosif/bf any of the
oxidation peaks; correéponding to the well knogn hysteresis e fect5'7 exhiblted

in surface oxide formation and reduction at noble/ﬁ;tals, including Au.
r

- i "
The effect of the strongly adsorbed aniong/in H2304 electrolytes’s, as
o ™~

<

o opposed to weakly adsorbed 0104' in HCIO:;{ can be clearly seen from a

\ . ) )
GComparison of the series”of sweeps in Figure 4.1.1.b. with that in Figure,

4.1.1.a. The apparent onset of surface oxidation and the first large current

-

taximum (the Skz peak) arisé?at more positive potentisls in the preseﬁpe of

", strongly edsorbed aﬁibns. The position of the OA2 pealt can be used, in fact,
as aﬁ indicatioq_af éhe.strength of adsorption of anions when other pgrémeters
(s&éep—ra#e, concentraﬁion and tempe®ature) are kept constant.

The main reduction peak, 0C3, of the turned-over material differs little

in the two solutions; this peak is smaller in HClO4 solqtion'pecégée a compara-

v
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tively larger portion is passed in the 0C2 peak, 1.e. the peak ascribed5'6’194
to the reductlon of dcmains'qf sublattices of surface OH on & Au surface more

or less free of.adsorbed znlions.  In H2804 solution, for the relatively slow

_sweep-rate used in obtaining the curves of Figure 4.1.1.b., the fast adéorptidn

of anions does not leave much free space on the surface on which OH sublattices
could be formed; therefore, as seen in Ffgure ¥.1.1.b., the 0C2 peak is
somewhat obscured by the OC3 peak. It is much'sméller aﬁd_;rises. at more

positive potentials then in HCl0, solutdon. ' -

The numerical values of the potentials of the various anodic and cathodic

»

peaks are given in Taﬁle 4‘1'jf = N
Tavle z:L.1.1.,JC>
Ep / V_r.h.e. _ A
{s'= 50 mV g;%;_room temperature)
\4 ;_ 1M 50'104 : 0.5 M'H’zso‘d |
Cnset of oxidation ) 1.25 . 1¥35
0A1/0C1 (reversible) 1,285 | —— .
oa2 . A 332 , 1.397
0A4 . 1.440 1.490
0C3 (as 6 => 0) . w, 1.235 1.248
ocz - ' " 1.080 . 1.130

The species involved in the initial reversidble surface oxidation step (OA1/0C?)
. 3

are relatively very short-lived in the respective energy states at which they

.

were initially electrosorbed, especially in the presence of strongly adsorbed

L X

anions such a3 5042' (HSO4'). They become transformed in a rélatively slow

- -
process to states from which they are reduced at 1less positive potentizls,

. indicating an increase of stablility. The rate of: this m"post-electrochemical® .

-
- '\ ']
s

-
(=)
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transformation .process determines fhe effective lifetime of <the 1Initlally
deposited OH specles (OA1 process).

Even at the least positive end potential of the anodiec sweeps in aqg. 52804
{Figure 4.1.1.b.i, where only a few percent of a monolayer of OH-specles are
formed, no reversible reduction peaﬁ due to a 2—dimenaionally elecgrosorbed
species is obser;ed. This state of éurface oxide at small coverages has
élreqdy changeé and the resulting species in the changed state are reduced in
thg 0C3 and OCé peak;.- Ho%ever, by using an elgctrolyte with 2 weakly adsorbed
anion, such as .HClO4, or employing a very rapid potentiodynamic sweep or
operating at low temperatﬁres’s, it gp_possible“to observe reversibility in the
deposition and reduction of" this species since, under such conditions, the
turno%er procegs has had 1ittle oportunity to take place. ’ A

Fast anodic potentiodyna;;c sweeps 50 V 3'1 ‘taken to a series of
sudcessively incrgasi“g and pctentihls in1 M HClO4 and 0.5 M §2SO4 at Au
gr\\eﬁaﬁle the formation an% reduction of the inltial, reversibly generated oxide
\\\Epécies (0A1/0C1) to be clearly distinguished (see Figure§ 4.1.2.a. and

4.1.2.b.) in béth_ electrolytegfbefore such specles have had time to change
their state at the surface as would be the case at smaller - sweep-rates.
Note that in Figure 4.1.2.2. in comparison with Figure 4.1.2.b., .tﬁe OA%/OC1
region 18 much better resolved with a charge in 0A1 of 90 uC cm™2, At the
high sweep-rate iﬁ HClO4, the initial stage of oxidevformatiOn (OA&) is much
better séparated from the subsequent stages. This 1s evidently due to the
-grester shiftl in potentlal of the 0A2-0A4 peaks with sweep-rate than that of
the 0OAl 'peak;.g A feature of the 0C1 fegion of Figure 4.1.1.2. 13 that the
currents iﬁ:thfg pgak at first incresase, then decrea8e, as tge end potential of
the anodicgsweep is exténded into the QA2 fqgion; correspondinglyi'odg and OCBQ'

gpecles are gepéréteq in smelliquantities, as seen in Figure 4,1.2.a. Further

. detaiisl of the %xperimental behayior of this important process are given 1n

*
- L
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Sectlon 4.3., together with an evaluation of the kinetics of the transformation
process, | N

By contrast, in 0580, (Figure i.1.2.b:), only & small region of
reversible anodic/cathodic currents pass‘in the OA1/0C1 region and no QA1 peak
of the kind resolved in Figure 4.1.2.a. is observed. In fact, the magnitude of
such <charge corresponding‘to these reversible currents in 0.5 M 32504 is 1less

than that-in 1M 36104 at 100-times smeller sweep-rate.

4.1.2. The Relative Strength of Fluoride Adsorption at Gold

Recognizing that the initiel stages of surface oxide formation at Au are
so strongly ﬁffected by anionaﬁsorptio§‘7’194'195, an attempt was made to find
an anion which is less strongly adsorbed than 0104' in ordér to. examine the
oxidation processes with very little or no influence of anions adsorbed at the
surface.- Older studies of specific adsorption of anions at Au1i8 suggested
that fluoride (F™) is less adsorbed than 0104', or not at all. Eowever, from
results to be reported below, it is evident that F is actually more strongly
adsorbed than 0104‘ at polycrystalline Au surfaces, bug legs so than sulfate.
The prineipal, :but indirect, indication of khe strength of adsorption of =a
particuiaf ;nion is the extent to which the initial stage of surface oxide
formatlion is blocked in solutions conteining that anion compared with other
anionss’6’159.

If the I vs E profile for surface oxide formstion at Au in 1 M aq. HF
(Figure 4.1.3.) is compared with that for 1 M HC10, (Pigure 4.1.1.a.), it is
‘seen that the potential for the onset of surface oxide formation (0A1 region)
is shifted positively by ca. 30 oV relative to that in HClO4, clearly
indicgting a g#eater blocking effe;£ on the initial stages of surface oxide
formation by ?" over 0104', hence strogger adsorption/gf F~ is indicated. "Also
the potential of peak 0A2 is shifted to = value of 1.359 V, Comparison with

the behavior in both HC10, end E5S0, (Figures 4.1.1.a. and b.) shows that F _
o S
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Figure 4.1.4. Potentiodynamic I vs E profiles for Au at 0.050 V s~ taken to a

series of anodic end potentials in 1 M KHF, at 297 K. “
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is, in fact, adsorbed at Au to an extent intermediate betwe;n_that of 0194' and
8042' (HSO4'), as indicated by a) the potential for the onset 6f surface
oxidation and b) the small but significant change in the extents of
reversibility in the 0A1/0C1 reglon. '

In 1 M aq. KHF, (Figure 4.1.4.), the reversibility in the 0A1/0C1 region
and the OAZ peak potential, are the same as in 1 M HF*, but the 0OC2 region is
more developed, probably due to higher pH. '

Recent double-layer. capééitance measurements on silver149 and Au15°
single-crystals, and electrodé resistance measurements on vapor-deposited thin
films of a0 in solutions containing F~ are consistent with a swall but
significant adsorption of this anion at gold surf;ces. A recent cyclie-
voltammetry study of Auw{111) in 0.4 M EF aﬁd in 0.09 M NaCl0, with 0.01 M EC10,
gave voltamm;grams that differed considerably, presumably -because of the
different ‘adsorption’ behavior of the two anions 246.

4.1.3. Initisl Peak Potential vs Sweep-Rate and the Relative

Strengths of Anion Adsorption

In gection 4.1.1., it was suggested that the peak potential of the first
distinctive peak of Au oxidation can bé conslidered as a measure of the
strength of adsorption of anions on the Au surface. ’ This current peak ia due
to OH deposition on a surface partially ar fully covered by adsorbed anlons,
which block the surface. The anions are desorbed in the process of COH
deposition, and the surface OH's formed undergo a traqsformgtion in a turn-over
process (replacement turn-over process, RTO). In‘ordqr to evaluate the effects
of anions only, the step of electrodeposition of OH in the overall surface

oxidation process should be reversible and the pE effect is evoided by using a

ahhydrogen reference electrode in the same solution as that for the working

*Note that from the commonly accepted pKa of-EF in aquecus solution, 14 =B
will actually be ce. 101 M in free F  ions. There will also be a small
. concentration of EFZ' ions. ' '
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electrode. The comparison of peak potentials is meaningful only if there is no
kinetic Irreversibility in  the electrodeposition of OH. In the
replacement/turn-over process, turn-over becomes possib1e194’195 when the
stabilizing effect of adsorbed anions on OH's on the surface is removed by
anioﬁ desorption; therefore the extent of turn-over is elso influenced by the
strength of anion adsorption. Both processes, since they are connectéd with

anion desorption, are much slbwer than the OE deposition and are not reversible

“under the conditions of the experiments. As earlier work on-Pt>> and Aus's

indicates, the OE deposition is fast, therefore any shift of peak potential
with sweep-rate: 8, and with the kind or concentration of anions must be due to
processes comnected with or influenced.by the adsorbed anions. In this
respect, the differences in the peal potentials observed can be taken as a
measure of the sirength of anion adsorption.

The effects associated with F~ adsorption at Au, as indicated from Figures
4.1.3. and 4.1.4., are more clearly and duantitatively represented in Figure
4.1.5., where the potentials for the first main anodlc peak (CA2) associated
with oxide formation coupled with anion desorption5’6’194’195, are plottéd as a
function of log(s) éor several electrolyte solutions containing the anions F~,
€10, and 50,2 (8S0,7) at 298 K. |

The results in 1 M HClO4. 0.5 M 32804, 1M HEF, 1MKF, and 0.1 M FF,
obtained during the course of the present work, were supplemented by some data
}rom Barnett6’247, previously obtalned in this laboratory, to illustrate better
the behavior of Au in seolutlons containing various aﬁions. . i

Evidence of kinetic irreversibllity is seen (Fiéure 4.1.5.) in the case of

D
0.1 M KEFZ, when, from s = 0.05 V 5_1, the slope of the line changes to 41m¢

dec'T. In the case of 0.05 M 52504 and especially 0.001 M 30104, the obgerved

increase of slope at higher sweep-rates may be due to kinetic irreversibility

as well as some 1R effects in dilute solution. However, at 0.02 V 3'1, the
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values of peak poteﬁtial for all the solutions in Figure 4r1;5. seen to fulfill
the criteria mentioned above. .

The potentisl of the initial anodie péak i1s more positive in potential for
1 M HF and KEF, than for 1 M HClO4 by about 19 mV, Dbut not\as much as for
0.5 M 52304; for which the finitial anodic peal is shifted positively, relative
to that for HCIO4 By about 70 nmV. This same trend 1s alsc seen at ‘lower
concentrations of these anions. This result corresponds to the same relative
st;engths of adsorption found before: Cl0,~ < F~ < 8042' (HSOA').

The first surface oxide formation peaks in 0.2 M Ba(OH)2 are the least
poéitive, which 1s logical because the OE anlon is the actual reactant for
surface oxide formation and cannot compete by its own adsorption. 0.001 M was
the lowest concentration of the most weakly adsorbed anion, 0104', congidered
‘ here, and the Initlel peak potentials for Au in this solution are the closest
to those in Ba(OH)z, where there 1ls no forelgn anion interference in the
surface oxide formation. However, the peak potentlals are slightly more
positive than those in Ba(OE)z, indicating some specific adsorptionl of - the
antion.

The wvalue of Ep at 3 = 0.02 V 3'1, the differencés, AE5 relative to the
firgt peak in Ba(OH)Z'and the slopes of the lines of Ep vg8 log(s) for the
various electro;yte solutions illlustreted in Figure 4.1.5. are summarized in

Table 4.1.2.
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Table 4.1.2

Electrolyte EP/V AEb/mV dEP/d(log(s))
. at s = 0.02 Vs~ | relative to &, Ba(0H); | =V per decade

0.5 M H,SO, 1;395 110 22

0.05 ¥ ,50, * 1,571 9% 23/35

1 M BF, 1 ¥ KHF, "1.345 60 33

0.1 M KHF, 1.330 T 45 23/41

1 M HC10, " 1.326 4 22

0.1 M HC10, * ( 1.307 22 21

0.001 M EC10, * 1.289 . 4 29/45

0.2 M Ba(0H), © 1.285 '(0) | 32

* from B. Barnett, Ph.D. Thesis, U. of Ottawa, 1979, and unpublished results.

The values of the slope, 4 Ep/d log(s) observed are & 23 mv dec.”! for
most of the solutions and ca. 33 mV dec.”! for 1 M EF or KEF, and Ba(OH),
solutionse | This seems to suggest ‘ different mechanisms for the lon effects
on ‘the initiel s;;age of surface oxlidation at the electrode surface in the above
two types of solutiohs. Certainly these two anions have different molecular
geometrieé and chemical constitutiens, as well' as hydration structures, which
could lead them to interact differently with the electrode surface..
| From <the cyclic-voltammograms of Au in HF, HCIO, and H,50,
(Figures 4.1.3., 4.1.1.a2. and 4.1.1.b., respectively) and Ep vs log(s) results
(Figure 4.1.5.) for “The first clear peak , 'ft can be coz;cluded \that the
strength of specific adsorption of F~ and its effect on the initial stages of

surface oxide formation of éold lies between those of HSO4' and 0104'.

The results discussed sbove show that, among the simple anions examlned in
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this work, the anion 3east chemisorbed on Au in acid solution is actually
0104'} Therefore, this anion was used in the course of this work in supporting

electrolytes and to study the oxidatlion of gold under the conditions of weak

_chemisorption of anions.

o

g ’ K
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4.2 The Effects of Sulfate Anion Adsorption at Gold in Mixed ECIO‘/E,SO'

Electrolyte v .

It is possible to examine the kineties of anion adsorption at gold

+*

electrode surfaces by observing, in time, the blockling effect the adsorbing
anians have upon the initial stage of "surface oxide formation.

—" .
c In Sectiop 4.1, clear indlecations were shown that the initial stages of

ke
surface oxidatlion of Au are very sensiiive to the influence and chemlcal type
of anions of the electrolyte that are adsorbed at the metal interface. BEHere,
further experiﬁents are described that enable the anion adscrption effects to

be identifled and quantified, in particular by méans of an eléctrochémical

-

technique“that enabiéé the onset of surface oxidation'of ﬁ; to be obgerved in
the ~effective absence and in the presénce of strongly adsorbed lons such as
8042' (5804'3 in a given mixed electrdlyte (32304 + HCIO4) solution. Although
experiments which changed the coverage of 8042' (HSO42') at a gold electrode
have. heen done_befores?s,' the coverage of anions was less controlled than in
the present work, since it was wvaried bﬁ solution stirring.

The speciel potential-time programﬁ, which were developed to study 8042—
(HSO4') enion adsorption Ikinetiecs and their effects on the Au oxidation
processes are described bel;w. )

As very high rates of potential sweep (50 and 500 v s~ 1) were ﬁsed in
parts of the pﬁogram, a very conductive electrolyte was needed; for that reason
1M HClO4 wag psed as a supporting electrolyte.

The cémplicated nature of thes.potential-time programs, with two or more
potential holding times, and thg very small changes in surface oxide coverages
that were to be observed, required the use of a digital oscilloscope ta_collect
the data generated by these experiments. -

 The inset diagram in Figure 4.2.1.a. shows potential~time program reqﬁired.

for this type of experiment. Initially§~tﬁ§}%;ectrode potential was held at a
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at 1.2 V to examine the kinetics of anion adsorption In
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cathodic potential 1imit, Ey = 0.1 V to allow any chemlsorbed emions present on
the surface to.becOme desorbed. This potential 1= well below the potentlal of

zero charge of gold144 2173 and is negative to 0.4 V,m:ths potential at which no

e
U PE

measurable coverage of HSO4 was found by = radiotracer study in a solution of
thﬁ‘ same concentration of HClO4 and 32304105. - The ion desorption stepl was
followed by‘ a potential sweep at 500 V 5'1 to E;TE 1.2V, a potential Just
before’ surface oxide'formqtion commences and at which maximum HSO&T adsorption
was found by,tﬁe radiotracer study. A very high sweep—rateb was needed to
minimize the time during which anio% readscrption could take place durlng this
step. The comparatively large current traﬁsients produced during this porticon
of the progrﬁm were due only to double-layer charging at the high sweep-rate
and have no special significance. The potential was then held at E, = 1.2 V
for a variable time, th, to allow various extents of anion adsorption to take
place. An anodic potential sweep at 50 V s~ was used to examine surface oxide
formation from this poténtial and finally a cathodic sweep at 50 V 3'1 was

applied to reduce and characterize thé_surgace oxlide, and return the electrode

to the initial potential (EC) of 0.1 V.

T a

Figure 4.2.1.a. shows the effect that holding at 1.2 V from 0.001 to 10 s
haes upon surface oxide formation in 1 M HClO4 with 4 X 10"4 M 52804. For th <
10.001 s at 1.2 V, there is a minimal coverage of 50,2 (HSO,”) and the

resulting 'I vs E profile resembles behavior observed in E,S04-free 1 M HC10,

under " similar conditions (Flgure 4.1.2.a.). As the electrode is held for -~

increasinély loﬁger times at 1.2 V, the initial pesik for reversible surface
o*ide formaetion and reduction is decreasedlin charge. This is due to increased
coverage of the anionsiwﬁgéh‘block the surface oxide formation in this peak.
There is no significgnt difference between the the I vs E profiles for 1 and

10 s; therefore, after 1 s, a maximum coverage Bf anions, near equilibrium, has

been attained, and the processes corresponding to the initial peak have been



T

completely blocked. The resu;ting I vs E profiles then resemble those obtained
in 0.5 M E,S0, (Figure 4.1.2.b.).

There is a distinct isopotential point ;t 1.42 vV, and the electrosorption
charge corresponding to OH blocked by the adscrbed anions 1s appro;imately
equal to the extra charge recovered positive to that pétential. At the anodic
end potential, the I vs E profiles have all converged, indicating that the
state of oxidation of the gold electrode has become similar for all the holding
times studied. This 3is supported by the fact that there are then no

significant differences between the various reduction profiles. Similar

behavior was cobserved in 1 M HClO4 with 4 X 10'5 M ﬁéSO4, except that the 8042"

(HSO4') anions became adsorbed about 10 times more slowly at this lower
concentration of anions in solution; then a very small shoulder due to the
' -

initial reversible peak is observed, even after holding 100 s at 1.2 V.

This time-dependent blocking of the surface oxide formation by holding at

-

1.2 V is due to anion oreadsorption. The kinetics of this ﬁbgcess are not
determined by mass transport or diffusion of the anions, contr;ry to what was
previously observed using a much lower concentration of sto4 and ailower sweep
rates. Measurable differencés were not observed between results of'experimegts
;onducted in stirred and quiescent solutions, except in 4 X 1072 M H2804 at{273
.K, ‘where a small but hardly significant difference was found. It-should ;isp
be noted that much faster adsorption kinetics for 8042' were found here than
those reported by Arvia et al.65. )

Figure 4.2.1.b. shows results of a similar experiment conducted in 1 M
HC104 with a higher concen;raﬁipn of HyS04, 4 X 10’3 M. There is no signifi-
cant difference between the behavior after holding for O or 1 s at 1.2 V, and
the . vs E profile is similar to that in st M 32504 (Figure 4.1.2.b.). Near
equilibrium coverage by the anions 1s attained too rapidly at tﬁis

conicentration of ESO4“ for the ion adsorption kinetics to be followed using
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this technigue. Holding at 1.2 V aiso had no significant effect on ‘gold
= N

surface oxide formation in 0.5 ¥ HyS04 or in 1 M ECLO, (i.e.. for Cl0,%;,

win —,.‘;: :.-:;."‘

adsorption) with no E,;80,, as would be expected. E

[

4.2.1. The Kinetics gg_§g42‘ Adsorption

Flgure 4.2.2. ‘shows the extent of blocking of the initisl reversibvly
formed, oxide (measured as a charge, Q) as a function of holding time
(logarithmic scale) at 1.2 V with H,S0, added at a concentration 4 X 1074 ¥ in
1 M HC10, at 318, 300, and 273 K and with 4 X 1079 M E,50, at 273 K. The inset
dlagrem shows how Qb was determined from the appropriape I vs E profiles.
Although the coverage by adsorbed anions is not equal to the coverage of O or
OE speclies blocked, owing to geometrical fact%rs, it is reascnable to assume
that these two coverages are directly proportional to each other. Therefore,
it is possiyle to obtain information about the kinetics of 8042' (3504')
adsorption indirectly from Q. o

The rate of 8042' (ESO4“) adsorption, as expected, . increases with
temperatufe; it also lncreases linearly as a function of 32504 concentraticn,
since the curves for Qb as a function of time for 4 X 10'4 and 4 X 10™° M 32804
at 273 K are separated by a factor of 10 on the time scale.

Before any meaningful calculations can be made , the limitations of _thel
method and the program used mist be considered. The process of adsorption of
ESO4' consists of chemisorption on free surface sites,. where, In 1 M HClO4, QH
specles wquld already have been deposifed, i.e. blocking of th; surface for OE
deposition takes place. Some replacement of 0104‘ anions on the surface by
HSO4' (ion exchange) also takes place. This process does not produce any
. measurable signal on the I vgs E profile recorded after potential holding. It
is evident from Figure 4.1.5. that 0104' ions are themselves appreclably
adsorbed in 1 M solution, where the OA2 peak for this solution is 37 mV more

positive than that for a more dilute solution (10'3 M). Thig is also supported
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by the fact that holding the potential at 1.2 Vin 1 M HClO4 does not. change
the subsequént I vs E profile.

The blocking of the initial stage of oxlde deposition can therefore
provide a qgantitativé measure of the chemisorpﬁipﬁ of HSO4' only if the above_
anion replﬁeeﬁgnt reaction‘has s rate simllar to that for chemisorption on free
surface sites. Considering the large difference in the strength of adsorption
of the two énions, this may actually be the case, but the blocking effect may
certainly be semi-quantitatively evaluated.

The second factor which complicates the quantitative interpretation of
these results 1s the finite excursion time of the sweeps, even at S0V 5'1.
Thus, to traverse the potential though the range of the reversible process
peak, 1i.e. between 1.2 and 1.45 V, takes %UE?,/% = 0.005 s, i.e. 5 times longer
than the shortest holding time, 0.001 s, and 1.5 times longer than the second
holding time, 0.01 s. Therefore, the values at the lowest t, in Figure 4.2.2.
must be rejected and the second b must be corrected from 0.01 to 0.015 s.
Als;, the values for 4 X ‘10'|5 M 32504 would be better if there were no
diffusion limitation. '

A ‘simple calculation which simulates how surface oxide formation might be
blocked by anion adsorption is shown by the dotted line in Figure 4.4.2. The
anion adsorption process is assumed to have kinetles which are first order in

anion concentration and available sites, and desorption kinetics which are

first order in coverage, ©,, by adsorbed anions; one can then wrilte

dQA .

P - (e.2.1)
Integrating equation (4.2.1) yields

6y = g (1 - (4.2.2)

where

a "-=k1 CA and b= k_1 + ka‘ CA-
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As t becomes large, 6, will tend to approach 1ts equilibrium value, &

eq.? 8o
that
8
%q. =T
and
Oy = Ogq. (1 - e~P%) (4.2.3)

When the coverage by ions is directly reflected in the diminution of surface
oxide coverage due to the ion adsorption, then obviously
Oy = Op,eq. (1- % ‘ (4.2.4)
In practic;, the HSO4" adsorpition is kinetically 1rrefersib1e, 80 thﬁt
k_4 6, in equation {(4.2.1.) 1s near zero. Under thepe conditions, this equation
wiii integrate to
In (1-8,) =k cyt=at | (4.2.5)

with a defined as k; ¢,. Then

GA =1 - e-at Ay . (4-2.6)

is a particular case of equation 24.2.3), and, for these conditions, b = k1 Cpe
The result will obviously be more complex when some adsorbed Ilon interchange
e.g. between HSO4' }n soluticn gnd 0104' already adsorbed 1s significant, which
represents a pafallel process for HSO4' adsorption.
For surface oxlde blocked under conditions of holding at 1.2‘V in 4 X 10~4
M H2804 at 300 K, it wes determined from the data that eb,eq. = 0.23
{calculated as OF species, i.e. 1 e per site) and b = 23 s, Althoughi‘the
specles at the surface under <these conditions are probably 0H, the
stoichiometry of the adsorption reaction and consequently the kinetic equation
will formally remein unchanéed if ¢ is defined ms coverage by either 0 or UOH
aspecies. Furthermore, as wﬁs previously stated, the extent to which surface
?6Xide formation i1s blocked is probably not equal, but proportional, to the
surface concentration of adsorbed anions.

The fit between the actual data and the calculated curve is surprisingly
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good, especially considering that this simple model of anion adsorption does

not take into sccount repulsive interactions between the énions. Velues of b

for the three temperatures studied in 4 X 1074 u 32804 are glven i1in the

following table:

Al

Table 4.2.1.

Data for the Kinetics of Blocking of OH Deposition'by Adsorption of Anions

T/ K b /8!
273 18 +.2 T
300 23 + 2
! 318 30 + 3 -

Because the supposed equilibrium coverages of anions and the extent of
blocking of gsurface oxide are hearly equal for the three temperatures.examined,
it follows that the rate of anion adsorption is equal to the b value, as
concluded sbove.

¥
4.2.2. "Anions Off" and "Anions On" Situations with Sulfate on Gold

As previously shown, the Figures 4.2.1.a. and 4.2.2. illustrate the
effects of regdsorption of ESO4' ions foilowing thelr desortion at 0.1V, i.e.
negative to the potentigl of zeroc charge of Au. Tt is useful to identify two
limiting conditions as;ociated ﬁith these profiles: &) an T"anions off"
situation correspending to the by = 0.6 s in Figﬁre.4.2.1.a., for which sulfate
ions have been desorbed but have not had time to become apprecliably readsorbed;
and b) an "anions on" situation in which the surface oxidation process
cemnmences with sulfete initielly adsorbedson the surface.

In the light of these two conditions, #*t was of interest to examine the
reversibility of the initial surface oxidation region (0&1/001) for the "anions

off* and "anions on" situatlons by means -of a series of potential sweeps taken

to successively increasing positive potentials, as shewn in Figures 4.2.3.a.
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Figure 4.2.3. Potentiodynamic I ¥s E profiles for Au at 50 V s~! taken to =

series of enodic end potentials in 1 M EC10, with 4X1074 M H,S0,
at 300 X. The potential progfam used was the same given in
Figure 3.2.1., where t,, at 1.2 V was (a.) 0 s ("anions off") and

(p.) 1 8 {"anions on")
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{"anions off") apdl4,2.3.b. ("anions on"}. For these conditions; respectively,
the potential was not held at 1.2 V (0 8) to minimize sulfate adsorption and
held for 1 s at this potential to allow nearly complete ;eadsorption of thé
ions. 4

In the "anions off" case, the I vs E profile is very‘fimilar_ to that
obtained at B0 V 5'1 in 1 M HClO4 with no added 32804. It I: seen.that well
developed reversible QA1 and O0C1 peaks of the kind found qith HClO4 are
observed. In the "anions on" profile, however, the QC1 peak is muach smaller
and has z more positive peak potential. For both cdses, the mo;e céthodie oce
and 0C3 reduction peaks are similaé; but the specles to which they correspond
are initially formed at a somewhat.less positive potential for the "anions off"
casétd-This indicates that the initial reversible processes associated with the
OA1 and OC1 surfaée oxlde formetion/reducticn peaks are more sensitive to the
presence of sbtrongly adsorbed anions at the surface than are -the oxide
formation processes that arige at more positive potentials or longer times.

Figure‘4.2.4. shows a series of I vs E profiles for gold in 1 M EClO4 with
4 X107 M H,S0; at 50 V.s™' and 299 K.  The results for  this electrolyte
clearly resemble the behaviff? of the "anions on" case in 1 M HClO4 with
4 x 1074 E,S04, except that the the onset of surface oxide formation 1is
scmewhat wore positive In 4.X 10" M 32804, which may be explained by a rather
hig%f equilibrium coveragé of 3042' (ESO4") at gold at the higher 5042'
concez;ration then t{hat far 4 X 1074 ¥ H2$04. Also, the 0C2 reduction peak has
a nmore positive potentlal in the 4 X 10‘3 M 52304 electrolyte than in the 4 X

-

10"4 M solution.

4,243. Time Effects in the "Anions Off" and "Anions On" Experiments

in the Initial Stages of Surface Oxide Formation at Gold

It is usually more informative to examine the I vs E profille for reduction

of surface oxide when studying very low OH/QO coversges (here down to & =

~



- 80 -

Ty

-
8o 3
1 ¥ HC20, 4X1077 M H,S0, )
B 50 v g7}
40 - 299 K
™ -
h -
E
o .. y
734
T 0
~
Lok
-80 ] | ] ] i 1 ) |
0 0.4 0.8 1.2 1.6

Figure 4.2.4. Potentiodynamic I vs E profiles for Au at 50 V 3'1 telten to =
serles of anodic end potentials in 1 ¥ HClO4 with-4x10"3 M HE,S0,

at 299 K. .
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0.5%) because the peaks correspo;ding to the different stagea of OH/O formation
are usualli better defined and resolved than iin the corresponding anodic
direction and, in the cathodip direction, the results of effects of holding
times and anion adsorption or desorption can be accurately followed. For this
reason, special potential-time programs were devised (see Figure 4.2.5.) in
order to controllably investigate tiﬁe effects in sulfate ion adsorption and
desorption at goid in relation to the growth and reconstruction of the surface
oxide in the very initial stages {up to 5% coverage by OE) of its formation.

In Figure 4.2.5., tg is a time of holding the potentlal at _&n _initial
potential E; = 0.1V {(i.e. negative to the'potential of zero chargil in order
to desorb.anions; followed by 2 50 V 3'1 linear sweep to a poten?ial, EB = 1.2
V, where 'E.time of holding, tB’ allows controlled readsorption of anions;'
following this, an anodic sweep of 500 V g~ (which is just encugh to minimize'.
oxlde growth during this sweep) to a perticualr anodic potential, EA;‘fghé;e
holding allows growth for various times, tA’ under conditions where the sulfate
ion coverage 1s determined by the holding times at potentials Eg and Eg.
Finally, the electrochemical behavior of the oxide film grown in this.way is
determined in a cathodlc sweep of 50 V 3'1 takeﬂ back to EC = 0.1 V.

The results of various cémbinationé of "™hold, sweep and ho;d“ in these
programs are presented in Figures 4.2.6.a., b. and c. for examining the initial

stages of surface oxidetion of gold in 1 M HClO4 with 4 X 1074 M 32804 at 300 K

. ) ]
and E, = 1.328 V according to the conditidns given in the following teble:

Figure # ty/s tp/s t,/s

4.2.6.a. 1 0 0, 0.00%, 0.01, 0.1, 1
4.2.6.b. | 1 0, 0.001, 0.01, 0.1, 1 o -
4.2.6.c. | 0, 0.001, 0.01, 0.1, 1 0 0
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These flgures 11lustrate” the varlous effects of the _presence or the
abgence of sulfate ions at the golad surfgpe and time-dependent effects
assoclated with their d;sorpticn or adsorption. )

In Figﬁfe 4.2.7. are shown the various charges calculated from the results
of Figufés 4,2,6.a., b. and c. as a func;ion of potential holding time for
total surface oxide formatlion and for the initial re%ersible region (peak oc1),
obtalned by I1integrating the currents genergted in these experiments with-
respect to time. 'The I vs E reduction profile for t, =0 s, tp = 0 s and
tc = 1 8 was used to calculate the double-layer charges that are subtracted in
the’ integratlon of surface oxide charges from the oversll I XE.E profiles %o
obtain surface oxide charges.

Figure 4.2.6.b. and the curves labelled "B" in Figure 4.2.7. show how the
increasing extent of adsorption of anlons with time (0 td 1.0 s)‘ st 1.2 V
affects the O0C1 peak, eventually eliminating it (see belo#}. In thié
experiment, ts = 1 8 to allow the anions at the surface to hecome desorbed and
ty = 0 s so that only tﬁe reversible and anion-sensitive 0C1 type surface oxlde
was formed, but tB was varied between 0 and 1 s to allow various coverages of
adsorbed 8042" (HSO4") to be asttained at theﬁéurface. ‘There is no significant
difference %n.the 0C1 réducﬁion pezk between 0 and 0.001 s holding at 1.2 V.
After 0.01 g at 1.2 V, the peak iz somewhat decreased and there is .also a
slighg increase in the double—laye; ckharging current cathodic to the peal.

The change of double-layer charging with holdling at 1.2 V and I1ncreased
anion coverege is examined in greater detall elsewhere in this thesis (see
Section 4.7.). After holding for 0.1 s-at 1.2:V, the 0C1 peak 1s no longer
observed, .becauqe the free space on whlch OH could be deposited 1s now

< .
completely blocked by the anions that have become adsorbed at the surface.

*This term is purposely used here,’ recognizing that effects observed with t, =
0 or 3.001 8 are complicated'py the comparible but unavoidable time of
traverse of the sweep at 50 Vs ' from Ey to Ey (Figure 4.2.5.).
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Figure 4.2.5. The potential-time program employed to obtain the presults in

Figure 4.2.6.
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There is very llttle difference between the I vs E reduction profiles after 0.1
and 1 s holding. Since the double-layer charge for tp = 0 8 was subtracted
from computer-integrated charges to obtain the total Q,, the charges measured
“at holding times of 0.1 and 1 s, shown in Figure 4.2.7., are only those due to
the changeq double-layer ;harging and not to surface oxide formation.

Figure 4.2.6.c. and the curves marked "C" in Figure 4.2.7. show how the
0C1 peak 15 affected by anicn desorption. In this case ty = Q0 8 to allow only
minimal anién adsorption and tA = 0 s to produce dnly the 0C1 surface oxide
gpecles; t, was varied between 0 and 1 s to examine the effects of desorption
of anions. * There is little difference between the surface oxide reduction
peakxs for tg = 0 or 0.001 3, but the OC1 peak increases with‘holding time at
0.1 V. This is because the anions at the surface are becoming desorbed during
the period of holding at this potential and the decreased coverage of anions in
turn involves less bloéking'of férmation of surface oxide. éfter 0.1 s, in
fact, most ;f the sulfate anions at the surface have become desorbed as is
indicated by the only amall difference between the results for 0.1 and 1 R:
holding at the desorption potential, E; = 0.1 V.

Figure 4.2.6.8. and the curves marked "A" in Figure 4.2.7. show how the
very earlliest stages of surface oxlde grow in this electrolyte when to = 1 3
and tg = O s. Under these conditions, there is a minimal amount of 8042"
(ESO4‘) adsorbed at the gold surface just before oxide formation commences.
Initially, the O0C1 peak incre;ses with holding time at 1.328 V but Dbetween
0.C01 and 0.01 s, this peak decreases with time and this decrease continues at
longer times. The total surface oxide charge slso decreases with time detween
0.01 3 and 0.1 s, but increzses between 0.1 and 1 s. The 0C2 and OC3 pesaks
aﬁpear after holding for 0.01 s and continue to inerease as a with time.

It is interesting to mention that on any oscilloscope, using a

-

continuously repeated potentiel sweep but with successively more positive
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values of Eg, this effect of decresse &nd increase of the oxlde charge can be

visibly seen in a novel ways.

If the initial decrease of the 0C1 peak_weré due only to this specles
becoming interconverted to the more stable 0C2 and 0OC3 stetes, as in the cese
of more extensive surface oxide formation at higher E, wvalues, the total

guantity of surface oxide formed would not decrease with holding time. These

 results clearly indic;te that enlons are competing with the reversibly and
relatively weakly elecirosorbed CE specieé for surface slites at %he eléct}ode.
Although the initial, reversibly formed, surface oxide is generated quickly:
when compared to the rate of 50,27 (HS0,”) sdsorption in 4 X 1074 M E,50,, tne
enions eventually displace the electrosorbed OH species and actually cause the
total surfacé oxlde ;;;}ge to decrease as a function of time.  When t, becones
- longer than 0.1 s, the surface oxlde mostly exists in states that are
characterized by reduction in the 0C2 and 0C3 peaks. These states are much less
sensitive to the influencefor displacement by anions, and the total gquantity of
surface oxide then increases as a fuﬁction of time in the usual way (see

Section 4.5. of this thesis, which follows).
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4.3. Surface Oxlde Growth in 1 M HC10,

As was previously shown in Sectioh 4.1,, 0104' anlons are wmore weakly
adsorbed at Au surfaces than are most simple anions; therefore surface oxide
growth will tend to be faster at lower growth potentisls in 1 M HCIO4 than with
coméarable concentrations of other anions. The behavior of the initial,
reversibly electrosorbed species also depends upon the type of anions adsorbed
at the electrode surface. Because the peak for this initial surface oxide 1is
well resolved from the main reduction peak in this electrolytes'g, it possible
to examine the interconversion of this spécies to more stable states of surface
oxide upon ageing at constant potential.

4.5.1. Generasl Aspects of Surface Oxide Growth 1 _1__E_HCJ.O4

Figure 4.3.1. shéws a series of potentiodynamic I vs E profiles resulting
from a surface oxide growth experiment at Au in 1 M 30104. In this particular
experiment, the growth potential was 1.340 V and the temperature 298 K. The
potential-time program used (Figure 4.3.2.) consisted of an anodic sweep at 500
v s~1 from éhe cathodic end potential (Ec) of the sweep to the growth
potential, E, = E, (holding)}. The growth potential was then held for =a
variable but contolled time, tns» between 0.0002 and 5 s. The surface oxide

1 and the resultant I vs E profiles were recorded

formed was reduced at 50 V s~
and analyzed. Thls relatively high sweep-rate was needed to minimize -any
further time-related chatges in the surface oxide during reduction.

As was noted before, three reduction peaks are ‘seen in 30104: 0C1, 0C2 and
0C3, =as was noted in pfevious work>™9, At a growth potential of 1.340 V, the
‘initial peak for the O0OC1 sfate is well develcped; 1its growth and 1its
interconversion to other states of surface oxide, which are reduced in the 0C3
and 0C2 peaks, are easily followed. These two peaks begin to grow as the 001
peak beging to decrease, but the gain in charge for the 0C2 and 0C3 peaks is

greater than the loss in charge in 0C1. There 1z a clear isopotential point
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between the 0C1 and 0OC3 pesk, which suggests a,cpnjugate‘relation between the
states of the species involved. The OC2 peak is always larger than the 0C3
peek for small coverages of surface oxide formed, .but the QC3 species is the
one £hat is eventually associated with the main growth process in time (see
below). ]

The initial 500 V g1 potential sﬂ*ep (elmost a potentiel step) in the
program of Figure 4.3.2. provides for very little sﬁrface oxide being formed
before the growth potentlal, E,, is attained. This high rate of anodic sweep
introduces, however, irreversibility in that electrosorption of OE which does
take place as as E f> Eh and some also unavoidablé iR drop, owing to the finite
registance of the electrolyte and the relatively high currents that arlse when
the sweep-rate is large. The effects of irreversibility and iR drop are seen
if the beginning (right-hand side) of the cathodic sweeps in the 0C1 region of
Figu¥e 4.2.1. are carefully examined. . ‘ -

With potential holding, <the current decreases and distortion of the
electrode potential by iR drop eventually diseppears and the real holding
potential will be attained. This iR effect is what influences the data polnts
for holding times > 2 ms (Figures 4.5.3.z) and leads to the small "knee"
observed in the curves of Figure 4.3.4. at shgrt holding times. Effects
associated with this iR drop require speclal consideration in relation to oxlde
growth during the earliest periods of holding and will be further discussed in
Section 4.4.5. =and Chepter V. Thus the peak potentiel and charge for 0OC1
should not change with time if the process behaves reversibly and there zre no
other changes at the surface., However, the 0C1 charge may change, for example,
if anion descrption or adsorption is talting place.

As with cther experiments at very short holding times, the actual holding
times are increased by a small fraction of the time of traverse of the

500 ¥V 3'1, i.e. in some range of potential in that sweep that are near E,.
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Figure 4.3.3.a. and b. show integrated charges for the 0C1, 0C2, 0C3
speciea and total su;face oxide plotted against holding time, ty, on a
logarithmic scele for surface oxide growth at 1.290 V and 1.340 V (see Flgure
4.3.1.), respectively. First, for growth at 1.34C V, the charge in the 0C1
peak increases during the time interval O to 2 ms, because of the reasons
previously given and reaches a éuasi—plateau at =about 50 ‘pcC cm’z, but after
longer holding times, as the OC3 and 0C2 charges grow, the O0C1 charge
decreases. In EClO4, the 0C2 peak appears before .the OC3 peak, and its charge

reaches a saturation value at about 60  pC em™2

. The species assoclated with
the OC3 peak shows logarithmic growth, as expected. The £ota1 surface oxide
charge shows a slight infleqtion at the gquasi-plateau for 0C1 charge just
before it begins to follow logarithmic growth. A flattened section of +the
curve for surface oxide formation is also seen for other growth potentials,
especially those between 1.280 and 1.320 V (Pigure 4.3.4.a.), for which values
the 0C1 remains almos£ constant over several holding times. This behavior of
the growth of surface oxide in its various states 1s more clearly seen in
Figure 4.5.3.a., for which the potential is lower (1.290 V) than that for the
data of 4.3.3.b., so that the'growfh.processes are slower. Apaft from the
- points for which %y 2 1 ms, which are influence by iR drop, the 0OCi charge
¢learly has =a constant value over 2.5 decades of ty» indicating that an
equilibrium coverage of 0C1 specles has been attained. Wken the 0C1 charge
eventually decreases, 1t 1s seen to be accompanied by the onset of growth of
the 0C2 and 0C3 species (th > 0.2 s). The effects are the same as in Figure
4.3.3.b. (1.540 V), but the plateau region is much shorter in that case.
Figures 4.3.4.a2. and b. show the total charge for surface oxide reduction
plotted against holding time on a logarithmic scale fof growth in 1 M HCIO4 at
several potentials. Growth in this electrolyte 1s initially non-logarithmic

(for the reasons indicated above), followed by a flattening in the curve for
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growth at po;entials‘lesa than 1.400 V. For growth potentials esbove 1.400 V, a
plateau 1n growth is not found, whille §;r longer holding times, growth 1s
1ogarithmic. Fo; growth at 1.440 V, two distinct logarithmic reglons ere seen,
as was found In earlier work in this 1aboratory5’5.

At this stage, 1t i3 useful %o outline the phenomenclogy of the early
stages of growth of surface oxide at Au in 1 M HClO4 which can be summarized as
follows; further detalls will be discussed léter {Chapter V).

1. Reversible electrosorption of OH specles arises first in setween the
F
‘weskly adsorbed C10,” anions (OA1/0C1 peaks).

2.‘ponversion-of the 0C1 species occurs, giving rise to states 6f surface
roxide that eare réduced in the océ and OC3 pealts. ]

3. The species identified with the OC2 peak reaches a saturation coverage,
while a direct logarithmic grqyth law applles to the species of the 0C3
pealt.

Values of peak potentiels and maximun coverages (as O-species, 2 e/site)
for the different stages of growth in this.eiectrolyte are given in Table
4.3.1. The covegggés for both the 0C1 and 0C2 peaks are larger than coverages
of corresponding states in 0.5 M E2504 (see Table 4:ZT;T*h;;\Section 4.4). The
0C1 peak potential is less positive with respect to both the 0C1 and the O0C1!
peaks in 0.5 M H2SO4. The 0C3 and 0C2 peak potentizls are about 25 oV and 62
mV less positivg, regpectively, than those developed in 0.5 M 32804. This

shows' +that the species associated with the 0C2 peak are more sensitive to the

nature of anions in the electrolyte than those of the 0C3 pealk, as was shown

before.
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Table 4.5.1.

Valueg of Peak potentials and Maximwm or Saturation Coverages

for Surface Oxide Formation in 1 M HClO, at 288 K

Onax | Ep /¥
0C1 0.34 1.285
oc2 0.40 0.875
oc3 - ne max. 1.040
* o] data are calculated here as coverages for (H-specieg (1 e/site).

4.3.2. Conversion of the Initial Reversibly Generated Surface Oxide

to Other States

In 1M 30104, tﬁe cherge associated with the 0Ct peak is easily separated
from that for t@e qain reduction peak; 0C3, as specles assoclated with the 0C1
peak are converted Lo thoge the 0C5 pesk. This 2llows examination of this
process in detail iIin this electrolyte; in particular, the kinetics of

conversion process can be followed. o
[

In order to quantifi the conversion process, it 1s necessary to define the

charge involved. This conversion charge, Q is defined as the maxlimum

con.’
¢harge. for the O0OC!1 pealk for the particular growth poten?ial minus the 0C1
c¢harge at g particular time after the conversion process begins:

Qon. = %03, max. (E) = Qg1 (3:1)
This gives the charge for the 0C1 species that has become converted {(to @C3)
after a perticular time.

Flguwre 4£.3.5. shows the charge assoclated with this conversion process

plotted against holding time, t,, <for growth poteatiels of 1.320, 1.340 and
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1.360 V. For holding times longer than 0.1 8, Q,,, evidently follows a
logarithmic relation with time, the slope of which Increases with growth
potential, an effect which can be due to either or both anlon desorption énd
the oxygen/metal turn-over process, which is fleld dependent.

| " Growth of the surface oxide charge continues, however, as interconversiorn
takes place. It is found that the 0C1 charge when added to the 0C3 charge is
logarithmic in time (Figure 4.3.3.b., encircled trisngles); therefore it is
regsonable to assume that the disappearance of 0C1 specles is more closely
related to the development of the species reduced in the OC3 peak than in the
0C2 peak.

Figure 4.3.6. shows QOCB - Quon. (i.e. the increase in the charge for the
0C3 peek that 1s not due to conversion) plotted against time on a logarithmic
scale for growth at 1.320, 1.340, and 1.360 V. These plots show two distinct
logarithmic regions, the slopes of which do not change with growth potential.

The slopes of Q... andr(QOC3 -Quon.) ¥s log(t) plots for the three growth

potentials examined are given in Table 4.3.2.

Table 4.%.2.

Conversion of 0C1 Species to 0C3

E/V dQcon. d(Q003 - Qcon.)

—

dt dt

519 cm"2 / decade

reglion
18% ond
X 1.320 4.5 1.2 3.7
1.340 7.0 1.2 3.2
B 1,360 8.7 1.3 3.7
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Flgure 4.3.5. ro1 converted,Qcon., to 0C2 and 0C3 as a function of ty at

1.320 VvV, 1.340 V, and 1.360 V for oxide growth at Au in 1 M
BC10, at 298 X.
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4.4. Surface Oxide Growth in 0.5 _!_!_l_!.g,g‘

Although some previous work has been done on the various stages of surface
oxlide formation at gold electrodes in several different electrolytess'g, 1ittle
work of this type has been conducted on the effects of changing temperature
effects in the same electrolyte. A detailed examination was therefore
undertaken of surface oxide growth at Au in 0.5 M 52504 at four temperatures,
paying particular attention to the very early stages of monolayer <formation
(down to 0.2 HuC cm™2 in charge or 85z = 0.001).

4.4.1. The Initial Stages of Surface Oxide Growth EE“§2$O4

The potentlal-time prograr used for surface oxlde growth experiments in
0.9 M 52804 is ghown in Flgure 4.4.1.; 1t is similar, but not identical with
that employed in the expériments in 1M HCIO4. Initially, the potential was
swept at 50V s'1 to some potential, EB = 1.330, Jjust before the onset of
surface oxide formation. This was followed by a very rapld sweep at 500 V s
to the growth potential, E,; surface oxide formation during this sweep over the
time period (Eh—EB)/s is minimized by use of such a high swgép rate, as was the
case 1in the experiments in HClO4. The growth potential was then held for a
variable growth time, th, between 0.0002 and § s. Finally, the »resultant
surface oxide formed was reduced at 50 V g™ 7. The portion of thls potentlal-
time progran during which actual I vs E data were collected by the digital
cscilloscope is shown by the part marked "b" in Figure 4.4.1.

A serles of I vs8 E potentiodynamié profiles resulting from one of these
surface oxide growih experiments is shown in Figure 4.4.2. In this particular
case, the érowth potential was 1.400 V and the temperature was 296 X. As
previous studies of surface oxide growth in H2504 have showns, under certain
conditions the reduction profiles are resclved into four peaks corresponding to

distinguishable stages in surface oxide reduction, rather tnan the the three

peaks observed in 1 M. EC10, (Section 4.3.). This behavior arises because, with
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Mgure 4.4.1 Potential-time program for sfudying surface oxlide growth in

0.5 M HpSO,.
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the more strqngly adsorbed sglfate ions that are nearer full coverage than are
0104' ions in H M 30104, the 0C1 region 4is split into two components that
overlap and depend on the environment of the adsorbed OE's, perhaps in patches
with different coordination of the lons by OH's. The two components -are
designated here as 0C1 and OC1'. In HClO4, the "same effect arises, but in a
muich less significant way. Alsc, owing to the stronger adsorption of sulfate
than 0104', the 0C2 peak grows comparably with 0C3 at low coverages by OH
(Figure 4.4.2.). Note also that in 32804, the surface oxldation process
commences at more pésitive potentlals than in 50104, so that the furm-over
process (Section 4.1.) leading to.the'OCB state cccurs more rapidly than in
C10,” solutions. |

Because of the'overlap of many lines in Figure 4.4.2. 1n the 0C1 region,
the I ¥s E profiles in the initial reduction reglon are plotted on expaﬁded
potential and time scales, and split intc three separate holding time ranges in
Flgures 4.4.3.&4 through c. In these diegrams, it is easler to represent the
growth. and visualize the eventual cenversion of the elecirosorbed species
associated with these two peaks to more stable states. It should be.noted that

these I vs E profiles correspond to very small coverages (5% or less of =

monolayer of CH of surface oxide). During relatively short holding times, ty =
0 to 0.005 s (Figure 4.4.3.2.), the reversible 0C1 pesk grows for reascns
explained in Section 4.3.1. connected with IR effects. After 0.01 8 (Figu;e
4.4.3.b.}, the OC1 peak decreases and the 0C1' peak starts to become larger.
The ©OC1' peak shifts to less positive potentials with time and eventuslly
(Figure 4.4.3.¢c.} 1t =also decreases in charge as more stable‘ states,
characterizec by reduction in the peaks, 0C2 and CC3, grow.

Figure 424'4' shows integrated charges for the I vs E profiles shown in
Figure 4.4.2 plotted against ty,, on a logarithmic escale. The chagges due to the

0Ct and 0C1! peaks are plotted in Figure 4.4.4.a. and those for 0C2, O0C3 and

~
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totel O-species in Figure 4.4.4.Db.

As wes also found with 1 M HClO4 {Section 4.3.), the charge associated
with the 0C1 peak increases with th due initially to the iR drop effect,  then
at t, = 0.01 s (Figure 4.4.4.a.) it reaches a maxiﬁum‘of ca. 6HC em™2 . o

2
plateau is found in the plot of OC1 charge vs t,, 1s seen at this potential as
is observed with 1 M EC10, (Figure 4.3.3.a. and b.). For ty, values greater
than 0.01 s, the CC1' charge first increases but, after 0.2 s, the 0C1' charge
also &ecreases. As the surface oxide is converted to the 0C2 and OC3 states
for times longer than 0.5 s, the 0C1' peak is not separated from the OC3 peak.

The total sﬁrface oxide charge and that component due to the 0C3 state
grow initislly in a non-logerithmic manner, followed by logarithmic growth
typicel of development of surface oxide on Au in generals’s. Initially, the
0C3 and 0C2 peaks grow at the same rate, but, at'longer ) the 0CZ2 peak grows

more slowly and eventually reaches a saturation charge of about 60 ¥ C cm'z.

In terms of the above results, the processes involved in the early stages
of surfeaece oxide growth in 0.5 M 52804 {compare Section 4.3.1. for HClO4) can
be summarized as follows:

1. Reversible electrosorption of OH species between adsorbed eanions

(0A1/0C1 peaks).

2. Conversion of +the 0C1 species to states of surface oxide that are
reduced in the OC3 pealk, causing some desorption of the adions, in
turn .allowing relaxation to a new co-adsorbed anlon/CH layer, with
diminished coverage of anions, reduced in the OC1' peak (to Se further
discussed .in Chapter V), and also the electrosorption of OF =at
vacancies left by the anions, such states of OE being reduced in the
0C2 pesk.

3. Completion of the conversion of the 0C1 type surface oxide states

(with continuing desorption of the anlons) to states that are reduced
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in the 002 and OC3 peaks.
4. Saturation of the state corresponding to the 0C2 peak and growth of
‘tne 0C3% specles in a logarithmic way with time.

4.4.2. Comparison of Methods for Measuring the Total Surface Oxide

Charge

Figure 4.4.5. shows total surface oxlde charge measured by two different
methods - for Au electrodes in 0.5 M H2804 at 296 K at a growth potential of”
1.400 V. The c¢ircular points represent surface oxide charges that were
rmeasured in the usual way, that is by integrating the I vs E reductioﬁ profiles
(with subtraction of appropriate double-layer charges) after holding at the™
growth potential for a particular time. The solld 1line represents data
obtained by continuous integration of I vs time data obtained while the
potential is held constant for the grﬁﬁth condition being studiéd. In order to
do this, date had %o Dbe collected with the digital oscilloscope during
potential holding ({portion "a" of the potentlal-time profile shown Figure
4.4.1.).

Total surface oxide charge values determined by the two methods of
measurement agree very well. 'This indicates that the two procedures are
consistent and that the experimental cell end the solution were free of any
impurities which could interfere with surface oxide formation. For example, if
appreciable concentrations of electrochemically active impurities had been

present, extra some charge due to thelr oxlidation would have been observed
A

during potential holding.

4.4.3. The Initisl Stages of Surface Oxide Formation 33'1.430 V and

294 !

=

It 4is of interest to examine the dependence of the CC1 and 0QC1' charges
and peak potentials as a function of time for chenges of CH charge at ‘Au in

0.5 M HZSO4 at 294 K and a growth potential of 1.430 V; this is done in Figure
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Figure 4.4.5. Total surface oxide charge at Au at Eh =1.400Vin 0.5 M HQSO4
at 296 K calculated by integrating reduction I vs E profiles
after potential holding (ecircular points) and current decay vs

time during potential holding (sclid lire).
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4.4.6. on a logarithmic scale for %, as alsc in Figure 4.4.?.; - which shows
similar information for the O0C2 and OC3 peaks. Thege particuiar growth
conditions were chosen because the OC1 and QC1' peaks are stﬁ;i clearly
distinguished and the 0C2 charge reaches saturation before 2 s. The
corresponding potentiodynamic I vs E profiles are shown in Figure/4.4.8.c.

At this growth potential, 1.430 V, the 0C1 peak attéins a maximum charge'
of 15 uC cm‘z, after a growth period of 0.005 s, and then begins to decrease in
the usual waj (compare Figure 4.3.3. for Au in 1 M HClO4). This maximum charge
is greater than it is at 1.400 V, and the decrease in the charge under this
peak occurs after a shorter time than it does at the lower growth potential.
The maximum charge assoclated with the OC1 peak for a particular potentlal
increasi? with potential until thié peak charge reaches an ultimate maxlmum
(about 21 UL cm~2 at 294 X) for the electrolyte solution and temperature bdeing
studied. Also, the O0C1 specles begin to become converted to other surface
oxide species after a shorter growth time with higher potential, as is also
seen in 50104. Tt should be noted that the'encircled 0C1 and OC1' charge
points in Figure 4.4.6. represent estimated values, a situation which grises
because the-OC1 and OC1' peaks could not be properly separated; however, the
total 0C1 charge (i.e. for OC1 + OC1'} could be measured reliably. Again, the
0C1' peak appears as the OC1 peak stops growing and begins to dgcrease.
Unfortunately, the final decrease of the OC1' peak after t, > 0.1 3 cannot be
shown because the 0C1' peak could not then be resolved from the 0C3 peak.

The O0C1 peak potential shifts to less positive potentials with time and
increasing +total surface oxide charge, an effect that probably arises Dbecause
the influence of the adsorbed anions upon the potential of this peak decreases
as the coverag: of surface oxide increases, leading to smaller co-adsorption of
the anions. When the 0OC1' peak appears beyond 0.002 s, the interpretati&n is

that +the anions are béing desorbed and new states of coordination between O,
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at B, = 1.430 V in 0.5 M HpS0, at 236 K.
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remaining anions and water molecules arise. The 001{ peek potential also
shifts to less positive potentiels with time and surface oxide coverage, but to
a greater extent £Qan does 0C1. This 18 possibly due to the decreasing
influence of anions. |

As mentioned previously, the 0C2 and OC3 peaks I1nitislly inc;ease at
simil;r rates. For times greater than 0.01 s at this particular growth
potential, the 0C3 peak starts to grow logarithmically in tlme. The 0C2 peal,
however, I1ncreases only until it reaches its saturation charge, here =about
60 £ em™2. The enclrecled 0C3 charge values represent the sum of the O0C1!?
and the OC3 charges. For th = 0.2 and 0.5 s, the 0C1' and OC3 charges could
not be resolved from each other; however for th = 0.05 and 0.1 s, the 0C1' and
0C> charges were deliberately added together. It is significant that these
composite 0C1' + OC3 charges then fit 2 logarithmic growth relation gquite well
(Figure 4.4.7.). This indicates that the logarithmic growth of the 0C3 peak
and the decline of the 0C1' peak are closely related, as was also concluded fof
oxide growth in 1 M EC10, (see Section 4.3.).

In contrast, the CC2 peak potenitial does not shift with either coverege cr
time (Figure 4.4.7.), as 1s also seen for the OC1 peak in dillute acid
solutions. Thigs indicates, from generel principles, that the 0C2 state 1is
generated in & simple surface reactlion that is at equilibrium, since the
coverage by this specles remains independe?szﬁ\th oﬁer 3 decades of time. The
apparent shift in peak potentlal at longer holding times is due to the fact
that Athe 0C2 peak becomes obscured by the growing 0C3 peak, meking the peak
potentials difficult to determine. The 0C3 peak potential does not change
significantly with time while the 003 peak remains still relatively smell, but
it does shift to less poaltive pbtentials and logarithmically with growth time,

as well as linearly with peak charge, when the 0C3 specles are growing

logarithmically in time at the Au surface.

).
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4.4.4. Surface Oxide Growth at Varlous Temperatures

Potentiodynamic I vs E profiles for surface oxide growth in 0.5 M HESO4 at
274, 283, 294 end 319 K and at growth potentiasls between 1.430 and 1.435 V are
shown in Figures 4.4.8.a. thﬁ;ugh d. A summary of the results in terma of the
peak potentials and maximum charges, as coverages, 6pg, for the different
stages of growth at the four temperatures 1s given In Table 4.4.1.

Several characteristics of the growth and reduction profiles change with
temperature. Surface oxide grows more quickly at hiéher temperétures,nas is to
be expected. The states characterized by the 0C1 and OC1' peaks also become
converted to those that are reduced in the 002 and 0C3 peaks more rapidly .with
increasing temperature, and this is ?robably the reason for the decrease of the
maximum observed O0C1 charge (0C1 + 0C1') with increasing temperaﬁure.
Generally, of course, all the related surface processes involved here willztend
to increase in rate with the increase of temperature, but not necessarilf\ to

' \
the same extents.

In general, as temperature is increased, the anodlc oxidation process
takes place at less positive potentials than at Ilower temperature and,
correspondingly, the cathodic processes are obsgrved af more positive
potentials, i.e. there 1s less spparent hysteresis between the processes for
oxide formation end reduction. Such behavior is found at other noble metals
also.

At Au, in particuler, this effect is exemplified by a slight shift of the
0C1 peax potential to less positive values with increasing temperatufe, and
this corresponds to a similar shift of the reversible OA1 peak with temperature
(not shown), since the processes corresponding to the QA1/0C1 peaks Is
reversible. It is to be expected tﬁat the 8042“ (HSO4’) anions would adsorb

less strongly with increasing T, allowing the QA1/0C1 species to be formed at

lower energy.
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Table 4.4.1.

Swaary of Oxide Growth Bebavior in 0.5 M H,S0, at Four Temperatures

T/ XK 274 283 294 319
0Cc1 .
*
Gmax 0.26 0.30 0.26 ¢.18
QC1 + QC1!
EP /v
610k 1.378 1.380 1.375 1.372
oc1! 1.300 1.305 1.320 1.330
ocz
* .
Sax - 0.28 0.30 0.26
Ep /v 0.890 0.913 0.930 0.975
CCc3
By /v 0.975. 1.038 1.05% 1.120

* Bpax date are calculated here as coverages for OH-species (1 e/site)
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The 0C1' peak shifts to .more pesitive potentlals rwith increasing
temperature. The O0C2 and OC3 peaks (as ro3 ~-> Q) also shift in the same
direction with temperature; this effect is, of course, probably due to
increases in reduction rgtes with temperature for these specles. The 0C2 peak
potentiasl changes linearly with temperature {about 1.84 mV K'1), while the 0QC3
potential changes in’'a more complex way with temperature. than linearly.

The saturation coverage of the 0C2 specles does not seem to change
significantly with temperature. At 274 K, the saturation coverage of the 0C2
species could not, however, be measured because the peak is not sufficiently
separated from that for the OC3 species. Also, the.OCZ peak current and gidth
do not seem to chénge appreciably with tedperature. However, the O0C3 peak
‘becomes higher and narrower with increasing temperature. At the Ilower
temperatures, the 0C2 and OC3 peaks are relatively close together, while atb
higher temperatures, the converse occurs. -

Figures 4.4.9.a through d. show total surface oxide charge plotted against
time on =2 logarithmic scale for growth at several potentials for the four
temperatures examined. In general, these growth curves show three distinct
growth reglons, as was found in earller works. Surface oxide growth at Au iﬁ
0.5 M 32804 oécurijihitially in & non-logarithmic way in time, which will be
discussed in more detail later. This is followed by two. logarithmic regions,
as observed for each of the temperatures of the experiments. As stated
earlier, surface oxide grows faster with increasing temperature; moreover, the
non-logarithmic and the first logarithmic growth regions also last for shorter
durations on the growth time scales at higher temperatﬁres.

It stould be noted that the surface oxide charges determined in this work
are somewhat higher than those in the earlier work6. This is probably because
the Au electrodes used in this work have a significantly different surface

structure on a atomic level from thoge used before. Thus, surface crystallinity
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is found to have a profound effect on surface oxide formation a% Au194'195.

4.4.5. Oxide Growth Kinetics at Low Coverage in the First Few

Milllseconds

Inspection of the initial region of tge logarithmic plots for surface
oxide formation at Au in Figures 4.4.9.a.,b.,c. and d. shows that the earliest
stages oﬂ\\Frowth are not logarithmic in £h’ even though for longer t, and
higher coverages, they are, as was also found in other work at Pt. For this
reason, expioratory plots were made for Qtotal values in the low ty reglon in
terms of a)_linear and b) square-root relations in th. At first, as will be
discussed in Section 4.5.6. and Chapter V, it appeared that the growth behavior

for short times could, to some approximation, be represented by plots in the

square-root in th, as shown in Figure 4.4.10. However, Qtotal values for

ty < 2 ms did not fii this relation very well. These plots also exhidit slopes
that increase aproximately linearly with potertial, Eh, while any

electrochemlcally~controlled growth rate might be expectad to be expotentially

related to potentiml. Such z linear relation with E is suggéstive of an effect
connected ‘with resistance through Obm's law.

The initlal oxide growth data for varlous conditions were therefore
plotted Ilinearly agaiﬁst the Examples of the resulting pleots for th values
from 0.2 to 2 or S mg in experiments at T = 294 K .are shown in PFigures
4.4.11.a. and b. for 13 E, values. /Eﬁis clearly shows that a) linear plots in
ty fepresent the apparent initial growth kinetics well and b) the slopes of the
resulting plots are quite 1inear‘in potentlial, =as seen 1In Figure 4.4.12.
Similar plots result from the initial data points for growth undér other
conditions. Since the slopes of 1linear relationships ‘between Q and ty
formally correspond to currents, and these slope; increase linearly with Eh’ as
was shown in Figure 4.4.12.; this behavior evidently corresponds to an Ohmic

law. Evaluation of the resistances, R, corresponding to this behavior, give

%
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Figure 4.4.12. Slope of Q vs %, plotted against Ej for surface oxlde growth at
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values between 3 and 6 SZcmz. This range of values for R is very close to the

b
those obtained from solutlon resistance measurements of the cell in 0.5 M H2804
at room femperature, using both an interrupt technique241 and a.c. impedance at
high frequencies, glving resistances between 0.3 and 1.5 , or 0.6 and 3
2 |

2 cm©,

The conclusion to be reached from these plots for the initial oxlde growth

kinetic behavior is that the rates are controlled by elecirolyte resistance,
i.é. by the iR effect referred to in Section 4.3.1., before a different,
chemical kinetic limitationl sets 1in at longer times, giving the. well
established logarithmic behavior in %,. -

Physically, the significance of this Chmic effect at very short ty is that
the -initial low coverages by oxide at Au are generated near quiligpium
conditions, so that the grpwth rate can bejlimited by the rate of passage of
current in solution, i.e. through the iR effect. In hindsight, the possible
significance of the iR limitati®n in the initiai steges of oxide film growth
is not difficult to eppreciate, since the initial surface oxidation rates, as

2 over\ the. first ms,‘

current densities, are on the order of 5 to 10 miA cm™
depending upon &, (see Figures 4.4.11.a. and b.).

The resistances corresponding .to this iR limitation sare shown as a
lfunction of temperature in TFigure 4.4.13, <from which it i3 seen that R
decreases with T in qualitativeiy expected way. Because the data are based on
small Q wvalues, determined over a very short range of ty values (0.0002 and
0.002 s), there iz some inevitable spread and uncertainty in the R wvalues.
Variation of the electrolyte R values may als¢ arise from its strong dependence
upen cell geometry, since it was not possitle to place the working and internal
reference electrodes exactly the same distence apart for different_experimental

runs in the cell used during the course of thls work. However, the R wvaluesg

are of the right order of magnitude fof solution resistance effects and far too

L
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large to correspond to thé Faradalc resistance of the OH deposition Lprocess,
near equilibrium, (i.e. from linearization of the Butler-Volmer equation for
sma®l overpotentialé in the initiel stages of the surface oxidation process at
Au).

4.4.6. Growth of 0C1 Species After Formation of Species Reduced in

the 0C2 and QC35 Peals

A ‘special experiment was conducted in order to form the '"initial“,
reversibly deposited, 0C1 species after a small coverage (ca. 10 pC cm‘z) of
surface oxide characterized by reduction in the 0C2 and 0C3 peaks hac‘:5 been
generated at Auv in 0.5 M H2804 at 294 K. This requires application of a
potential "of 1.33 V, well below that for the appearance of the QA1/0C1
reversible electrosorptioé}process in 2 regular sweep.

The result of this experiment is éhown in Figure 4.4.14. and the special
potential-timeé program needed to achieve tgis result iIs shown in the inset of
this figure.

The 0C2 and 0C3 type surface .oxide species were grown while holding at
1.3 V for 100 s, following which the potentigl was swept to 1.410 V, where thg
0C1 type surface oxide was formed (shérp péak at the rig?t-hand-side of the I
vs B profile of Figure 4.4.14.). The resulting sgrface oxide specles that were

-

formed were then reduced at 50 V s~ for Egalysis.

The behavior shown in Figure 4.4.14. shows that it is possible te grow the-

states of oxide corresponding to the 0C2 and 0C3 peaks already at potentials

less positive than those necessary to grow the 0C1 or 0C1' species; however,

growth at such potentials is very slow. This significant result indicates that

there must be some very small coverage of reversibly electrosorbed OH species

at the anion covered electrode surface in 0.5 M H2804 even at these relatively

low growth potentials, This conditlon 1s necessary because reversibly °

electrosorbed OH species of the O0C1 type are indlcated as the required

T
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Figure 4.4.14. Potentiodynamic I vs E profile where the 0C2 and 0C3 peaks were

grown before the reversible OC1 peak using a special potential-

time program (inset).
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precurscrs f{or formatlion of "converted"™ species identified by their reduction
in the 0C2 and 0C3 ﬁeaks. The behavior cbserved also means that even after a
small quantity of 002 and OC3 type surface oxide species has been formed, there
are s8till places at the surface where the 061 specles can be Iindependently

electrosorbed reversibly, il.e. provided the 0C2 and O0C3 coverage is

sufficiently small.
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4.5. Surface Oxide Growth, in Mixed Hcloj@soq Electrolytes

. In the preceding sections it has been shown how adsorption of anlons plays
a major role in surface oxide formatlion on Au, especially in the very earliest
stages of this process. The strongly adsorbed sulfate anion evidentally has

K -
especially interestiﬁg gpd significant effects on surface oxide formation at

gold.

In this section, results of exﬁeriments in mixed HClO4/stO4 solutlons are
described which help to %nderstand the role of gxchange between adsorbed 0104'
and sulfate ions at the éurface in the kinetics of the. oxide film growth

ey .
processes. Rapid potential-time programs, as described before, Qere used
which, with mixed HClO4/H2804 electrolytes at three compositions, 1lead to
informative results complementary to those described in Section 4.2. Special
attention was given to the study of oxide growtﬁ processes in the "anions on"
situation in relation to the "anions off" situation, including investigations
at more than one concentration of stp4.

The experiments described in this section arise from the observation that,
under mi#ed electrolyte conditions in certain experiments, the I vs E profiles
for conversion of 0C1 specles to 0OC2 and OC? show a remarkable <isopotential
point (Figure 4.2.1.). Bearing in mind that isosbestlic points of this kind
arise when, for some préperty being measured which exhidlts a peak, there is a
conversion from one specles to another (e.g. as in U.V. or I.R. spectroscopy),
it seems 1likely that therg i3 gome time-dependent substitution of adsorbed
0104' by the more strongly adsorbed 8042' or HSO4' in the 0OC1 region that
causes & change in the extent of elecirvosorption of OE and its conversion to
the OC3 and the.0C2 species at the anion-free areas of the Au surfeace.

This posaibility of "ion-exchange" effects in adsorption at the Au surface
led to the series of experiments and the results described in this sectlon with

mlxed 30104/32504 electrolytes. These experiments were conducted in order to
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cover Intermediate times of of oxide film growth from an initial Manion-freen®
conditions of the electrode surface {"anions off" situation) to one where an
equilibrium covérage‘of sulfate lons was present ("énions on" situation). From
the nature of such expériments, it might be expected that results on time
. effects from an initial "anions off" situation should eventuallﬁ colnclde with
the behavior observed for the "anlons on" condlition; however, for reasons to be
d;scussed later, this 1s not usually the case except for low growth potentisal.
At intermediate times, exchange between the icns adsorbed (0104' together with
HSO4” or 5042') will be_taking place, coupled with time dependent conversion of
OE electrosorbed amongst the anions to other states,' 0C2 and QC3, discussed ig
the preceding sections. Some of the results at longer holding times eare
necessarily related to those recorded in Section 4.4., as will be apparent from
some of the plots which follow.

As before, the states of surface cxide developed upder the two conditions
("anions off" and "énions on") are evaluated from the I vs E profiles generated
in ecathcodic sweeps teken after various holding times, ty. Three compositions

of HCIO4/32804 mixtures were Iinvestigated.

4.5.1. Results of "Anions Off" and "Anions On" Experiments on Su:;-face

Oxide Growth in 1 M EC10, with 4X10™% M E,SO,

Figures 4.5.1.a. and 4.5.1.b. show the I vs E profiles for the reduction

of surface oxide grown at Au electrodes in 1 M HC10, with 4X107% M E,S0, at
1.340 V and 300 K; two potential-time programs were used as described in the
inset disgrams. The potential-time program used for cobtaining the results of
Figure 4.5.1.2. was designed to minimize 5042' (HSO4') adsorption (Manions off®
situation) and that used for the results Qf Figure 4.5.1.b. was arranged to
allow near-equilidrium coverage to be attained of this of this anion ("anions
on"™ sgituation) at the Au electrode surface before surface oxide formation was

initiated.
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Flgure 4.5.1. Series of potentiodynamic I v8 E profiles for surface oxide
growth at Au at Eh = 1.340 V and several ty, between 0.0002 and 5
s and at 300 K in 1 M HC10, with 4X107% M H,50,.  (a.) 0 s

holding at 1.2 V ("anions off"): (b.} 1 s holding at 1.2 V

{("anions on'™).
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In the "anions off" potentiasl-time program, a potential of 0.1 V was held
for 1As toléllow the aniona to be desorbed from the electrode surface and the
potential was then vefy rapldly swept ;; SOO‘V s~1 to 1.340 ¥V 30 as not to
allow significant 8042' adsorption to take place during this exorsion of
potential. After hoiding the potential for variable but controlled periods‘of
time at the surface oxide growth potential, 1.34C V, the surface oxide formed
was reduced and its stales analysed by means of cathodlic sweeps at 50 V 3'1.

In the "anicns on® potential prégrgm, the potential was held for 1 s at
0.1V, thén swept at 500 V 3'1 to 1.2 V, where the potentiesl was held for 1 s
to allow near-saturation sulfate coverage to be attained. The potential was
then swept at 500 V 5'1 to 1.340 V, where the potential was held for a variable
time and states of the resulting surface oxide formed were again> analysgd by
means of cathodic sweeps at S0 V s~ 1. | -

The differences between the "anions off" and the 'anions on" growth
behavior are quite pronounced, as they are especially in the irnitlal 0OC1 region
dealt -with earlier. In éhe "anions of'£" growth, the initial reversible 0C1
"reduction should resemble, and it does, that seen in 1 M HClO4 with no added
32804 {Figure 4.3;2.). The peak corresponds to a relatively large 0H coverage,
the pealk potentlal 1is 1.289 V; also, the I vs E profile has a2 very clear
isopotential point at 1.145 V, which suggests the participstion of =a
converslon process of the kind mentioned earlier. In the "anions on" case, the
e pe;k corresponds to a considerably smaller~8H coverage, as expected, and
the peak potential 13 1.%41 V; 1.e. more positive than in the " anions offn
cdse. In these ways 1ts behavior is similar to that of the QC1 peak observed
in 0.5 M H2804, even though its peak Eotgntial is about 33 mV less positive in
this mixed electrolyte. This less positive peak potentiasl is presumably due.to

o lower equllibrium coverage of 8042' and correspondingly faster anion

desorption kinetics at the electrode surface at the lower concentration of
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'H2804. In the "anions off" case, the 0C1 peak current increases somewhat when )
the ﬁotential 1s held at 1.340 V for periods between O and 0.002 s, as
explained earlieér, but decreases when the potentlal is held for longer than
0.002 s; After a holding time of 0.05 s, a small peaik positive with respect to
the initial OC1 peak appea;S and is similar to that observed in the "anions on”
case. This suggests, of course, that 5042‘ anidns must have been adsorbed at
the surface after thié pericd of time. This conclusion i1s conslstent witﬁ the

3 IN
anion sdsorption effects described in Section 4.2. for the very initisl stages

of Au surface oxidation.

For E, = 1.340V (Figure 4.5.1.) the 0C2 and 0C3 peaks appear after a
holding time of > 0.002 s for the "anions off" case dbut only after 0.1 s for
the M"anions on" case. . From the results of Section 4.2., it is clear that this
is because there is a larger coverage of the OC1 precursor species in the
"gnions off{" case. There is élso a decrease in the‘rate of growth of these two
peaks at holding times of about 0.05 s, whére the OH coverage corresponding to
the OC1 peak is greatly diminished by the adsorption of 8042’ at the electrode
surface. For longer holding times, it is expected that the coverage, sgape andé
potentials of these two peasks in the "anions off" case approaches those for the
"anions on™ case, and this is what la observed. It should alsc be noted that
the 0C2 peak initially grows faster than the OC3 pesk in both the "anions off™
and the "anions on" cases, which also occurs in surface oxide growth at Au in
1M HClO4 with no added 32804.

Flgures 4.5.2.a. and 4.5.2.b. show the integrated charges plotted against
time on a logarithmic scale for the OC1 peaks and the total QO-species,
respectively, for the I vs E profiles shown in Figure 4.5.1., The charge due to
the OC1 peak, after an initial increase with holding time due to the effect of

iR effect (Section 4.5.1.), decreases dramatically for the Tanions off" case.

Tn the "anions on" case, the OC1 charge is much smaller and remains relatively
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constant up to th =1 8. The totel charge, Qtotal' in the "anions off" case

actualfh decreaaeéﬂgg a function of tifie from O. 002 to 0.2 s(Figure 4.5 ‘\2 B.),

.'which is similar to the behavior shown in Figure 4.2.6 of Section 4.2. An

explanation is that the adscorption of SO4 , which increases with t,, displaces
the reversidbly dep;;ited 0C1 specles at the surface. For ty > 0.1 s, surface
o?ide growth becomes significant; as manifested by the development of the 082
and 0C3 peasks, and eventually éontinues in fhe normal logarithmic ways in t,.
These more stgble QO-zpecles grow more slowly when 8042' is adsorbed on the
electrodé‘éurface, owing to the necessity of desorblng the 8042' for growth *to
oceur, but they are not displaced by the anioné, as are the 0C1 specles. The
total oxide reductlion charge in the "anions.on" case remains relatively small
until 0.1 s, 'beyond which oxide gr;wth charaqterised by the 0C2 and OC3 peaks
starts to be significant. The oxidation charges then approach those for the

"anions off" case. -

The stages in the Manions off" surface oxide growth in‘ 1 M HClO4

with 4X10'4‘H 8,50, may be summarized as follows:

1. A relatively 8042'-free surface exists before surface oxide formation

commences (however, “less strongly adsorbed 0104' ions of the '

-
supporting electrolyte still populate the surface and the double-

layer); b
2. Growth of the initisl reversibly deposited OC1 species in between

~
0104" anions gnder econditions of little influence of adsorked sulfate

~
~

at first;

5. Adsorption of .8042', consequent competition wi ;\\Edsorbed ClO4
aniong at the éurface, causing the appearance of some 0C1 spocios in
the state found when adsorbed . between sulfate anions and &

. -y .
dimininution the charge for all reversibly E%posited QC1 specles,
~ ! E . )
Eince the equilibrium cqyerage of this spacies _decreases with

- (=]

/ ~ )

-/
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ihcreasing coierage of ate aniong, which leads to & decrease in
total surface oxide cherge;
/' .
4. Desorption/of 804?' allowing formation of the less- anion-sensitive 0C2

and 0C3 speciles; /

/

5.  Normal surfgce oxlde growth.

Likewise, the stages in the "anions on® surface oxide growth can‘ be

summarized as follows:. | >

1. A surface saturated witﬁ hydrated sulfate anions exists beforé surface

oxide formation {OE electrodeposition) commences; '

2. Formation of 2 reversibly deposited QC1 ;pecies of the type found in
32504, corresponding to OH deposition in between 504?" (5504') iens
chemisorbed in arrays on the surface; -

3. Gradﬁal desorption of aniocns, possible'a?pearance of sghe oc1r
species and formation of bC2 and QC3 specles; -

4. Normal surface oxide growth.

Figures 4.5.3.a. and b. show charges for total O-Species under "anions'

off" conditions plotted agalnst time on a logarithmic scale at 300 X for

w

several growth  potentials. It-should be noted that separate douﬁle-layer
charging data for "anions on" and "anions off™" co;dijaons were subtracted in
performing the integrdtion of the I.Eg_E ﬁrofiles. The two gsets of values
differed by about 10 € em™—2 between the integratlon limits used in these
calculations (over potentlal ranges from E, to 0.6 V). Although the two
separate sets of double-layer charging data’were the best ones to use. for
calculating low oxide reduction cha;;es at short growth times, +this probably
introduced a small error at longer times or larger surface oxide c;verages
where the actﬁal double-layer charging values would be between thbse for

"anlons on" and "arnions off" conditions.

At very low (1.280 and 1.300 V), decreases with no apparent
c1
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growth of 0OC2 and 0C3 chargés when ty <583, as can be seen in the I ys E
profiles. The increase in charge (Figure 4.5.3.a.), which is oﬁserved at
these two growth potentials is cdue to the increase in double-layer capﬁcitance
with adsorption of 804'2 {Section 4.7.).

- At growth potentials of 1.310, 1.320, 1.340 and 1.360 V, a clear decrease,
or an inflection in the relation of total charge to los(th) isgﬁgserved before
normal surface oxide formation, i.e. phase-oxide development, occurs. Th}s
indicates competitibn betwggn the 0—speéies, egpecially those in the 0C1

state and adsorbed SO42 and 0104' ions at the surface.

For E, > 1.400 V (Figure 4.5.3.b.), initielly a non-logarithmic growth
- region followed by logarithic growth regions with no clear decrease or plateaun
arises in surface oxide formation. At these higher potentials, the more stable
0C2 and OC3 species grow quickly enough to prevent any significant readsorption
of sulfate at the surface rgsulting in subsequent displacement gf OH species
from the surface.

In the regimes of logarithmic growth in 4, the growth plots sqgm'to have
two cheracteristic slopes, dg/dlog(ty,), end within each of the two fegions; the
lines are &almost parallel. Further discussion of the logarithmic growth
behavior will be given in Chapter V. N

A similar plot of the charges for the "anions on" situation for totall 0-
species sagainst 1og(th) at 300 K for several groyth potentials is shoﬁn in
Figure 4.5.4. The charges for Tanions on" growth ‘are, as expected,
consistently smaller than those for "anions off". growth at the sane potential
at relatively short holding tiﬁes; however, eventually the "anions on" charges
tend to approach those for the "anions off" case, as is observed at longer
holding times, since, the surface oxide coverages then become comparable for

the two conditions. In general, the "anions on" growth resembles, as 1s

expected, that for 0.5 M H,S50, except that the surface oxide grows somewhat
2°%4
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faster, since with the concentration of H2804 is lower than 0.5 M -in these

other cases.

4.5.2. Comparison of the 0C2 and OC3 Peaks for ‘MAnions Off" and

mAnions On" Growth in 1 M EC10, with 4X10~% M E,S0,

The Dbehavior of the 602 and 0C3 peaks is different fér "anions off" and
"anions on'" growth at relatively short holding times and low coverages, 5ut
becomes similar at longer holding times and higher coverages in the expected
way. This is because at first (small t,) the influence of adsorbed 5042‘ is
quite different for the*bc2 and-BE;—;;;és of growth at relatively short holding
times; this difference, however, diminishes with ty, as more surface oxide is
developed. The peak potentlals of 0C2 and OC3 are sensitive to the presence of
arions and show some interesting differences when examined wunder the two
potential-time grivwth programs.:

In Figure 4.5.5., the charges and the potentials of the O0OC3 peak are
plotted against time on a logarithmic scale. The 0C3 surface oxide charge both
for' "anions off" and "anions on" condifgons is shown for B, = 1.400 Vin 1 X
HClO4 with 4X10'4 M 32804 at 300 K. Unlike the behavior of the 0C1 peak, the
mTanions off" growth for the OC3 state is very similar to that for the T"anions
on" condition; ' however, the OC3 charge does increase somewhat more slowly with
ty for the Manions on" case and éxhibits logarithmic growth at t, > 0.1 8 Just
as it does in 0.5 ¥ H2804. . The inltial points for the logarithmic growth
region actually represent some charge contributions for the QC1 peak added to
those for O0OC3 peak (encirlgd points), as was also the case for growth in 0.5 M
32304. The slope of the logarithmic region is about 45 uC cm™2 pér decdde
for both conditions of growth in this electrolyte at 300 K.

Tne fanions on' peak potentiel for CC3 shifts to less positive potentials
with increasing t, and 0C3 coverage, as was also seen in 0.5 M H2804. The

nanions off" peak at low coverages and short times arises at ca. 1.045 V, which
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is 28 mV less positive than that for the "anions on" peak at 1.073 V for low
coverages. This confirms that this 0C3 peak potential is quite sensitive to
the presence of anions at the electrode surface, Indeed, the Tanlons off" peak
initiail? shifts positive}y with hﬁlding timé 3338042' ié allowed to become
adsorbed on the electrode. Eventually, the "anions off" peak potential begins
to shift to 1less positive potentials and finally converges to that for
fgnions on' as the state of the electrode surface finally becomes similar for
‘the tﬁo kinds of growth conditions. Both types of peak potentials then shift
logarithmically with tﬁ with a slope of about -17 mV per decade.

For the 0C2 peak, under the same "anions off" and "gnions on" conditions,
Figure 4.5.6. shows the charges and the potentials pioﬁped against log(th) for
E, = 1.400 V at 300 K. Agrin, the growth behavior is similar for the two
conditions, except that a slightly‘higher saturation charge is attained under
"anions off" conditions. |

It is evident from both Figures 4.5.5. and 4.%.6. that the 0C2 and 0C3'
states developed in time under "anions off" and "anions on" conditlons each
require adout 0.5 to 1 s to attain common peak potentiel values with
continuing time. After this time, the coverage of sulfate anions ﬁust be
similer for both conditions, since these anions are readsorbing at the surface
under T"anions off" conditions and desorbing under Manicns on® conditiong
because of the increasing coverage of 0OC3 species formed In the turn-over
process.

When the 0C3 and 0C2 peak potentfals are plotted against the peak charges
for "anions off" and "anions on" growth at goid, in 1 M HC10, with.?t10'4 M
32504 at 300 K the relations shown in Figure 4.5.7. result for 1,400 Vv, 1.420 V
and 1.440 V., 2 ;;é also shown in Figure 4.5.5., the "anions off" and "anions

-
on™ 0C3 peaks are separated by 28 mV as @ -> 0, but the two types of peaks
0C3

shift together with increasing coverage (and time) and finally converge when

\\



- 149 -

[ )
' —®
so L 1M §C10u’ ® N
L X 10 M HZSOQ_ ‘/A_ —A
®
300 K
o ®
' - / A
so Eh 1.400 v ® /
§ v - A
E
Q
y /
4of- Limit ® |
~ of influence - /
by iR drop @ - A
%! .
Anions Off: Anions On
. *
20 % e _
® /
o
e |
A/f
0 A—A !
0.91 A/\‘ A L, Anions On
A A
4 A
- .
A17 mv A
~ 0.90 e o
£ .
o Anions 0Off
oV ® )
0.9 L_e ¢ I N |
0.0001 0.001 .01 0.1 1 10
YW o /s
Flgure 4.5.6. Comparison of "anions off" and "anions on" growth with respect

to 0C2 charges and peak potentials for Au in 1 M HClO4 with
4x1074 M H,S0, at a growth potential of 1.400 V and 300 K for

growth periods from 0.0002 to § s.
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to 0C2 and 0C3 peak potentiasls plotted ageinat peak charge for

Au in 1 M HClO4 with 4X10-4 M 32804 at B, = 1.400 V, 1.420 V and

1.440 V, and 300 K for ty, from 0.0002 to 5 s.

Comparison of "anions off"™ and "anions on" growth with respect

’

992. 1 M HC10,
4 x107%w H,S0,,
. 00 K '
1&%5~Jﬁi‘ < 3
4
.."\.i\.
o T~ <
o “\o---_‘:::.:-.-.-,.__c,
i %/3/6{.‘;&\0----_-______..&
Q‘j--045 Fay \\\\23 _______________ \CEEE::<D
= md \\P
® o
&‘;%\a\
e. N0 &
=
’ ®
1.025 |- |
Ay
4 ocz ~
0.91 )
Y
)
. Q-\ A
bom
A
~ Nezs
h \ Anions
& 0.90 |- oa B E, 0ff On
. o eO ]
- (o} 1.400 vV © 'Y
) A/ﬁ
i 1.420 V p m
@) D AA
'OA u] 140V A A
ogo” aa
~C ‘
0 89 °© 1 { i
79 50 100 350
Q/ i€ em @
Figure 4.5.7.




- 151 -

C]i ' 0.5 M H2504
s k\ 294 M

®

-
J 102
.
=1
1 7
| *n
1.00 - 1.500 V o
T 1.k20vV m
r
1.540 V A
) 1.560 VO -
//__’
0.98 |- 1.480 ﬁ:
| 1 ' ! 1
0 . - 50 . 100 150

-

Figure 4.5.8. 0C3 peak potentials plotted against pegk charge for Au in

0.5 M HSO, at several E, and 294 X for t, from 0.0002 to 5 s.
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ro3 i3 between 50 eand 100 uC em™2.  After convergence is reached, the
peale potentials for 0C3 shift linearly with Increasing charge, “with a slope of

about -0.4 mV uC'1cm2, as 1is shown more clearly in Figure 4.5.8. for

0.5 M H2804-at 264 K for several surface oxide growth potentials. Under these

conditions, however, this linear relationship begins at Q003 = 0 and the slope .

is about =0.% =V uC'1 cm2. "~ The peak potentials for +the two types of
conditions converge at the saturation coverage, as was also seen in
Figure 4.5.6.

4.5.3. The Effect of Temperature on Surface Oxide Formation Under

"Anions QOff" Conditiens

Figures 4.5.9.a. and 4.5.9.b. show the 1 vs E profiles for the reduction

of surface oxide grown using the "anions off" potential-time program in 1 M

HCLO, with 4X107% ¥ H,S0, at 1.340 V at 273 X and 318 K, respectively. The I

vs E profiles for growth under similar conditions at 300 K was shown earlier in

Figure.4.5.1.a. * Under "ani;ns off" conditions €t all three temperafures, the

0C% peak is well defined as was noted in Section 4.2. However, this initlal

reversibly formed specles th;t is reduced in this peak begins to disappear

after holding times that are shorter with increasing temperature, as the rates

of both 8042' adsorption and conversion of 0C1 surface oxide to chan;ed states

| increase with temperature. The rate of growth of the 0C2 and 0C3 specles

|

]

{ increases considerably with temperature at this growth potential. The 0C2 peak
\\\\ioes not appear before 0.01 s holding at 273 K but at 318 K, it is already

obgserved before any potential holding. The growth of the ,0C2 and 0C3 specles
" is, however, very slow for holding times between 0.05 and 2 g at 273 K. Some
slowing of growth due to anion adsorption is seen at 300 K, but no -obvious
dimingtion arises in the growth rate for these twojjpecies at 318 K. At 273 K,

the disappearance of the 0C1 pealk seems to be more closely related to anlon

adsorption at 273 K and to conversion at 318 K, but these two proceasses are not

| Y
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Ffatment.

The growth behavior’ at three temperatures (273, 300 and 318 X) under
"anions off" conditlions is cﬁmpared in Figure 4.5.10. for An in 1 M HCIO4 with
4X10"4 M H,80, at Ey = 1.340 V. All threé growth curves show either a'decrease_
or an arrest in surface oxlide formation rate as sulfate becomes readsorbed ab .
the surface, put this decrease is most pronounced for qrowth at 273 K and only
.a platean is seen-%t 318 X at‘@ﬁis.grohth potential. Alse, the 318 K curve
shows &, 1ogarithmié growth regidﬁf- which is not observed at fhe Ltwo lower\
temperatures at times less than 57s at 1.340 V. Since the formation of the“OCZ
and 603 speclies occurs more.éapidly at the higher temperature, t@e sulfate ion
is nét g?ven gé 1qng a time to become :;sorbed at‘thg surface and irterfere
with surface oxidg formation as at the lower-temperatures. Th;se growth curves
aopeai éiéilar to those found at other potentials, but at the same temperature

(F;gurh 4.5.3.8. ), in thig electrolyge. B ¢

Figure 4.5. 11 shows the growth and dlsanpearance the 0C1 peak for
‘nanions off" growth for the same three temperatures at 1.340 V.  The maximumgz:i;>h
charge of the péak. incréases with temperature. The peak also begins . to |
disapqur after a shorter time at higher temperature, obviously .because the
sulfat; idn becomeS‘r;;dsorbed mére quickly as is seen in Figure 4.2.2. and
also Dbeceuse the conversion process to the 0C2 =nd 0C3 specles occurs more
qui;kly at highér temperature.

A summary in which pea& potentials and coverages " (as OH-species)' are
compared for the 0Ci, 0C2 and 0C3 states for both "anions off" and "anions on®
growth at the three ﬁifferent tenperatures in 1 M HClO4 with 4K10"4 M H2304 is
glven in Teble 4.5.1. Ma#imum coverage'gf the OC1 type peaks for ‘anions on"
‘type growth was not clearlﬁ found at 300 K and 318 XK #nd so could not be given

in the table. The maximum’ coverage of the OC1 species attained in  "aniors on®
l.’ ”

v
growth 1is somewhat less than that for‘ﬂfnions of £ growth, and 1t decreases

- . .
"\ -
. .

-
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Figure 4.5.10. Variation of surface oxide charge formed at Aw in 1 ¥ HC10,4
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Table 4.5.1.

Sumngry of Oxjde Growth Behavior in 1 M BC1O, -with 4x10~4 M E,;30,

for "Anlions Ofr;' and "Anions On" Conditions

*T /K 273 300 318
Anions off on of'f on off on
0c1

Bpax 0.34 0.30 0.30 - 0.26 -
Ep / V
oc1 1.289 1.346 1.289 1.341 | ¥ 1.280 1.331
ocy ! - 1.289 - 1.290 - 1.280
0c2
Spax 0.38 0.34 0.38 0.36 0.38 0.36
By / V 0.834 0.857 0.892 0.510 0.928 0.943
I\ 23 18 | 15
0c3 '
Ep /¥ 0.983 1.018 1.045 1.073 1.075 1.095
{as 9003 -> 0)
A ov 35 28 20

*

gmax data are éalculated here as coverages for OH-specles (1 e/site).
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soméwhat wilth increasing temperature. The "anlons off" OC1 peak potentlel does
not seem to change muck with tempe;;ture, but for the Tanlons on™ ;t shifts to
less positive potentials with temperature. .
It is also interesting that the "anions on" 0C1' initial peak potential is
the same for that of the "anlions off" 0OC1 peak. This seems to confirm the

suggestion (Section 4.2.) that the 0C1' peak appears for surface oxide growth

»
o

in HZSO4 when the anions begin to desordb from the Au surface.

The O0C2 peak saturation coverage i1s not much affected by temperature or
the initial ﬁbesence of sulfate ion at the surface before surface oxide
formation hcomménces. The O0C2 and OC3 peak potentials shift positively with
temperature, as was alsq éeen for growth in 0.5 M H2504.

4.5.4. "Anions Off" and "Anions On" Surface Oxide Formation at Au in

40 1 M EC0, WITE 4X1072 M E,S0,

Figures 4.5.12. and 4.5.13. enable comparison to be made between "anions
off" and "anions on®™ growth for several potentials at Au in thls electrolyle
mixture at 296 X. The "aniong off" growth curves at the lower potentlals
examined show dips or arrests in sﬁrface oxide formation, but these are not
nearly as pronéunced as those found for 1 M HClO4 %ith 4X10"4 M H2504. This is
because the sulfate anions will tend to be rcadsorb zhout ten times more slowly
in the moreldilute solution. For this reason also, the surface oxide grows
somewhat <faster in 4X1O'5 o4 H2804 for these lower potentials then in 4X10'4 M
32804. The T"anions off" g.owth in 1 M HClO4 with 4X1O'5 M 32504 seems to be
intermediate betweenn that in 1 M HClO4 with 4X1O'4 M 32504 and that in 1 M
HClO4 with no added H2504. The "anions on" growth curves‘are very similar to
those in 1 M HClO4 with 4X1O'4 M 52804. This is, of course, because the surface
has a near equilibrium coverage of 8042‘ for "anions on" growth, and this
coverage would be only slightly'smaller for the lower concentration of

H2504105. The "anions on' growtp approaches the "anions off" at higher growth
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Table 4.5.2.

for "Anions Off" and "Anions On" Conditions

Summary of Oxide Growth Bebavior in 1 M EC10, with 4X107> X E,SO,

T/ K 273 296 318
Anions off on off on off on
ocH
*
gma.‘x 0.%4 0.30 0.32 0.26 0.30 0.22
Bp / V ’
0C1 1.280 1.332 1.280 1.333 1.27% 1.330
oc1! - " 1.280 - 1.265 _— 1.280
oc2
¥*
Orax 0.38 0.34 0.38 0.34 0.40 0.36
EP /v 0.817 0.850 0.863 0.892 0.910 0.913
A oV 22 29 29
0C3 N
Ep / V 6.975 1.010 1.020 1.052 1.075 1.095
& -
(85 QOC3 -> ,0) 3
y N
A mV ' 35 32 20
* Spax data are calculated here as coverages for OH-species (1 e/site).

™

3

,r—.‘



- 163 -

potentials end long holding times, es it did in the 1 M HC10, with
4x10~% M H2$O4 electrolyte, and also as expected.

A summary in which peak potentlals and coverages are compared (as OE-
species) for the QC1, 0C2 ana 0C3 states for both M"anions off" and T™anions
$n“ growth at ‘three temperatures in 1 M HC104 with 4X10'5 M 52804 is given
‘in_?§ble 4.5.2. In generzl, and as expected, the influence of 8042' is less in
this electrolyte +than in 1 M EClO4 with 4}(10'4 M 32504 for all the surface
oxide reduction peaks. In this electrolyte mixture-the maximum CE coveragé for
the 0C1 pesak(s) dec;eases with temperature for both "anions off" and ‘"anions
ont growth, and the "anlons on" coverages are consistenély lower than those for

"anlons off" conditions.

4.5.5. Surface Oxide Formation at Au in 1 M EC10, with 4X107 ¥ _rgaé_%

As in the potentiodynamic I vs E profile at 50 V s~! (Figure 4.2.1.b.),

surface oxide growth in 1 M HClO4 with 4X1070 M 32304 is not =affected by

holding at 1.2 V to 2llow equilibrium adsorption of sulfate to de attained at

the gold surface. For 4 X 10"5 M, the electrode seems to be already saturated

’ s anion, just as in 0.5 M H580,. for this reason only the "anlonsz offn

f‘——"ff/zizzﬁhji;;;;;;z:éiQs program was used to examine surface oxlde gfowth in this
electrolyte.

Figure 4.5.14. sPowg some typical I vs E reduction profiles for surface

oxide growth at gold4&n thiz solution at 299 K and 1.370 V. These growth

pmfiles very much re?emble those for the "anions on" case in 1 M 30104 with

43{10'4 M E.S0, except ihat the 0CZ2 peak does not grow quite as quicﬁly ag the
2°¥4 ;

CC3 pealk. /

‘

s

s
Figure 4.5.15- shows surface oxide growth curves for several potentials at
gold in this electrolyte at 299 K. They resemble those for Manions on" growth
in the other two mixed electrolytes studied end alsoc those for 0.5 H‘H2804,

with regions of non-logarithmic followed by logarithmic: growth behavior.
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Table 4.5.3.

'*  Summary of Oxide Growth Behavior in 1 M HC10, with 4X10™> X B,S0,"

1

T/ K ' 213 . 299 318
oc1-
Bax 0.28 0.2 - 0.22
\ .
Ep/ V
oct 1.353 1.353 1.346
0c1 1300 ©1.30T 1.310
oc2 ' & .
*x . ' ‘ '
Opax 0.22 0.34 0.32
Ep / V 0.837 0.913 | 0.550
0c3
CEp /Y 1.009 1.075 1.105
(as 8gpz => 0) ‘ |

¥ At this concentration, sulfate anidns are always present on the surface, as
in C.5 M HZSO4. -
* %

gmax data are calculated here as coverages for OE-species (1 e/'site).
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A ﬁummafk of peak potentials énd coverages {as OH-species) for the O0C1,
002 and 0C3 states arising in growth at tﬁree temperatures in 1 M HClO4 with
4x1o-3 M sto4his ;iven in Table 4.5.3. Because sulfate  adsorption attaiﬁs
seturation in this electrolyte, these results should be compared only with
thoss for the M"anions bn“ cénditions for the other two mixed electrolytes
examined.

When these resulta are relaégd to those for the other two mixed
electrolytes, it is seen that all the reduction peak potentials. of the surface
oxide species formed become more positive wi?h increasing H2804 concentration
and coverage by sulfate ions, and the 0C2 and 0C3 peak potentials become more
positive with ;ncreasing temperature.

Inspection of the coverage data summarized inm~Tedles 4.5.1., 4.5.2. and
4.5.3. leads to the following general conclusions:

1. the OC1.charge tendé to decrease with increasing temperature, possibly
as a result of & greater rate of conversion to other states at higher
temperatures; .

2. The saturation O0OC2 charges are virtually independent of temperature
over the investigated range (273 to 318 K} and independent of anion
cencentration, with the exception of a single result for 4 X 10'4 M
52304 at 273 K (Tg?le 4.5.5.),‘ For which the 0C2 velue 1s lower than
the other two values. This may be due to difficulty in separating the
0C2 from the OC3 peak at this temperature, since these two peaks come
closer together with decréaéing temperature and inﬁreasing HESO4

" concentration. —

4.5.6. "Sguare-Root™ Growth Behavior in Mixed Electrolytes

I+ was mentioned in Section 4.4.5., when some of the data for total
surface SEIEE charge are plotted against the square-root of holding time for

growth at Au, e.g. in 1 M EC10, with 4X107% M E,S0, at 300 K (Figure 4.5.16.),
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apparently linear relations arise at severals growth potentials. Eﬁér hon—
logarithmic regions of the Manions on" growth relations for mixed HClO4/HQSO4
electrolytes seem* to follow an apparent "gquare-root" law just as for growth in
Ov5-¥-H,50, (Sectiom\4.4.5.). Do examples of t, '/ plots ave shown in Figures '
4.5.16., for 1 M HC10, with 4 X 1074 M E,S0,, and 4.5.17., for 1 ¥ HCl0, With
4 X 1077 M.5,80,. |

As demonstrated by the exploratory linear and sguare-root th plots in
Sectlon 4.4.5., however, data points fer which ty, < 2 ms {separated by £he
dashed line from other points atilonger th) are determined primarily by the iR
drop limitation because the initial currents-are relatively large. Hence,
this type of points at short, ty, do not belong to a th1/2 reletion and, ln faet
plot out linearly in time, as was shown in Figures 4.4.10.a. and b. Soon, but
not immediately,- af'ter t?is initial iR controlled growth. period, the data
follows 1og(th) relations. The coﬁﬁencemeq; of these logarithmic regions is
marked by brackets ( [ )} in Figures 4.5.16. and 4.5.17.

However, when ty, > 0.2 ms, and the growth rate is no longer controlled
by the 1R effect, and the holding potential is relatively 2ow (1.360 to
1.390 V), Q seéms to follows a th1/2 relation. before logarithmic growth
behavior sets in. At the two lowest potent%als (1.360 and 1.370 V), the
increase with Q is se smali that the data may be fitted equally well by 2 -
linear, square—reeé or -iOSarithmic relation in t,, so that a t1/2 relation
cannot be reliably distinguished. The growth relations that do seem to have a-
signlficant section in t1/2 in Figune_4_5_151 and 4.5.17. are distlnguished by

the selid black po*nts

/("'\



-2
cm

Q/ uC

JUHO L 1 M HClO
'-Aihit - L x 10 M H2804
'of influence 300 K
by iR drop | :
| >T Anions On- .

~

~ J{j/,x

0.2 . 0.3
&

Figure 4.5.16. Variation of surface oxide charge with th1/2 at Auin 1 M HClO4

4 at several Eh and 300 K for ‘"anions on"

growth and th from 0.0002 to 0.5 a.

with 4X10™4) M B,50



. o ' 1.440 v, ' ’
q,‘ o At 1 N HC10,
| 4% 107 N Eyso,
- | ' 299 K
120k iy C
o of ihﬂuenc'e
' by iR drop _
. ' _
51 -
R B

&

Lo»
g

O -

o

~

@]

Lo
/”’
o L

Flgure 4.5.17. Varlation of surface oxide charge with t'/2 at Au in 1 M EC10,

with 4X1 0-2 M HZSO4 at several growth potentials e;.nd 299 K and
ty from 0.0002 to 0.5 s.

A



- 171 -

-

4.6. Temperature EBffects on Au Surface Oxide Formation and Reduction

. ggevious work in this laboratory showed that temperature has, as may be
expected, important effects on the kineties of surface oxide formation at
a7, I the present work, the effects of temperature on the first

distinguishable surfaﬁe oxide species and the specles reduced in theJmain peak,

0C%, was examined using cyclic-voltammetry. -

First, the potentiodynamic I vs E profile for Au at 0.050 Vv s~1 in

0.5 M H,S80, are shown in Figure 4.6.1. for several temperatures between 274 and

318 XK. The apparent potential for the onset of surface oxide formation and the

-

first Iélear anodic peak become less positive with increasing temperature.
This Hinitial wharp oxidatlion-pesk is prominent at 318 IK,‘ but -its current
decreases.';t lower temperatures, ;s a second, mnore positive peak UDecones
predominﬁpt. This result geems té arise from the temperaturg-dependenéb of

adsorption of sulfate ions, which are more strongly adsorbed at lower

temperatures.

-

The main reduction pesk, QC3, becomes narrower and its potentig} shifts
positi;ely with increasing temperature. It sheould pe noted that these I vs E
profiles were'méésured in an isothermal cell, that is, =a cell in which the E,
reference eleétrode was maintained at the same temperatur; as the working

electrode. Allowance must therefore be made for the change in pctential of-the
Hz reference electrode with.tempé}ature: thermo-cell measurements made in other
work in this lsboratory. gave values of dE/dT for the Hy electrode of
0.95 mV X~ in 1 ¥ CP,5058°4" and 0.85 v z~1 in 0.1 ¥ 5C1%48, For the present -
work on Au, the value 0.95 mV %! was used in nmaking corrections “to the

potential scale. ' . =
In Figure 4.6.2., the current of the first clear ariodic peak, O0A2, shown
¢ i - o
in Figure 4.6.1. 1is plotted against temperature. Two linear regions are

observed, the first between 273 and 300 K with a slope of 1.48 A cn~2 x~1 -and
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" QAZ

Figure 4.6.2. OA2 peak current vs temperature for Au at 0.050 V s7! in
- 5 N

0.5 M H2504.
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the second for temperatures esbove 300 K having a slope of 0.60 A em™? x1,
This sguggests that there 1s a change in the kinetics of the, process associlated
with this peak with tempersature, at about 300 K. Thig might also due be to

.. & .
increasing predominance of the more anodic peak seen in Figure 4.6.1 with

decreasing temperature at temperatures below 300 K. -
Figure 4.6.3. shows the potential of this first large anodie peak, O0A2,

measured at 0.050 V s~1

plotted ageinst temperature in 0.5 M H2804, and in 1 M
HClO4. with added 32804 present at concentrations of 4}‘(10_3 M, 4X1O'4 M and
4%¥10~° M. ‘Vhen this peak potential is plotted against 103[52504] for four
temperatures it is evident (see inset of Figure 4.6.3.) that it ié linearly
depepdent on‘both temperature and log[HQSO4]. EWhen the slopes of these pl&ts
are cbrrected for the absolute temperature déééndence of the H2 reference
electrode potential, the slope values are between 2.2 znd 2.3 ﬁv Kf1. However,
the. peak potential values deviate from linearity with temperatures below 283 K,
where the moré anodlic pesk became prominent, and the initial peak potential
becomes difficult to measure. ‘

The slopes of peak potential vs temperature relations for the Zfour
electrolytes examined are rather similar and are given in Table 4.6.1. The
slope of peak potential Eg_loé [H2504] is about 10 mV per decade for the

HClO4/H2504 mixed electrolytes. The values obtained for 0.5 M H2304, however,

do not fit the same linear relationship.

Table 4.6.1. \\
- [E,S0,5 |  aEp/ar” |
. M oV K~
0.5 -2.27 |-
4%1072 -2.19 -
ax10~4 -2.28
, — 4x1072 -2.30 ‘

* corrected for the temperature dependence of the H, electrode.
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In Jrdér to compare OC3 pesk potentisls eand currents at diffefent

temperatures, the peaks must represent of similer charge, because these values

_lotherﬁise vary wifh total surface oxide charge (as shown in Figﬁre 4.1:2.) as
well as with temperature. ?otentiodynamic measurements of the type shown in
Figﬁ:e #ég:E. were made at ‘Au at 0.050 V s~? in 0.5 M E;50, at 273, 283, 298,
319 and 343 .K, taking.a series of anodic end p;%entials, which allow different

extents of surface oxidation to bé.attained. Figures 4.6.4., 4.6.5. end 4.6.6.

o Voow

o ;}ﬂfshow the 0C3 reduction peak potentials, currents and peak half-width

wnr

potentials, respectively, plotted against total surface oxide charge, ﬁsing

»

data from these potent;odynamicl meaé!hements. Surface oxide charge was
measured by integrating the reduction current w.r.t. potentizl (and hence time{
in the cathodic I vs E profiles, in the usual‘way.

The OC3 pesk (Figure 4.6.4.) shifts to more positive potentials with
increasing temperature and less positiye'values with increasing charge. At 273
and 283 K, the peak potential follows a linear relationship with tenmperature
but, at higher temperatures, there are two linear region; with a break at about

-2 .
200 uyC em™=, i.e. after a single mnonolayer fﬁ OFE has been formed. The

dEp/dQ values found are given in Table 4.6.2.

Table 4.6.2.

T/ K dEp/dQ dIp/d(Q?)
mV 1.10_‘I em—2 A (L cm‘z)'2

273 -0.166 1410

283 -0.161 1310

298 -0.125 1360

319 [ -0.284 / 0.173 2160

343 -0.216 / 0.127 2900 '
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Figure.4.6.4. '0C3 peak potential vs total surface oxide charge for Au at

0.050 V s71 in 0.5 M 52504 at 275 X, 283 K, 298 K, 319 K. and
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Peak cugrénta (Figure 4.6.5.) apparently increase parabolically with
charge. The dIP/d(Q?) values obtained are also glven in Table 4.6.2. The Ip
values depend little on éemperaturé in the range 273 io 283 K as the slopés,
dIP/d(Qz), are neerly the same. However, at 319 and 343 K, Ip and.dIP/d(Qz)
both increase appreciably with temperature (Table 4.6.2.), indicating that the
kinetics of reduction of the 0C3 specles at the surface differ for temperatures

u\;above and below 300 X. The half-w?dth potentialT‘of the O0C3 peak (Figure
4.6.6.) decreases with increasiné charge and temperature.- - This is expected
because the peak current incregses with charge squared, 50 the pesak
correspondingly becomes narrower. Formally, narréwins of peaks of this kind is
lImown to originate from increasing 2-dimensional lateral attracti%e

interactions between the ad-species in the surface film, ultimately leadi }to

a single iine for a well defined 3-dimensional phase, elthough this limit is

{

not reached here.

L
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?

4.7. Double-layer Charging Behavior at &EH_C:LOJ‘ and H,S0, Solutions

In the previous sections, and in earlier workS’T, it has been shown how
the early stages of ;xidation of Au électrodes depend sensitively on 'anigh
adsorption in HC104 and H2SO4 solutions. While the present work was in

progress, parallel studies were made on the pxida%ipn of single-crystal Au

surfaces hy Angerstein-Kozlowska s;nd.Hamelin194’195 in a2 joint projec
the University of Ottawa and.C.N.R.S:, Meudon, France; this work demonsirated
the specific.role of the effects of adsorbed anions; -éspecially at the (111)
plane. ‘

The present results and those obtained earlier require complementary

studies of the adsorption of sulfate and 0104' in acid solutions at Au in the

double-layer charging region, i.e. before any of £he processes examined in the’

previous sectlion commence. In the present section, therefore, a brief account

will be given of the behavior bf the potential region at Au aasoclated 'with.
double-layer chargigg processeé, studied by means of potentiodynamic sweeps

over resiricted ranges of potential. = These results will érovide a basls fof'
comparison of the adsorption of 0104- and 5042' (HSO4') lons on the oxide-free

Av surface (polycrystalline) in the potential range negative to that Jor

initiation of the surface oxidation processes treated in the previous section,

and in Chapter V which follows.

A comparison of the double-layer capacitance behavior of Au in 1 M HClO4
and in 0.5 M 32504 can be made by inspecting the cycllic-voltammograms talen
at 50V 3'1, ghown in Figure 4.7.1. for potentials negative to the onset of
surface oxlde formaticn. Since these currents are only due to capacitative
charging of the metal/solution interface and electrosorption of anlons of the
electrolyte, tLae electroge's interfacial capacitance may be obtained by
dividing the cu;rent by the sweep-rate. It should be mentioned that the

double—layer. capacitance over this potential <range includes some

-
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Figure 4.7.1.
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Potentiodynamic I vs E profiles for double layer charging of Au

at 50 V st in 0.5 M H2804 and 1 M 36104 at roon tenmperature.
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pseudocapacitance assoclated with chemisorption of anions that takes place with

partial charge transfer194’195 determined by the electrosopptiqe valency

. A
,factor134.- ' ‘ <

~

"’. . The I vs E profiles are nearly the same for both electirolyte solutions at
: ;;tentials below 0.1 V, but diverge considerably at more positive poteptial??
:i.e. at potentials positive to_the potential‘of zero charge (p.z.c.). The
capacitance of Au in 0.5 M 32804 is approximately 20 u¥ cm'2 greater thanffhat
for 1 M 30194 at potentials above 0.5 V. This potential is near the p.z.c. for
Az in -thesg solutions 143,144 e T vs E profile in 0.5 X E,S0, also shows
several pesks which are not present in the profile‘for 1M Hcio4, and probably
are to be éssociéted with charge-transfer chemisorption 194 of the sulfate ions
in arrays on the surface. ({(Note that even on single-crystal Au surfaces,
nltiple peaks in the I vs E profiles also arise.) '

The differences in the double-layer charging behévior of Au in these two
électrolytes seens to be related to the strength of adsorption of the
respective anions. At potentials‘below 0.1V, whicﬁ is well below the p.z.c.,
there should be no anions adsorbed at the negativeiy charged Au §urface so that
the double-layer charging behavior should be similar in both solutions. As the
potential is made more positive and the Au.sufface becomes more positively
charged, aniens will tend to becoxge adsorbed =zt the surf;ce. Since 5042‘
(Hso;') ig more strongly chemisorbed :EEE 0104‘, giving and is associated with
a greater extent of charge transfer at the surface, the corresponding
capacitange should .be .larger,_ In fact, a large difference between the
capacitative behavior . of Au in-éolutioﬁs oﬁ these two anions is observed and
indicates some signif}éant charge transfér.between ‘a:h.e._SO,;'2 (HSO4?) enionsg and

..
the metalld.
A similar cyclic-volta%mogram is shown ig Figure 4.7.2.a. for Auin 1 M

/
HClO4 with 4 x 10'? M HZSOj/ht SO_Y_s'1 for five potential holding times et 1.2

|



Figure 4.7.2. -
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Potentiodynemic I vs-E profiles for double layer charging of Au

at 50 Vs~' in (a.) 1 M ECIO, with 4X107% M H,S0, at 300 K and

t, et 1.2 V between 0.001 and 1 s; (b.) 1 M HC10, with 4X107° XM

32804 at 299 K.
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V. Unlike the profiles in 1 M HClO4 and 0.5 M 52804, rﬁr which the anocdlc and
cathodic sweeps over the double-layer charging region are fairly symmetrical
(as would be expected for currents due only to reversible processes associated
With ion saccumilation in the double-layer and chemisorption, there is a
definite asfﬁmetry  around 1.2V ig the anodic and cathodic profiles of a
repetiti&e cyclic-voltammogran taken in‘this selution. Alsc, there i3 an

.

%Fcreése in the cathodié currents, especially those abave 0.7 V, with increased
holding times at 1.2 V. The corresponding increased charges are summarized in
Tﬁble 4.7.1., along with similar resulfs obteined in 1 M HClO4 with 4 X.1O'5 M
HZSO4. The cathodic double-layer charging profiles do not change significantly
with holding at 1.2 V in 1 M EC10,, Q;;¥ﬁ 52504 or-1 M HC10, with 4 £ 1077 M
HESO4 {Figure 4.7.2;b.). The effect that holding at 1.2 V has .on the cathodic
double;layer charging profile in 1 M HCIO4 with 4 X 10'£ M H2SO4 seems to be
related to the increasing bdblocking of thelonsip of surface oxide formetion with
siﬁﬁlar potential holding at 1.2 V¢in the same solutlon, as was .previously
shown in Figure 4.2.1.,. and presumably arises from slow sulfate ion adsorption
competing with, “andéd eventually substituting, 0104' adsorption at these
potentials.

If the coverage by aﬁioné at the Au surface is nearly at its equilibrium
value for any particular potential #uring the anodic sweep, then those anlons
should be reversibly desorbed during the cathodic sweep. This ig clearly the
~ case for Au electrodes ?n 1M 30104, O.S-M EZSO4, and 1 M HClO4 with 4 x 10'5 M
82804; thus, +he anodic aﬁa cathodic sweeps for these electrolytes are fairi%
symmetrical (Figures 4.7.1. and 4.,7.2.b.). However, the behavior observed in 1
M HC1Q, with 4 x 1074 ¥ Hy50, electrolyte, shows “hat equilibrium coverage of
50,27 (HSO,”) is not maintained during an enodic potential sweep at 50 V s to’
1:2 V. Hence, during the initial part of the following cathodic sweep, anions

will still be adsorbing at the Au surface, resulting in the asymmetry of the
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anodic and cathodic I vs E profiles observed for this solution (Figure
4.7.2.a.). ' : iﬁ
Holding at 1.2 V, which Is the potential for meximum anion adsorption

\
observed by radiotracer measurenents in this solution 105

» a&llows time for the
anions to be adsorbed and eventually approach their equlilibrium coverage. The
resulting increased coverage by anions consequenily inereases the corresponding
double- layer capacitance observed in the cathodic I vs E profile after holding
(Figure 4.7.2.a.). Since there is little difference between .the effects of
holding at 1.2 V for 0.1 s or 1 s, équilibriQ? coverage of 8042' (3504') must
be neérly achieved after 0.1 s in this soclution at this-potential. In 1 M
HClO4 with 4 x ‘10_5 M H2304, on the other hand, equilibrium coverage of anions
is not attained until 1 to 10 s holding at 1.2 V, owing to the lower sulfate

¢concentration.

Table 4.7.1.

Double-Layer Charging Dats for Au in 1 M HC10,

4 %1077 M E,S0, 8t 50 V 571 and 299 K

Sweep Holding time Charge passed between‘O.T and 1.16 V
at 1.2 V (s) ' UG cm—?¢
4 x 1074 M E,S0,] 4 x 1077 M H,S0,
Anodic — 17.7 14.1
Cathodic 0 14.6 12.0
. =™
0.001 14,7 _
0.01 | 16.4 12.4
. 0.4 19.8 12.8
1 20.2 T 6.2
o] 1 -- -9
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4.8. Electrode Roughening

A segggf of experiments was conducted to establish the potential at which
surface roughening of Au commences in rapld oxidation/reduction cycles carried
out by means of cyclic-voltammetry. Interest in this effect arises in relation
to the process o? OH/Au place exchange agd anion descrption indihe early stages
or oxidatien of Au surface which can lead to diforder or faceting of the atomic
structure of the Au surface. Wor%&?y Bruckenst;iﬂ-et a1.112’141 indicates that
dissolution is associated with. the reduction of the place-exchanged surface
oxide. Also, Arvia et al.24% have used rapid potential cyecling regimes as a
way of obtaining facets of ‘"preferred orientation" on polyerystalline
electrodes, which is similar to the work preseﬁted here. |

Two previdﬁsly unuged Ag wire electrodes were roughened by rapld potential
cycliﬁg, cnre in 0.5 M HZSO4 and the ;ther in 1 M 30104. The »roughening
experiment in 1 M HClO4 electrolyte was complicated by contamination by trace
amounts of sulfate, which slowly become desorbed from the cell walls during the
experiment. The eactual electrochemically active' surface areas of the
electrodes were measured by the Burshtein method?4? at 50 mV s”!.  Tis was
done before and af'ter each roughening peri?d. The roughenlng cycles were at 50
v s'1 from gbout 0.1 V to some varisble anodic end potential of +the sweeps,
with holding at that potentiel for 0.01 s. The electrode was potentliostated

against en internel Au reference electrode which itself was constantly

monitored against an external H, reference electrode. Each roughening period

——

lasted 10 minutes or 1ongér, giving spproximately 1000 or more cycles,

\\The anodic end potential of the anodic potential sweeps was increased with
eacnh successive cyeling perioed to dgtermine at which potentizl roughening
begins in H,S0,. In EHCL0,, 1.513 and 1.97(?vuere the only anodic end
potentials wused. After the electrodes were roughened, small pileces of wire
Bere cut from thelr ends for examination under a scanning elgctron microscope

s

Q’r
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(SEM) . A smell piece of unused Au wire from the same manufa;turer's batch as
that used for the roughening experiments was also examined with the SEM as g
reference.
I vs E profiles of some of the roughening cycles are given inl Figure
4.8.1. for H2504 and in Figure 4.8.2. for HClO4. The Burshtein electrode ares

-~

o and surface oxide charge measurements are summarized in Table 4.8.1. for 32504
and Table 4.8.2. for HCIO4. 'The__data indicate tha¥ H2$O4 is m;;h nore
aggressive -towards Au surfaces with respect to roughenlng than HClO4, an effect
that may be due to the much stronger adsorption of 5042“ than C104 at Au
surfaces. In 32504, ne roughening or major changes in shape of the 50 mv s~ I
¥s E profiles occurred during the first three roughening periods (Figure
4.8.1.a. through c.) with anédic end potentials of 1.2@0 V, i.e. only over the
dcuble-laye; charging region, 1.392 V‘and 1.407 V, for which mostly reversible
formation of oxide, O0A1/0C1, takes place, but little or no phase oxide (0C5
species) is formed (see Figure 4:4.2.), as reveéled in the reduction profiles.
In the fourth roughening period (Figure 4.8.1.d.) where the 0C1' reduction peak
was present as well as significant charges due to the OC2 and 0C3 peaks,‘ still
ne increase of the electrode area could be detected by the Burshtein method,
bug the first two anodic oxide peaks in the 50 mV s~ ' anodie I ¥s E profile did
change significantly (Figure 4.8.3.). This indicates z reconstruction change
of the electrode surface is takigg place on an atomic level. Under these
conditions, the coverage of the electrode by OE is just above a . full monolayer

‘(Q = 1.2),

! During the fifth rougnening period ({igure 4.8.1.e.), where the 0GCl' peak
still had not disappeared and where coverage by OE species (2 e/site) was still
about one monolayer, measurable roughening took place. In H,S0,, electrode
rduShEHing seems to be related to the formation of the turned-over oxide. In

rk
the last and harshest roughening cycle (figure 4.8.1.f.), the coverage by O was
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Table 4.8.1.
. : | >
Roughening Effects at Gold in 0.5 M H,S0, Under Potential Cycling
o |
Roughening period Electrode area Oxide Figure ‘
Anodic end Time (min.) | by Bur;htein charge Number
potential (V)| applied em? Forpalied | we cm™2
Before ‘ A '
roughening — 0.243| 1.00 - -
1,200 10 | 0.237| o0.98 - 4.8.1 a
1.392 10 1 0.232| 0.96 - 2.6 b
1.407 10 0.247| 1.02 2637 e
1.475 10 0.249| 1.02 245 a
1.513 10 0.262| 1.08 400" - e
" 20 0.2721 1.12 _ 383" n
" 40 0.289 | 1.19 367" m
1.614 10 0.315| 1.30 562
1.857 10 | 0.398] 1.64 844
1.975 10 0.557 | 2.21. .| 938 £
" 30 0.849 | 3.49 940 "

#*  The decrease in oxide coversge during these three roughening regimes might
be due to changes of surface oxide formation kinetics at the reconsiructed
electrocde surface.
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Table 4.8.2.

Roughening Effects at Au in 1 M HC10, Under Potential Cycling

| Roughening period E%gctrode ares Oxide Fipgure
Anodic end Time (min.)| by Burshtein charge Number
potential (V)| applied em? | Normalized /QC cm2 S
Before -
roughening — 0.255 1.00 -
1.513 10 . 0.267| 1.05 455 4.8.2.a.
" €0 0.252} 0.99 458 t
m 60 0.267| 1.05 . 462 t
1.975 10° 0.297| 1.16 997* b
: .
! 90 0.379| 1.4S 944 n

¥  The decrease in oxide coverage during these two roughening regimes might
be due to changes of surface oxide formation kinetics at the recenstructed
electrode surface.
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roughening with 1.473 V potentlal cycle.
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. bad !

above two layers,i.e. a phase-type oxide was certainly produced. Under such

conditions, the electrode area was increased by a factor of 3.5 during =all thg.‘i
roughening pericds, tesken cumulatively. ) #

in ﬁq1o4, ter the first roughening period, with coverage by OE specigs
juét above a monolayer (Figure 4.8.2.a.), +the electrode area did not increasg
neasurably, nor did it become roughened to the extent that the electrode in
32304 had done when subjected to the same potential-sweep regime. However,
measurements of the electrode area by means.or the Burshtein method were
complicated by slow desorption of 8042". During the more aggressive roughening
period with © taken to coverages greater than a monolayer of 0 {Figure
4.8.2.b.), definite roughening cccurred, but the electrode area increased
only by about one third as much as did the area of the ather electrode during
the same potential c¢ycling regime in 52804. Whether this amount of roughening
is due to 8042" contamination or would alse occur in vefy 5042' free HClO4
electrolytes remains, at the moment, unknown.

SEM pictures of a new Au wire, and of the wires roughened in HClO4 and
52804, are shown in Figure 4.8.4. These indicate the same order of roughening
as did the Burshtein measurements. The electrode roughened in HClO4 appears
etched, “gspeci "1y along the original scratches and flews of the wire, The
surface of the electrode roughened in 32804 has a dendritic appearance at
high megnification. This indicates that, in the presence of large amounts of
8042-, the electrode had probably yecome roughened by a diassolution and
redeposition mechanism. This dissolution onlj occurs when significant coverages
of non-reversible surface oxide have been formed and may be due to the
formetion, or <{he very rapid reduction of the 0H/Au or 0/Au place-exchanged
species in the OC3 peak or of oxygen species associated with further oxide

growth at the Au electrode, in the case where more than one atomic layer of

place-exchanged specles may have been formed. It seems that it is the
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Flgure 4.8.4.

SEM pictures of the state of Au wire electrodes:

(a.) New wire before any electrochemical potentiel
,(b.) and (d.) After extensive eyeling at 50 V s_4
| E,S0,. |
(c.) and (e.) After extensive cycling at 50 V.s_jy

P
36564 (<10~1 M 5,50, contamination).

et

an

Py

cycling

in 0.5 M
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reductioﬁ, especlally with rapid pqtential sweeps, of these states of the
surface oxlde that ca%gea some disorganization of the Au surface, assisted by
the adsorption and desorption of anions, followed by redeposition of some

‘dissolved Au during or after the surface oxide has been reduced.
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4.9. Summary of the Results

4.9.1. The Initial Stages of Surface Oxide Formation and the Effect

of Adsorbed Anions Upon thls Process

Surfacé oxide formation and reduction at gold electrodes is found to he
very sensitive to the nature of adsorbed anions at the surface, temperature,
the electrochemical potential at which it is formed, as well as the microscopic
structure .Of the electrode surface194. . Commencement of surfac::e oxide formation
arises at less positive potentiels in the presence of weakly adsorbed anilons,
such as C104", than with more strongly adsorbed anions, such as 5042" (HSO4').
The relative strengths of anion adsérptiqn in.te:rm_s of the effects of anions on
the onset of surface oxldation at gold electrodes are found to be in the order
€10, < F~ < 50,27 (¥50,7). .

In mixed HClO4/'52804 electrolytes ([EZS_O4] = 4}(10'4 M, 4'}{10"5 M}, 8042"
anion adsorption at 1.2 V, which was studied by its displacement effect upon
surface oxide formation, was found to follow adsorption kinetics which are
first order in anion concentration and sites, and desorption kinetics which are
‘Tirst order in coverage by adsorbec anions.

In these mixed electrc;lytes, anions may be prevented from becomfﬁg
adsorbed at the surface ("anions off™ situation) or be sllowed to attain almost

. .
equilidbriun coverage ("aniocns on" situation) by using different potentigl-tinme
programs. "Anions off" I vs E profiles résemble those found for 1 M 30104, and
those for "anions on" resemble those found for 0.5 M H2$04. It was observed

2-

that holding the potential at 1.2 V allows 504 anions to be adsorbed at the .

surface and block surface ozide for‘mation, especially the reversibjjef
electrosorption of 0H characterized by reduction in the 0C1 peak. Holding =at
0.1 V (a potential below the p.z.c. of Au) allows anions to be desorbed.

-
Surface oxlde grown at a potential at which OH is electrosorbed under "anions

off* conditions but net under "anions on" conditions, Will eventually be
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displaced by readsorption of 8042' anions, with a consequent decrease in the
totel charge for surface oxide formation. The anions can displace only the
reversibly deposited OE species {0OA1/0C1 state); they cannot displace the

oxygen species that are reduced in the 0C2 and CC3 peeks.

4.9.2. Comparison of Surface Oxide Growth in 1 M HC10, and 0.5 ¥
5,50, |

Surface oxide growth in 1 M 30104 is characterized by the reductién of
0H/0 species which takes place in three cathodic peaks, 0C1, 0C2 and OC3. In
0.5 M 52504, however, the reduction is more complex; scmetimes 1% may bé
resolved into four stages, corresponding to the '001, 0C1', 0C2 and QOC3 peaks.
The OC‘I‘t peak is due to the reduction of OE electrosorbed at surface sites
where the anions are partially desorbed. The 0C1 peak for OH species deposlted
in EClO4 erises at a less positive potentisal than that for the corresponding
0C1 peak in Hy30,.

An important characteristiclfeature is that the coverage by the speciles
reduced in the 0C2 pealk reaches a saturation limit depending on the anion and
its peak potential does not shift with increasing charge. Thé 0C3 peak 1s due
to reduction of species involved in the beginning of phasc-oxide formation,
associated with the turn-over process, and its potential shifts to less
positi#e values with inereasing extent of formation of surface oxide.

Surface oxide growth in both electrolytes is characterizéd by an initially
non-logarithmic region in time, followed by logarithmic regions. IIn HClO4, for
the least positive potentiesls & plateau is temporarily reached in growth after
the 0C1 peak has atteined its maximum charge; this behavior is not observed
with 32504 zolutions.

The change of state (referred to as ﬁconversion") of the intially
electrogsorbed CH specieé, reduced in the 0C1 peak, to states characterized by

veduction in the 0C2 end especially the OC3 peslt, was examined in 30104. The
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charge associated with the conversion of state of the 0H specles, is also found
to follow a logarithmic relation with time. The éharge difference, QOCS -
Qeon.? whlch represents the grow%h of the OC3 species beyond charges assoclated
with the interconversion, is.also found to fellow dlogarithmic relation in
time.

The non-logarithmic region of growth in mixed HCl0, and H,S0, electrolytes
seems 1o foilow é "squgre—root" relation with time undér certain conditions,
intermediate in the range of th covered; but this is not found so simply fof
growﬁb in HClO4. The slope of this growth relation is also found to depend
linearly on potential and temperature, but this effect may be due to the
involvement of some resistive current-conﬁrol (iR effect at short holding
times}.

For surface oxide growth in 0.5 M H2304, the 0C1 peak is found to shift to
leas positive pdtenﬁfﬁls with temperature, while the the 0C1', 0CZ and 0C3
peaks shift to more positive potentials. The 0C2 peak shifts linearly with
temperature, while the OC3 peak apparently shifts as the square=root of
temperature, the significance of whilch is %B; clear; it may be associated with
difficulty of.deconvolut%pn of the 0C3 peﬁﬁ wider certeain cogditions.

4.9.3. "inions Off" and "Anions On" Surface Oxide Growth in Mized

EC10,/E,S0, Electrolytes

Surface oxide growth in mixed HClO4/HESO4 electrolytes was examined with
and without 5042" anions initially adscrbed at the electrode surface ("anions
on" and M"anions off" conditions, respectively). Under "anions off" conditions,
the growth behavior initially resembles that found in HClO4,'aq expected, but
the electrosorbed O0H species reduced in the 0C1 peak are displaced by
readsorption df 8042' anions, which leads to a decrease in total surface oxide
charge with time. The growth of OE/Q species reduced in the 0CZ and 0C3 peak

eventually becomes more important so that the total surface oxlde increases
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again. "Anions on" growth resembles that observed in E,S0,. Klthough the
"aniong off" and "anions on® growth behavior are qulite different at relatively
short holding times, understandably they becgme more similar as the time of
holding, .th, becomes longer and the electrode potentiasl, &, moretﬁositive.
npnions off"™ growth could not be examined in 1 M 30104 with 4X10'3 M H2804

.

because  the 804 anions are alﬁays ‘at saturation coverage for  that

cqncentration of H2804.

The pesak potential of the 0C1' pesak iﬁ "anions on" growth is the same as
that for the OC1'peak in "anions off" growth. This observation supports the
idea that the OC1' peak is due to the reduction of OH specles electrosor%pd in
vacant spaces left on the surface in the initlal stages of desorption of
anions.

At ‘relatively sbo?t holding times, the potentials for the 0C2 and 0C3
peaks are more positive for the "anions on" than for the "anions off" case, but
these peaks have a common interm;diate potential et longem\holding times.

4.9.4,. Temperature Effects N

The poteﬁtial of the first clear anodic peak, OAZ, observed in 0.5 M HZSO4
at 0.050 V s”1 becomes less positive linearly with temperature. The current
for this peek also increases linearly with temperature, with a chang; in slope
at about 300 K.

- .

The potential of the 0C3 pesk becomeslless positive in & linear way with
cherge, Q, but becomes more positive with inereasing temperature. Curiouély,
the current for this peak seems to increase with Qa. There 1is 1little
difference .in the Ip vs Q relaticns between T = 275 and 285 X, but Ip and

dI;/a(Q?) increase between 298 and 343 K.

4.9;1. Double-Layer Cheging Behavior and Anion Adsorption

The doubie-layer charging I wvs E profiles for polycrystalline Au

electrodes in 0.5 4 32304'and 1M 30104 are nearly the same for E € 0.1 V (i.e.
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well negative to the p.z.¢c.) where no‘anions are adsorbed at the surface, but
are quite diff?rent for more positive potentials where anlon chemisorption
arisés. The higger capacitances observed in HZSO4 than in HClO4 are attributed
to partial charge-iransfer involved in the adsorption of this anion, leading to
an electrosorption pseudo-capacitance contribution. The double-layer
capacitance of the polycrystalline Au interfaces in mixed HClO4/HESO4
electrelytes is intermediate between that ~for the individual HClO4 and H2804
solutions, énd the currents on the cathodic I vs E profile increase with
holding time at 1.2 V, ‘a situation which allows the 804' (HSO4') anions to
become adsorbed to nearly their equilibrium exﬁent.

4.9.6. Electrode Roughening

Roughening of Au electrodes by means of rapid potential fcycling begins
when the potential 1is sufficient on the anodic sweep for 6g > 1 to be
established, I.e. when a turned-cover coxide is formed, with the appearance of
the OC3 and OC2 peaks on the reduction cycle, i.e. when place-exchange of the O
species with Au atoms at the surface commences significantly. Gold electrodes ~
roughen wmore rapldly in 0.5 M H2SO4 than in 1 M HClO4, indicating a specific
effect of the more strongly adsorbed sulfate anions on this process.' The Au
electrode that has been roughened in C.5 M 52804 had a dendr¥tic appearance
under the SEM, indicating that some Auz was probably dissolved and redeposited,

while the electrode roughened in 1 M HClO4 had an etched appeareance.

o~

\
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CHAYTER V

CONCLUSIVE DISCUSICN OF SELECTED PROBLEMS

Tn this concluding chapter, some selected aspects of the results will be
discussed, especially -=some features of the obse;vations and .experimental
conclusions that may have general significance. The material in this chapter
is therefore complamentary to that in Chapter IV.

First, =a point of chemicel significance must be addressed that can affect
quantitative evaluations of oxlde cove;age in this and all other published work

related to this research.

5.1 Fractional Coverage, §, in Relation to Charge, Q

Suwface concentration of specles generated in the 1nitial steages of
oxidation of metals, such as Pt or Au, are best expressed in terms of

fractional coverage, ©, of the metal surface by the electrosorbed species. In

the electrochemical deposition Sf such species, the € value can be evaluated
formelly from the ratio Q)Q1, where: § 1is the charge reguired for
electrosorption (or electrodesorption) of the adsorbed specles and the charge,
Qqs corresponds to monolayer coverage. This implies utilization of Faraday's
laws on a microscopic scale for surface species. Such evaluation of coverages
has been made frequently for underpotentially deposited E at Pi.

However, for anodie eléctrosorption of OE or O specles at noble metals,
especially Au, several difficulties arise in the interpretation.of Q values
(which can be very accurately measured) in terms of corresponcing 9194’195.
These difficu}ties arise for the followlng reasons:

1. Electrosorption, £following electrostatic physisorption, of anions with
partial charge transfer occurs over 2 potential range just peyégﬁa;:ERr—
seme cases overlapping with) the potential for effective oaget of COH
deposition amongst these anions adsorbed in arrays {formally according

to equations 5.11. and 5.12. in Sectlon 5.9.). This process provides a
£

™ -
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lattice of adsorbed anions into which OH's are subsequently deposited
(see 2. below), determining their adsorption energy, i.e. the potential

range for thelr deposition. ®
Electrosorption of OH in the initial stages of Au surface oxidation

amongst, or adjdcent to, chemisorped anions may involve an incomplete

transfer of charge (equation 5.11.), i.e. -there is an electrosorption

valency factor, ¥y < 1.

As the surface oxidation process continues, anions previously

chemisorbed with some fraction of electron transfer (see equation 5.11.

of section. 5.8.) become desorbed with regain of the normal charge and

the OE spe;ies remaining now can be assumed to Ybecome completely

discharged, with a further degree of charge transfer.

The extent to which anions can cover the surface are determined by the

geometry of the anicns and that of the surface lattice on which it is -
adsorbed (3 _trisonal sites for a tetrahedral anicns on the (111)

surface), +together with the extent of surface occupancy by the

anion's hydration-bound water. . This is represented by M3+X in the

fgrmal equations 5.10. and 5.11. in Section 5.9.

When OE or O species eventually cccupy sites not associated at the same

time with anions (equation 5.12.), the calculation Ogg or 9y values Trom the

relaticn @ = Q/Q1 becomes simple and unambigucus. This is, in fact, the basis

of calculation of real areas of Au anodes by the method of evaluasticn of the

charge,
As
through

species

Qq/&ﬂ‘monolayer), for the "Burshtein nminimm",
& result of the embiguities introduced by the factors discussed in 1.
“— I3 1] 13 a2
4., any 6 values calculated from Q data for the initially deposited

in the presence of chemlsorbed anions would be unavoidably arbitrary.

For this reason, extents of electrosorption of OH species in the initial stages

of Au oxidation have been given in tE;EB\or charge, Qug or Qy» except 1n some
N
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cases where nominal values of 83 have been tabulated, e.g. in Tables
L]

4.5.1., 4.5.2., 4.5.%5., etec. , . 2

- 204 -

5.2. Is the Initial Monolayer of Surface Oxidation at Au Composed of OH or

02 N

One of the general questions in the study of surface oxide formaticn at
noble metals is whether the initial monolayer is composed of OB o © species
electrosorbed a$ the surface, 1.e. with one or two electrons having been
transferred per site, respectively. This obviously makes a major difference in
the gquantitative interpretation of the relation of charge to coverage.
Although the position has been taken throughdut this thesis, for the reasons
indicated below, that the initial monolayer is composed of QE species, the
coverages were, in some places, reported as O species calculated on the basis
cf 2 eksite. This is because the corresponding charges were simply divide¢ by
the Burshteiﬁ charge245, Qg, L.e. the‘anodic charge integrated under the
ancdic-going curve in an I vs E profile up to the minimum just before oxygen
evolution, corresponding to 400 »C cm~!, or 2 e/site. f course Qg may
correspond to a single monolayer of O species, two layers of QOE specles or some
combination of both'speéies, but in the initial 200 ucC em ] {neninal monolayer
of 0H), the oxide species at the surface are probably OE's. " One plece of
evidence for this supposition is that tﬁe only logical explanation of the OA4
peak, e3pecially that observed at Au(111)195, is the passage of a second
electron, as for th; process in which chemisorbed-OE is converted to O:

AuOE -> AuO + HY + e
‘However, only rather 1little supplementary, lnon-electrochemical evidence 1is
available for Au in support of this 2-step process of gurface oxldation.

In the a alogous ca"é at Pt, there 1is considerable evidgnce which
indicates that =a distinguishable.monolayer of OH is attained at 1.1 V r.h.e.

- .
In particular,here are three kinds ofelectrochemical results which lead to this-

-
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conclusion: o .

1. T£e initlal stages of surface oxidation of Pt are selectively blocked

by C17 up to 1.1V 159, at which potential the charge, passed is
210 u C Cmfz, corresponding to 1 0H/Pt. This blocking is selective
for species formed below this potential and not those that are
deposited at higher potentials,

2. The oxidation of organics at pto8, 137 usually exhibits =z minimum in

oxidation currents at 1.1 V, i.e. when the surface is just filled wit
QE specles, before it‘ goes on te 2 region of further reactivity
between 1.7 and 1.3 or 1.4 V, i.e. where the transition from PtOiLto
PL0 is believed %o take.place with further passage ¢f charge.

3. Using ellipsomeiry, 3JHeddy et 31.25 found a qualitative change in the
optical behavier™ of the surféce cxide formed at Pt beyond 0.95 V,
which they interpreted as the formation of a partial partial layer of
adscrbed CH beleow this potential and a phase-oxide £ilm above it.

More recently, Benzinger et 31.250 exanined Pt surfaces in 1 M EClO4
using an in-situ IR technique. +L po.e.tials where the reversible deposition
of OFE occurs, they observed a brecad band between 3100 and 2500 cm'1, which was
interpreted as due to OE species hydrogen bonded to water, ancé at potentials
where place exchange occurs, an OE stetch band at 3540 en™? was found. It mwas
suggested that the reversibly formed OF at the surface cannot exhibit a free
stretching mode because it is constrained by hyd..:en bonding, but the turned
gver and thus occluded O can. Several studies of electrochemically formed
surface oxide at Pt have been made using ESCA (XPS). In an earlier
examination, it was suggested that the surface oxide was composed of Pt0 or
Pt02123 species, but more recent work indicates that it might be Pt(OH)2122 or

Pt(OH)4125,125,188_

For gold electrodes, there are some optical measurements that indicate
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that the initially formed gurface oxide differs considerably from that formed
at higher potentials. Gottesnfeld et 31.79 found that the greatest effects‘of
a.c. perturbation of ellipsometric and reflectometric parameters measured
during oxidation of Au electrodes in 0.2 ¥ HClO4 arose over the potential range
where electrochemicel cyclic-voltammetry experiments showed that & reversible
process is found (Q0A1/0C1}. Chao et 31.89, using surface plasmon spectroscopy
(SPS), found a shift of their 3PS dispersion measurements for the initial part
of surface oxiﬁe formation at gold, but with ne dazping; however1 considerable
damping was found for thicker layers of oxide; Some ESCA studies hafe been
made of emersed Al electrodeszoa’zos, but no chemically conclusive §gdication
that +he initial monolayer of the surface oxide is composed of OE species has
bheen found.

Bange et a1.166 nave examined the co-adsorption of 0, and E,0 at Ag(110)
in the gas phase with thermal cdesorption analyzed by mass spectroscopy, and
LEED. They found that water reacts with preadsorbed oxygen to form adsorbed QOE
species and that the CE's and additional adscrbed water form hydrogen bonded
complexes. + is reasoneble to assume that similar complexes of CE and HEO may

be formed at Au electrodes.

5.%. Problems Encountered in Oxide Growth Experiments at Corstant

Potential

Because of experimental limitations, such as 1R drop or the finite time
during a potential sweep, certain problems arise in the interpretation of the
results for surface oxide growth at constant potentieal. These problems must
be sddressed before conclusions concerning surface oxide growth at the shortest
holding times can de made. This is necessary for the discussion of certain
__aspects of the non-logarithmic growth region, for example the th1/2 relation
which is apparently followed for surfé&e oxide growth in solutions containiﬁg

sulfate aniens (0.5 M HyS0, and the mixed HClO4/HQSO4 electrolytes.)
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In order %o study surface oxlde growth at constant potential, it 1s
degirable to reach this potential very quickly ig crder %o 2inimize @al1l
electrode processes other than double-layer charging. For this reason, =a
potential "jump" (actually a sweep of 500 V 3'1) was used to reach this
potential. This very (fast sweep causes the electrodeposition of QOE to be
irreversible, as was intended, but at the holding potential, Eh’ which was
chosen to have values above the reversible deposition potential  for OH, .the
overvoltage thus produced cruses this reaction to proceed ver} quickly at
first, slowing down gradually until the equilbrium coverage of CH at this
potential is reachedT' The resulting high currents at short holding times (see
Section 4.3.1.) create a potential iR drop. which decreases the real potential
at the electrode with respect to applied one. Hence, this potential "jump",
although necessary, influences the résults at short times. The 1R drop
introduces an error, however the irreversibility of the electrodeposition of QE
may give gome Iincidental insight of the kinetics at high sweep-rate, S, of this
initial step in the overall process.

The potential "jump”, although fast, does require a2 finite time, which may
be long enough for some processes to occur to & small, but still significant,
extent. Therefore, a correction must be introduced for the time of thls sweep,
teorr = (Eh.e‘Ein) / s, where Eqn 1s the potential for the onset of the process
being examined. For surface oxide folrmaticn, Ejn will depend somewhat on the

solution composition, however it is generally about 1.2 V, and this value was

e
used in calculating'“thg t values tabulated in Ta¥le 5.1. These t

corr corr

values for surface oxide growth experiments are relatively small, on the order

R
of the shortest e imental holding times used.

- ; - ) - s s bz .
For anion adserption, the value for Z;, 1s just positive to the potential
\

of =zero charge, where this process begins; for the rather concentrated

solutions used in these experiments, this valué“ta—abugt 0.1 V, or an even more

4.,
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negative potentilal. Ejpn Wwas taken aé 0.2 V for the ﬁurpose of calculating the

toopp VElues in Table 5.1., and for en Ey of 1.400 V, gives toonn = 1.2/ 500 =

0.0024 s, which is rather long in comparison to the shortest t, values used in
. A .

these exper éntif In some of the experiments, a sweep-rate of 50V 3'1 was

used, under these conditions the t_ ... values will be 10 times larger.

Table 5.1.
Corrections, t., .., for Potential Eolding Experiments for s = 500 13‘1
0E electrodeposition anion chemisorption

B,/ V Ein / V teorr /S Bin / V teorr / S )
1.320 1.200 2.4 % 1074 0.200 0.0022
1.340 2.8 0.0023
1.360 3:2 0.0023
1.380 - 3.6 | 0.0024
1.400 4.0 "0.0024
1.420 4.4 0.0024
1.440 4.8 0.002%
1.460 ' 5.2 0.0025

For anion chemisorption; full or partial charge transfer from the eanion
occurs at potentials more positive than that for the initial physisorption, but
less positive than thoses for the onset of OE electrodeposition. This cherge
transfer reaction is spread over a relatively large potential range194’195.

Under some conditions, such as low concgntration of anions and short th,
anion chemisorytion with charge transfer is still teking place during potentizl
holding, producing an anodic current which may still be significant during

subsequent reduction of +the deposited CH. This chemisorption current

1 — b ]
-
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. diminishes with time as the anions reach equilbrium coverage, creating the
effect of an apparent increase in the reduction charge in the OC1 peal.
{ -
g In a simple reversihle surface reaction, such as OH deposition or anien

chemisorption with full or partial charge transfer, the charge at constant
potential is ig;gpendent ef time. When this reaction 1s driven to
irreversibility, the ‘charge increases with time until equilibrium coverage is
attained. It also increasesfwhen the effective electrode potential changes in
time with decreasing AR drop. Othr surface p?ocessés may also change the
eleq&ii?e surface, giving rise to changes in ucharge, for‘-example charge -
increases when part of the blocking effect of anions at the surface is removed
by their desorption, and it may alsc be affected by changes in the lateral
interactions_betﬁeen species at the surfgge.

The peak potential for =a reversible electrodeposition reaction is
independent of time or charge when this charge increases due to an increase of
free surface without 2 chaﬁge of the environment of the species at the surface,
i.e. without changing the lateral interactions between thez. For an
irreversible surface reaction, the peak potentials of:the reverse reaction, for
example the recduction of deposited OE, is aisc constent and independent of the
charge passed during deposition if the latgral interactions are small enough.
When strong lateral interaction cccur, as was shown in previocus calculsations

56, the peak potentisls will shift- with dincreasing

made in this labqratory
charge. However,'if the peak potentials shift with little chahge in charge, as

is observed in 52804 solution, a change.in the reversible potential for this
reaction must arise due to changes of the environment of ﬁhe reactive oxicde

species on the surface.

5.4. Isotherm for ' Adsorption of OE Reduced in the OC1 Peak

Since the initial deposition of OE between adsorbed anions at the surface

(OA1/0C1 peaks) has been shown {see Section 4.3.) to be a reversible process,
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it 1is of interest to to see ifan isotheém in potential can be developed to
describe 1it. Unfortutunﬁﬁbly, there are many factors which 'complicate the
measupement of the thermodynamically reversible goéerage of OF at the surface
at eny one pgfential, the most important of which are:

1. Kin;tic irreversiblity; because, even though the initial deposition of
OH At the surface is a relatively fast process, finite tim?s are

needed to attain equilbrigm coverage. ‘
2. iR drop; Dbecause the currents encountered for surface oxide formatioﬁ
at very short times are quite high (several mA), the effective

electrode potential will be somewhat lower than that appliéd. A

potential difference of a few mV can be quite significant in the

earliest stages of surface oxide formation. As the surface oxidation -

current decays, the effective electrode potential approaches that
which is_ experimentally applied.

3. Anien desorption in t;me; this effect will change the coverage of ions
between which the Oé's are being deposited.

4. Conversion of the reversibly adsorbed OH to new, irreversibly reducible
species in different states, charscterized by reduction in the 0C2 énd
0C3 pesaks. - &

Tt should be noted that factors 3. and 4. may take place over relatively
long periods of time when compared with factors 1. and 2., provided the growth
potential is low enough, since all these factors depend upon potential. When
such conditions are obteained, then the in;tial extent of surface oxide
formation, at =a given potentiaml, should remain fairly constant over sone
intermediate range in time, after the effects of kinetic irreversibility end iR
drop eare n. longer important and before anicn desorption or conversion of the
initially dceposited OH species to dirreversibly reduced states  heve

significantly taken place. Under such conditions, a quasi-reversible

L 4
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equilibrium coveérage of OH can be measured a indicated by the independéhce in

time, th .for the formation of the 061 state at low potenéials, Eh (sée e.g.
. )

Figure 4.3.3.a.).

Inspecpion of the surface oxide growth curves in 1 M HClO4 at 268 K
(Figuré“4:5.4.) shows that thare are indeed ranges of time for several growth
potentials where the extent of surface oxide formation is feirly co;stant. \?he
charges .at the very shortest times are smaller than the "equilibrium" ° charge,
a3 1is expected from the influence of above factors 1. and 2., .ahd
irreversibility sets in at longer times, but the range of time in which the
charge (corresponding to all or most of the anodicelly generated OH speciles
being reduced in the CC1 peak) remains essentially constant ié up to 2 decades
in some cases. This is cleasly shown in Figure 5.1., where I vs E profiles for
reduction in the 0C1 peak region are given for the range of holding times 0.002
to 0.1 3 a8t 1.290 V. The reductgon profiles are nearly the same; however a
small deérease in the 0C1 peak is seen as a function of time due to the & small
extent of conversion of OE species from'one state to another (see Section
4.3.2.), as would be expected.

An isotherm for the initial reversibly depesited OH with respect to
potential, under the condition.descrithed above, 1s presented in Figure 5.2.,
along with the range of holding times where the total surface -oxide charge
remains constant. Mest of the QOC1,eq. values found wé?ih\;easured under
conditions where no apﬁgeciable conversion had yet occurred, l.e. the 0C1 state
had attained nearly equilibrium coverage, but for the Q values associated with
the last two growth potentizls (1.320 &nd 1.340 V), small but significant
quantities of surface oxide were found to be reduced in the 0C2 and 0C3 peaks
as a result of the conversion process.

This behavior can be seen more clearly in the series of plots of Q@ values

for the initial)gtages of oxlidatlon at six growth potentials shown in Figure
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Figure 5.1, Potentiodynamic I vs E profiles for reduction in the 0C1 peak

n

for surface oxide grown at Auin 1 M HClO4 at 288 K and Eh

1.260 V for holding times where Qqcq remains constent (th

0.002 to 0.1 8).
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5.3.; here the 0C1 component (as Qyg4q) is distinguished from the total Q, and

it is seen that the time interval over which ro1 remaling salmost constant

progressively diminishes until, at B, = 1.320 V, Quqq just passes through a
maximum before gventually declining to a value near zero. '

4 The equilibrium situation for OC1 species, referred to with respect to the
results shown in the preceding figures, can be‘considered in terms of a
kinectic equation. The following expression can be written for the equilibrium

situation, i.e. when the rate of adsorption equals that for desorption, for

adsorpticn of OE in the presence of preadsorbed anions:

F el (1 -8)zF
ky cg,o (1 - Oy~ Oo) exP(8 Fy B) = kg Sgg cop exP =1 =8 )zF g

(5.1.)
where GA is the coverage by adsorbed anions. The corresponding equilibrium

constant is given by

k Bam Cp+ z¥F
-kJ_-.] (1 - QA - GOH) Cﬁzo . e

L

Since the surface which 1s not covered at saté}ation by CE is Just the
effective extent of blocking by anions, i.e. 9y = 1 - GOE sat.’ the latter may
’ .

be substituted in equation 5.2. and the expression may be further simplified to

glve
’ )
c -
E,0 zF QE (5.3.)
K 2 exp-==—E = ?
OF —== €%~ 37 (¥07,sat. - VOE
H .
Teleing the logarithim of the above eguation leads to
= O e = Crs.
2.3 RT O 2.3 RT . E,O {(5.4.)
E=L=—= 10 = - — logl¥ 2
zr 8 T80g,sat. - 908 ZF 8[05 CH+] -
. ~
If it is assumed that the electroscrption of 0H involves transfer of 1 e, then [
\

the ploi of log o) ¥s E, should give a slope of 59 oV per
OE,sat. ~ ©OH’
decade. However, such a relation was not found to hold for the isotherm given

Y
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in Figure 5.2. This is possibly because it was difficult to estimate the true
saturation charge for the 0C1 peak, on account of the factors previously
mentioned, and also because the charge values at 1.32 and 1.34 V are suspect
for the same reasons.

It should be mentioned that a similar treatment of the surface oxide
formation charges measured in 0.5 M H,y50, and the "anions on® situation in
mixed EClO4/HESO4 solutionslis not possible becauée the partial desorption and
relaxation of the adsorbed sulfate layer at the gold surface allows additicnal
deposition of OE, characterized by reduction in the 0C1' peak, as seen in
Section 4.4. and further discussed in Section 5.11., and also because the
conversion processes occurs more quickly at the higher potentials needed for 6E
cdeposition in  the presence of the more strongly adsorbed sulfate anion.
Surface oxide growth under "anions off™ conditions is complicated by the fact
ghat HSO4' is readsorbing during surface oxi&é formation,\ diminishing the
charge for reduction in the 0C1 peak. For these reasons, it was only possible

to treat' the data obtained with 1 M HClO4 in the above way.

5.5. The Significsnce‘gg_theﬁgjfz Relation for Surface Oxide Growth

Tt has been shown in Section 4.5.6. that the initial stages of growth of

surface oxide <£films at Au, at constant epplied potentiel, follow, for some
conditicns, & sguare-rcot law in time, th1/2 (e.g. see Figures 4.5.16. and
4.5.17.). At first, it eppeared that the initial oxide growth data for a
number of growth conditions could be represented rather generally by & th1/2
reletion before the onset of the regime Sf logarithmic growth in t,. However,
after allowapces for the initial iR effect (Section'4.3.1. and Figures 4.4.10.
and 4.4.11.) and taking intc account the point in the plots of the th1/2
relations belonging to log ty growth, it appears that the th1/2 relation only
appiies under orather restricted conditions then was initially thought, as

exemplified in Figures 4.5.16. and 4.5.17.
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An interesting aspect of these-th1/2 relations for the initial stages of
oxide growth is <hat tfxey -’se;m to be indeiegdent of the extent of the
particular types of surface oxide sp®cies at e surface, i.e. for the states
reduced in the 0C1, 0C2 and 0C3 peaks.’ For some of these relations at the
lower growth potentials. very little of the charge involved is due reduction of

oxide in the 0C2 or 0C3 peaks, but for those at higher potentisals, significant

extents of 0C2 and OC3 type. surface oxlde was found.

4

5.5.1. Common Intersection Points in the EJ/z Relations

It has been found (see Figures 4.5.16. and 4.5.17.) that some (but not

all) of the @Q Ig_th1/2 lines at different growth poténtials at the same
temperature and in the same electrolyte solution converge, extrapolate to a
common point at negative times. Since this common Intersection point for these
lines 1s found for several growth potential under various conditions, as shown

in Table 5.2., it seems likely that there is some commonality between these

relations. ;
Table 5.2.
Common Intersection Points for the Ejfz Relations
[H2804]/H E./V Intersection Point
t/s Q/ uc cm=2
0.5 1.39, 1.40, 1.41 0.0 | 0.8
£ X 1072 1.37, 1.38, 1.35, 1.40 -0.0001 1.5
4 x 1074 1.36, 1.38, 1.40 ~0.00015 5.7
4 X 1070 1.36, 1.38, 1.40, 1.44 -0.0005 5.5

The fact that intersection point is at a negative time implies thet
surface oxide growth is effectively starting at some time earlier time than

ty, = 0 and that there is some small, but significant oxide coverage at t, =0
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oﬁ the practical time gcale of holding at the growth potentliel. This is =a
reasonable, practical expectation, because of the way the experiments have been
‘done, i1.e. with a fast sweep (500 V s~y from less positive potentials to the
growth potential. During this brief transient time, there is already some
iﬁEE;EI‘dggiiiniE:ji:ace oxide formation occuring et the higher potential end
of the sweep. w-may alsc be some small quantity of surface oxide formation
in the very first pert of the reduction sweep. Indeed, the I wvs E profiles for
reduction after 0 s holding at the growth potentials show that surface oxide
can be formed under these conditioens, especiallg_that which is reduced in the

QC1 peak, since these OE species are deposited quite rapidly.

5.5.2. Dependence of the jj/z Relations on Potential, Temperature

and Sulfate Concentraticn

The slopes of the Q.Eﬁ.th1/2 lines generally .show a linear dependence on
potential, excepting at the lowest growth gotentials. The slopes of the th1/2
lines alsc increase with temperature, as is expectgd, and decrease with the
concentration of 52804 in the electrolyte solutioen, assshown in Figures 5.4.2.
and b. Linear dependence on potential of the dQ/d(th1/2) slope 1s seen in the
mixed 30104/1--:2804 electrolytes, at both 273 X and "roco temperature®, and is
similar to that founé in 0.5 M EZSO4, for which relations having nearly nearly
the same (d(dQ/d(th1/2))/dE) slopes are found, including that for the second
(longer holding times) t,'/2 slope found in 4 X 107° M E,S0, at 273 K. The
dependence on Ey for growth in 0.5 M 52504 is more positive then those found in
mixed electrolytes by about 30 mV at both temperatures. Tae first (shorter
holding times) t,'/? slopes found in 4 X 1077 ¥ H,S0, 2t 273 K do not have the
same dependence on Ehlas the other lines do, but‘is was found that surface

oxide formation undér these conditions was partially influenced by diffusion

from solution (gee Section 4.2.) due to the low concentration of H2804 in this

case. =
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The kinetics for electrochemical reactions are generally expotentlal in
potential,” rather than 1linear, as is found for this th1/2 relation ‘of the
extent of surface oxide formation. Linearization of exp(EE%) for one electron
transfer holds only for a range in potential of about 5 to 10 mV, and since
these slope; have been found to be linear over potential ranges up to 60 mnV,
these th1/2 relatlicns ceftainly cannot arise from an approximation of an
expotential dependance of growth rate on E,.

Tlectrochemical reactions which have a linear dependence on potential are
usually related in some way to capacitance or resistance, i1.e. that is the
relation Dbetween charge and potential dr field through the relation C =-%, or
some corresponding figld expressicn related to Ohm's law. TUnfortunately, there
doesn't seem to be an.obvious physical basis for the dependence of the t1/2
kinetics on capacitance.

~ 5.5.3. Possible Mecheanisms for Ej/a Behavior

Reactions which follow t1/2 kinetic relations suggest that some sort of
diffusion centrol is rete-determining, either diffusion to or from bulk
golution or surface diffusion. Unfortunately, there are problems in .invoking
giffusion +to explain the square-root relations found in this work as will be
discussed below. Eowever, it is possible that these t1/2 kinetics are not due
tc diffusion. A Xkinetic expession in which the rate of deposition of CH
depen&s jinversely on coverage will also be discussed as it can lead to &z t1/2
relation upon integration.

5.5.3.1. Diffusion from Solution

Ain adsorption reaction which is controlled by the so-called semi-infinite
-

s

diffusion of material from solution®2 12252 113 give kinetics in which coverage
increases as t1/2. Since the reactant in OE deposition is water, diffusion
from solution cen not be considered the likely mechanism; however it might be

more likely that control of the oxide growth by diffusion of desorbing anions,
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which have & strong effect on the initial stages‘of surfece oxidation, into
solution maybe the one responéible for this behavior. This mechenism might be '
used to explain the t1/2 relation in the solutions 'witﬁ the lowest
concentrations of 32804, but this behavior alsc arises in 0.5 M 32804; where no
bulk solutien concentration\gradients for HSOA" could possibly be dinvolved.
This dindicates that diffusion from the solgifon to the surface, or of anions
from the surface to the solution, is prcbebly net the mechanism responsible for
the t1/2 relation.

" Another problem with this mechanism is that diffusion control under

electrochenically irreversible condition5251

depend exponentially on poten-
tiel, and it has been shown that the t1/2 growth depends linearly on potential.

5.5.3.2 Diffusion cn the Surface

Diffusion of adsorbed species {anions or OHE's) on the surface itself is

1/2

another possible explanation of the ty relation found for surface oxidation

£ ? - - o
of gold at relatively short holding™times. Despic and Bockrisasp have treated

surface diffusion in metal crystailization, in which deposited metel adatoms
diffuse on the electrode surface to growing steps. However, it is difficult e
see how this process would apply the situation found in'the'present work. The
th1/2 relations seem to be independent of the relative contributions frem the
guantities of 0C1, 0C2 and 0C3 species that correspoéé the Q values, as
‘previous;y\discussed. " In light of this, it seems unlikely that deposited OEH's
diffusing along the sufface to mini islands of turned-over 0C3 states give rise
to the th1/2 relations. £lso, the growth of the 0C3 species seems to be nmore
impertant in the logerithmic relation rather than the t1/2 one.

-

Free surface diffusicn of OE species would be asscciated with a diffusion
constant of the order of 1070 m? 571, At say 9y = 0.1, the edsorbed O
species are only on the order of 1 nm apart on the average. Hence, on the

basis of the Einstein equations, their root mean sqaure displacement time would
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be ont the order of 10‘7 to 10'8 S. This is 4 to 5 orders of magnitude smaller
than the smallest timés involved in the th1/2 relations. Hence the 2-
dimensional free diffusion of OE species, as in liquid water, cannot b;
responsible for the experimentally chserved th1/2 regimes.

However, it must be recalleé that the 6H ;pecies are electrosorbed at Au
and hence in a state of chemisorption on the variéus sites of the’ Au surfece
1atticg.., Hence- & Gibhs activation energy AG°+, additional to fhat'for the
displacement amongst solvent molecules at the surface, wiIRll probably be
iﬂGolved. In order td account for the time scale involved in the th1/2 growth
region on the basis of a activated surface diffusion, the G—°+ would have to,
be ca 30 kJ mol~1, from exp (- &G°+/RT} 2 410”2, This seems to be a quite
realistic figure in felgtion to the expec&ed order of magnitﬁde for the

che@;sorptive bond energy of a metal such as Au.

5.5.3.5 Rate Inversely Proportional to Coverage .

A rate expression which depends inversely in 'coverasef i.e. with =a

negative order in 6, could be written as: . J
29 - ke : " {5.5)

-

This integrates to an equation in which coverage depends upon t1/2. Thus

6% =k (t +1) )
T ek (e )2 ' | . (5.6.)
where T ic an'integration constant. It seems logical thet’the rate of surface
oxide formaetion would decrease as the coverage inereases, and 1/6 epproximates
to (1 - 8), or free_space at the surface, at sufficiently low coverage values.

If the integration constant, , 1is sufficiently smell (on the order of the’
smallest holding times used, 0.0002 s), then @ should very explicitly in £1/2
and the deviation fronm linearity of the t1/2 relations should not be
significant.

One of the problems with this mechanism 3s that the rate constant, Kk,
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would be expected to depend exponentially on potential rather than lineerly, as
‘was experimentally found. Another problem with this mechanism is that is does

in-%%, 6 refers only to the coverage of OH or

not_account properly for anions;
b species being formed only, but in k/6, & term should be related to coverage
by everything at the surface, i.e. surface oxide spe~ies and chemisorbed
anions,.whose coverage ls decreasing as a function of time.

It should be noted that-the so-called "parabolic law" for oxide Jfilm
growth was ;ne of the results of the original treatment of Mott end Cabrera?l.
This law, corresponding to an increase of film thickness, =x, with t1/2 ‘at
censtant potential{ arises from integration of = rate law' for dx/ét that
expresses dx/dt as proporticnal to x“1, i.e. to the field operating scross the
growing film, which progressively decreases gs the £ilm thickeéxns. It is thus
anglogous in form +to equation 5.5.‘ Such a growth law iz based on field-
assisted migration of metal ions across the growing film within which the
homogeneous field is assumed to exist. Thus, the Mott-Cabrera "paraboiic law®
can only apply to compact multilayer films and -cen hardly be e;pected
physically to represent the kinetics of surface oxide érowing at' geld, where
the t1/2 law sapplies already to films corresponding to 5 to 50 % of—‘a
monolaﬁer, before even a full nominal monolayer is estabiished. The only.ﬁasis
on which a Mott-Cabrere "parabolic iaw“\could concelvably arise under these

conditlens would be if the initial stages of oxide film growth at Au involved

relatively thick, bdut small, islands of oxide._material, with remaining patches

ad -

of metal remaining bare except for chemisorbed anions, <golvent and possibly

some 2-dimensionally chemisorbed O species. Howevery none of the other
aspects of sub-monolayer oxide film growth at Au, charaqterized in this presemt
work or inlthe'previous related works'e, gives eny indications that thé initial
stages of surface oxide film growth gﬁ/Au procees by an island development and

thickening mechanism, Eence the Mott-Cabrera mechanism cennot apply in this

-

Q@
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case despite the formal identity of the t1/2 law that arises from their
mechanism ’and i% observed in a general way here. Note also that the Moti-
Cebrera "parabolic law! should give growth rate slopes, dx/dt1/2, that are
szaggsﬁg%gl rather than linear in field or potential except under the unlilkely
conditions thﬁt the field across the £ilm is small enough for Tafel-tyﬁe
expotentials in the field or potential.to be linearized.

It seems that. the film extention law §erived above, éased on & rate
equation in d6/dt proportional to 6~1, or limitingly to 1- 8 (671 -> 1-6 when
0<< 1), is formally similar to the Mott-Cabrera "parabelic law", but the
physicael conditions fg‘"which the two rate equati&ns apply are entirely
different, except for the rather unlikely case of small island growth referred

to above. : -

5.6. Oxide Growth at Constant Potential: General Features

In Chapter IV, a number of examples of oxide growth plots in log t,, were
presented for different electrolyte solutions, temperatures and especially for
a range of controlled constant potentials, Eh; at which the oxide film was
grown for times, t,, from 0.0062 s to0 5 5. Several general features of these
growth curves are/EF be noted . as illustrated schematically in Figure 5.5.

f?irst, an iﬁf&ial growth region, I, is observed that involves, for short
times, passage of relatively high current d?nsities, ca. 5 tc 10 ma cm‘z.
However, analysis of this region (Section 4.3.1. and Figures4?;4.10.a. and b.)
shows ?hat these growth rates, as currents, are initdally constant with t, ;nd
increase linearly with Iy, indicating that the OH deposition process is, in
fact, ohnicelly controlled. Hence, ‘this region of growth curves has no
fundamentel significence in understanding the electrochemistry of the growth
Drocess. That it ig not mechanistically ccmnected with the growth process is

indicated by the observation that the initial regions where Q is linear in

are independent of whether the experiments are conducted with "anions off"-or
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Figure 5.5. Schematic representation of the course of surface oxide growth

plotted as a function of log t, at a given potential, Eh.

Region I: growth controlied by iR effect, dependent on
experimental cell arrangement and conductivity
of the electrolyte solution

II: transition region to log-th regime, which plots

linearly with th1/2 for some conditions.

ITI, IV: regimes of log t,, growth
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tgnions on" ﬁhe electrode surface.

¥hen these initial, i1R- cqntrolled.currents have declined, under some
cogditiops (for relatively low growth potentials), +*he growth continues in
‘stage ITI according to thehsquare-root relations in t,, the slopes of which
increase approximately linearly with E,.

Probably the most imporiant behavior is that which grises in stages 1III
and IV, where the growth enters, and contiﬁues in, a2 logarithmic regime in th"
the slopes of which (especially region IV) are almost independent of the growth
potential, so that the growth relatioﬁé in log %, at different E, become almost
parallel (curve section IV) over an appreciable range of potentials, until the
ocxide layer becomes a thicker phase oxide and Mott-Cabreras type "high field"

film growth determines the kinetiés of further film extention.

l'\'
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5.7. Logarithmic Surface Oxide Growth

5.7.1. Oripns of the Logarithmic Growth Law

.At longer holding times and/or éreater extents of surfacé oxidation of
gold, a growth law which is directly logarithmic in time takes over from the
initial linear in t, and later t,'/2 relations (Figures 4.4.10a. and b. and
4.5.16, and 4.5.17.), as was seen in previous work from this laboratory by
Barnetts. This change in the mechanism of surface oxidation arises when the
turn-over process and quasi-3-dimensional phase oxide growth, characterized by
reduction in the 0OC3 peak, Dbecomes the major process after the initial OCH
deposition step. The direct logarithmic growth law was well established ét Pt
electrodes by previcus work in this 1abora§§ry26'2oo, from -"low subtmonolayer
coverages, contiquing into multilayer formation. Eowever at Au, initially
'growth does not follow a logarithmic law, as was aready discussed in detail,
énd the subsequent growth exhibits two logarithmic regions in time.

The problem with kinetics which ere directly logarithmlc in time 1s that
they can onlg ‘arige from kinetic expressions that gare zero order in OH
coverage, .thus those containing © or (1 - 6) as the usual pre-expotential term
in the rate equation for & surface process do not integrate to log ¢, but
. 7ather log © or log (1 - @) as a2 function of time. fb |
The only type of kinetic law which integrates to give log t 1s one in

which the driving potential is modified in time by the increasing extent of

coverage by species at the surface, so that there is a change of the
interfacial potential across the "layer" rather than lateral interactions,

between the adsorbed species133. When lateral interactions are predominant,

so that the rate constant is exponentially dependent on §, an expresion of the

form

%% =k exp (-g ©) - (5.7.)

arises, where g is a 2-dimensional lateral interaction parameter or some term
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of equ;vaient significance. This equation may be integrated to give

o, = &1 In(t - ¢/k) + 1n(ke) : (5.8.)
where C is an integration constant. Then, _for t >> C/k, it is seeh than 6,
ihcreases' logarithmically with  t in a 7relation Thaving a slope
d6,/d(log t) = g1, “This is an interesting and significant result, since it
indicates that the slopes of the Qxxg_log ﬁh plots are determined no; vy
potentisl, but by the chemical interaction parameter, g. This behavior is what
is experimentelly observed in a general way, viz. that once the c¢xide film
growth egters the logarithmic region (e.g. see Figures 4.4.9.a., b., c. and &.,
4.5.4.ané 4.5.15.), the slopes of the resulting grow are semi-quantitgéively,
if not exactly, constant within each of the two distinguishable log t, parts of
the growth relations, for a range of growth potentials, E,.

The treatment according te éqﬁations 5.7. and 5.8. 1is, however, only &
semi-gquantitative approach to tﬁis problem, and no completely satisfactory

explaination of a direct log t growth law has yet been made.

5.7.2. Slopes of the Logarithmic Growth Relations in Time
1

Svaluation of the slopes of the logarithmic regions of the oxide growth
curves leads to the plots shown in Figures 5.6. and 5.7. It is seen that thé;e
are.significant ranges of potential, Ey, for which the slopes, dQ/d{log ty),
are independent of &, although in 6ther cases, e.g- 1 M HClO4 with 4 X 1074 M
32504, the slope exhibit a dependence on By . Generally there are two
—distinguishable ranges of slopes of the Q ys log iy growth plots, the slopes
for lower range of log ﬁh have higher values than those which are found for
these relations at the higher range of times. This may be easily seen
qualitatively by inspection of most of the Q vs leg &y, curves themselves.

For the mixed electrolytes, the groups.of values are dependent on

temperature and someﬁhat on the added sulfate ion concentration. -

At 15w potentials, there are some difficulties in deciding which points
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Figure 5.6. Sloges of the Q vs log 12N surface oxide growth curves,
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belong to the intermediate th1/2 (region II) and which belong to the beginning
of the {first logarithmic region. Atteﬁpts to derive resclved components of
Qigtarr i-e- Qg2 and*ros, as a function of log t), and plot thelr slopes were
not ;ery produétive, as there are difficulties in reliably resclving the charge
components for a range ¢f E, values due to overlapping of the I vs £ profiles.
Fowever, regions of approximately constant dQyp./d{log ty) and oncs/d(log ty)
were found. '

The numerical values oft the slopes dQ/d(log ,) for the total oxide species
were ca. 75 - S0 mV per decade for the first sectlons of the log ty plots and
ca. 40 -55 mV per decade for the second, which enables, in most cases, the two
regions to be clearly distinguished. Generally, with the.limitations referred
to above, the range of slopes corresponding to higher Q and log t, values
reflects the growth behavior mainly of the 0C3, quasi-3-dimensional phase oxide
{the turned-over species). Identificaticn ¢f the first, higher valued slopes
region with growth of the 0OC2 species to their saturation coverage values 1s
more ambiguous, and the curve resolution problem prevents more definite

resolved charge pleots to be made, as was previously indicated.

5.8. Conversion of 0C1 to 0C2 and 0C3 Species IEEl Relation to

Displacement by Sulfate Ion in "Anions Off" Growth

The O0C1 peak for "anions off" growth In 1 M EClO4 with 4X10'4 M 52804
shows a clear and easily measured decrease with time. Unlike the decrease of
the charge for OC1 in 1 M HCIO4, which is due meinly to conversion tb 0C2 and
especially OC3 species, the decrezse found for "anions off" growth in mixed
electrolytes is complicated by displacement of surface o;ide by the

readsorption of 5042_

at the Au surface. Therefore, only part of the OC1
charge lost actually corresponds to conversion of the OC1 species to another
state of the surface oxide specles, In order to examine this phencmenon,” the

conversion charge, will be defined in the same way that it was for 1 M

onn .
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HClO4 (see Section 4.3.2.), that is as the maximum charge for the O0C1 peak for '

-

a particular growth potential less the OC1 charge at a particular holding time

after the charge under that peak has begun to decrease:

Qcon- = QOC1 ,ma_x‘(E) - ro-1 (E,t)

Unfortunately, during "enlons on" growth, as also fo the case of 0.5 M H2804,

the decrease in the charge for 0C1 is not easlly measured because the O0C1!
~

state (Figure 4.4.2.) cannot be separated from the OC3 peak as the 0C1' state

disappears. For this reason, only the conversion and displacement of the 0OCH
specles in the M"anions off" growth regime will be discussed.

Figure 5.8. shows Q

5

1 M'H0104 with 4X10_4 M H2804 at 300 K for t, between 0.002 and 0.5 s. These

con. eveluated for several growth potentials for Au in

‘curves, unlike those for Au in 1 M EC10,, have a sigmoidal shape. This is
probablé becauée of the influence of readsecrbdbing 5042‘ anions, since the extent
of b%epking of surface oxide formation, as a function of th at 1.2 Vv (Figure
4.2.2.), =elso has a sigmoidal shape when plotted vs log ty - Conversion and
displacement of gpecies in the OC1 state seems to begin at about 0.005 s for
the various potentials studied. Qcon. increases with pctentlal as a result of
the inecrease of QOC1,max. with pctential until it reaches its maximum possible
coverage.

Figure 5.9. shows Q0C3 - Quon, for some of the conversion charges recorded
in Figure 5.8. Unlike the results for 1 M ECL0,, most of these values are less
than zero, which clearly indicates that electrosorbed OE in the 0C1 state must
be actually displaced by anion adsbrption. These values initislly decrease
with increasing <o, end potential, as more 0C1 chargg is lost on account of
anion readscorption, but éventually they increase as the 0C3 charge (coverage)

increases (Figure 5.9.). This situation is much more complicated than that

.

found in 1 M HClC4.

Figure 5.10. shows Qcon. and Figure 5.11. shows QOCS - Qcon. as a function
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‘coverage by this species, referred to in Section 5.4. V4
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N

.of log t;f\?éi Auv in 1 M EC10, with axio™4 M B,80, at 1.340 V for the three

3
temperatures of the experiments. The .time after which conversion of 0C1

species begins (Figure 5.10.) decreases with increasing temperaturey probably
because 8042' readsorbs, ‘of course, more quickly at higher temperatures.
Again, 1m0$t of the Qocs - Qeon. differgnces are negetive, ?nd this trend
becomes more pronounced with decreasing temperature, since growth of the 0C3

specles is slower for such conditions.

5.8.1. Growth and Conversion at Low Potentisls
As Qas indicatéd in schematic Figure 5.5., several regimes of oxide film
growth can be diétinguished inthe log ty plots. At low growth potentials, it
is’ interesting to shqw how she time-dependence of the CC1 state .depends‘ on
8042' (HSO4"} concentration in 1-M HC10, for four E, values (Figu;es SZgg.a.,
b., «c. and.d.)" Thé guantity of OC% sﬁecies decreaseé from its initial wvalues

’ .

ter times that are much shorter with higher concentrations of sulfate snions.
When the decrease of 0C1 sets in, the total oxide species, Qtotal in Figures
5.12.a., b., c¢. and d., increases. Note that in these figures, the initiesl,

iR-influenced data points (Section 4.3.1.) are not included. These sulfate-

and potential-dependent decreases ‘of the 0C1 specles correspond to_7 the
- r - - ) /
conversion process previously described in this section. In sulfate-free M

H0104at twe lower '5_,‘1,1 values, it is easy to identify the constancy of the 001

charge’ over a large range of t,, corresponding to attainment of equilibrium

5:.9. General Discussion of the Hechanism.gg_Surface-Oiidation‘gg‘Gold
Here =a concluding representation will be,given for the mechanism of the

initials stages of surface oxide formation at gold, which 1s zn extention of

some initial iceas developed by Barnetts's in this laboratory.

: 2 .
In particular, a mechanism for the initial stages of OH deposition, taking

into =account the effects.of co-adsorbed anions, was proposed or the basis of
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recent shtudies of the oxidation of the Au(111) single-crystal surface by

Kozlowska et a1.194’195 for the cases of HCIO4 and H2304 solutions. It can be

\.
formalated in a formal way as follows:

Prior chemisorption of the hydrated anion (Ahyé) with charge-transfer

at potentials less positive than that for onset of OH deposition:

M o+ Ahyd_. bt Mz, x A'.(Hzo)‘}. (5.9.)

My, Ao (Hp0)y T My, A-(H0)p + e (5.10.)

with the tetrahedral anions, C10,” or 50,%” (HSO,”), adsorbed a trigonal (M)
sites on fie metal surface lattice {e.g. for (111)) and x other sites +to
accommodate the hydration water of tﬁe anions. It should be noted that perhaps
‘somewhat more or less than 3 metaf sites may be éssociated adsorbed anions on
the 1less 1ideal polyerystalline surfaces used in the present experiments.
BEquation 5.10. represents the chemisorption of A7 with charge transfer that is
observed experimentally194’195 in almest reversible cyclic-voltammetry peaks
prior/‘ég onset of OH deposition. It is also clearly 1llustrated in the
thergodynamic isotherm discussed in Section 5.4.

The very initial stage of dH deposition arisgs from the water molecules

{marked H,0 below) hydration-bound to the chemlisorbed anions in a charge-

tranafer step represented as:

M,y A-E0.(BpO)y q To=o Mg, [A.0H]™™ (Hp0) 4 + B + (1- Y)e
(oc1)

(5.11.)

giving an ¢lectirosorbed OE adjacent to an aniom, A, with 2 net partial charge,
}/', and the OE probably H-bonded to A (note A is an oxyanion radical} and alsc
to the surrounding HQO melecules. Equation $.11. corresponds to initial
dischargg of OFE amonst adsorbed anions (as menticned in the Introduction), and

probably in a sub-lattice arrangement of of chemisorbed anions on the surface.
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The formation of the very initial state of 0H, given as [A.OH] Y', is to be
ldentified as that observed as the reversible OA1 process and its conjugate
cathedic process, 0C1.

The situation for OH deposition in the presence of the more strongly
adscrbed sulfate lon is more complicated than that for the weaker ﬁercilorate.
This is because the ads;rbed anion laye: "relaxes" as a function of time, after
some deposition of OH,. to a2 new quasi-equiliﬁrium coverage in the presence of
adsorbed OH, giving orise to_OH species-at the surface with a slightly lower
energy, charact\? zed by shifting of the 0OC1 peak to less positi;e potentials
and the appearancen of the new the 0C1' peak, which shifts dramatically in
potential as coverage increases. This tehavior was described in Section 4.3.
and will be explained in greater detail in Secticn 5.11.

Further changes in the electrosorbed layer of 0C1 type specles then arise,

leading to free MJE species (identified with the 0c2 species) and turned-over

states, OH.M (identified with the 0C3 species), as follows:

Mz, x [A.0B] V7. (HpO)o g + (1-¥)e — Mz o+ Apgq™ + MO (5.12.)
- turn-over

OE.M (5.13.)

(0C3)
H,0
“>MOE + HY + e (5.14.)
(0C2)

The  transformation of 0C1 species (0A1/0C1 peaks) to other states on the
surface (0C3 and/or 0C2) is a relatively slow process as has been demonstrated
experimentally, as described in Chapter IV.

As was discussed in Section 5.4., the process shown in equaticn 5;12. may

be slow at relatively low potentials, since it depends strongly on electrode

potential. It should alse be noted that, since the anions lose charge during
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chemisorption, they must regain that charge during desorption; ¢this will be
_discussed 1in Section 5.10. The adsorbed anions stablize the  deposited OH
séecies in the high energy OC1 state, prevénting the replacement: turn-over
process from occuring until the anions have become desorbed. When anions are
not‘present_at the surface, the remaining OH's which have not been turned-over
will hé&ve a lower energy state, ana are characterized by reduction in the 0C2
peak. -

On the principal index planes of Au, there i1s someiimes two or more 0C2
type —peaks, and this ©behavior i1s thought to. correspond to two or ;ore
'éub}attices of OE at the surface194; However, at polyerystalline wires, which
are ﬁore disordered on an atomic scale (the'I vs Eiprofiles in 1 M HCID4
actually closely resemble those observed for Au(210),.which is the Miller index
plane with the highest degree of microscopic roughness), it is not possidle for
the 602 species to be adsorbed in such an ordered fashion on such a surface.

As the anions Yecome desorbed, destablized patches of surface with
deposited QH's, are left behind whgre the turn-over process can taxe place,

MOE MCHE --> MOH OHM (5.13.)
producing more stable speciles that are reduced in the 0C35 peak and give rilse,
_experimentally at least, to the log ty, relation and the formation of a quasi-3-
dimensional phase oxide pre#iously discussed. This process 1s based on the
change of energy\from that of a metal-to-0E dipecle in the initial state, M-0H,
at the surface tg the final turnmed-over state, OHQH, where it is more stable in
the electrode fileld. This would give rise to the field dependence of the rate
of the form 2xp{(E/d)u /RT), where d is distance from the surface over which
the po%ential E falls and 1 1s dipole moment.

The turn-over bprocess is the main growth proeess at Au electrodes for
longer times and hlgh potentials, as measured by the charge under the 0C3 peak,

and continues with_formation of multilayers, as shown in previous works from
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this laboratory. Further oxldation of Au alsc involves the passage of a second
' electron, producing O from the OH specles, which corresponds to be the process

giving rise to the CA4 peak; this peak is especially well resclved at the (111)

plane195.

1

‘ 5.10. Charge Transfer in Anjon Adsorption
Recent work by Angerstein-Kozlowska et. a1,194,195 iﬁdicated that eharge
transfer 4is involved in the chemisorption of anions at gold surfaces and was
found to be aproximately 1 e per adscrbed ion. This idea is further supported
by the examination of the effect of relatively slow adsorption the sulfate
enions (holdiﬁg at 1.2 V) in mixed HClO4/stO4 solutiqns has upon the cathodic
I vs E profile for the double-layer charging region (Figure 4.7.2.a. and Table
4£.7.1.). As gregter coverages of adsorbed gulfate are attained at longer
holding times, more cathedic charge is required to reméve the chemisorbed
sulfate radicals at the surface to negatively charged anions in solution;. this
effect 1s manifested in the larger currents being observed in the cathodic
sweeps between 1.2 and 0.7 V. | ‘ .
Inspection of I vs E profiles for double-layer charging in 1 M HClO4 and
0.5 ¥ 52804 (Figure 4.7.1.) shows thét considerably more charge is passed in
HZSO4, as was dlscussed in Section 4.7., indicating a large coverage of ions at
the surface in this solution. The double-layer cépacitance for gold in the
absence of any charge-transfer due to chemisorption of anions may be considered
approximately 24 uF cm'2, which corresponds to the minimum in the I ys E
profiie for 1 M HClO4 at about 1.0 V. The currents in the double-layer
charging region (E < 1.0 V) which correspond to capacitances gréater than this
minimum value may then be integrated to give the charge involved in anion
" adsorption. Charges of 10 uC em™2 ard 251:C em™® were found for anion

adsorption in 1 M HClO4 and 0.5 M H2804, respectively:JL which correspend to

ratlos of adsorbed anions to gold surface sites (assuming 1 e/ion) of 1:20 for
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€10, and 1:8 for 50,°~ (HSO,7).

From the radiotfacer results of Horanyi et 31.105, a ratio of adsorbed
sulfate to gold surface sites may be calculated by assuming 2 Langmuir isotherm
And using the surface concegtraticns reported for the concentrations of 32804
used in that work and extrapolating to 0.5 M H2504. A ratio of 1:27 was
obtained, however, the technique used to measure the electrode surface area in
the radiotracer work gives considerably higher values than the Burshtein
method245 used in the work described in this thesis, so the number of surface
sites in the above ratio is probably too pigh, but it is unceréain by how much.

It is important to discuss the chérse transfer involved in anion adsortion
with respect to shrface oxide formation, bechuse, with increasing extént pf OE
deposition, ‘the anions become desorbed in time, requiring ce. 1 e/ion. This
cathodic charge, due to anion deseorpiien, decfeases the measured charge passed
during surface oxide formation with respect tc that due to the sﬁrface
oxidation process {OE discharge) alone. Howevér, the charges due to anion
desorption may generally be ignored, because the blocking area of the, anions
and their water co-spheres is so relatively large, that many OH's (10 to 30:1)
may be deposited for the desorptien of any big hydrated-anion such as HSO4: or
0104'. 4

5.11. The Relationship Between the Isotherms. for Adsorbed Anions and OH

In the discussion of the mechanism of surface oxidation of Au, given in
Section 5.9., the role of co-adsorption of OH with already chemisorbed anions
was stressed. In orcder to discuss the earlies£ stages of surface oxide
formation at gold, it is necessary, therefore, to have some understanding of
the energetic and time-dependent relationship between the coverages of co-
adsorbed anions and OF specles and thelr asgcciated isotherns. This is
especially true for more strongly adsorbed anions, such as sulfate.

It is well lmown that isotherms for anion adsorption with and without the
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influence of co-adsorbed OH are considerably different, as is also reciprocally
the case for QOH adsorption w*th and without the influence of anions. It has
already been shown, through the present results, that anions desorb as =a
function of time after some initial QE is depcsited, actually allowing further
deposition of OF (according to equatien 5.14.). This indicates that there must
be a continuous readjusiment of the Gibbs energles for the co-adsorbed anions
and OH's with respect to each other, becoming more favorable for OF and less
favorable for anions with increasing time.

For this preferential electrcsorption of CH to occur, it is necessary that
tﬁe elechrochemical Gibbs ene;gies for both anion and O adsorption both
inerease with potential, since both processes involve charge transfer, but one
at greater rate than the other. This is qualitatively iilustrated in Figure
5.13.a. for Gibbs energy vs potenitial and in Figure 5;13.b. for iéotherms.

The 1line for OE deposition Is shown with a steeper slope than that for
anion adsorption {((1) stfongly7ads$}bed, {2} weakly adsorbed) so that, with
inereasing E, OE geposition predomina#estéver anion adsorption. The slopes
differ for OH and anion adsorption due to an asigged’hégggter degree of charée
transfer for CE than for anicn chemisorption {ség below).

At relatively 1low potentials, ‘anion adsorption is favored (equation
5.10), but above some critical Qotential for onset of oxidation, associated the
reversible OA1/0C1 peak, OH deposition must have a more favorable energy, since
it depends evidently more strongly on potential as illustrated in Figure
5.13.a. This stronger dependence on peotential can only arise from a greater
extent of charge transfer being associated with OE deposition relative to that
for anion a&sorptiOn, owing to either or beoth of the following factops:

1. greater electrosorption valency, v , for OF deposition than the enion

adsorption (Yog > Y,),

2. gréater effective coverage of the anion and its asssoclated water with
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- respect to deposited BH; e.g., a sulfate ion covers at least 3 sites

for OH deposition at AU. ~
A . )
As represented in Figure 5.13.2., <the onset of reversible OH deposition

.deﬁends - -the  strength (Gibbs energy) of anion adsorﬁtigﬁ,\ observed

r

experimentglly in theu0A1[OCﬁ peaks which arise at leas positive potentiels in
more weakly adgorbed anions, like perchlorate, or at more positive potentig;s
at higher anien concentrations, i.e. greater qumicalvpotentials. e

*In the.presence of the OE's introduced at the surface amongst the anion

v
lattice, the previcusly adsorbed anions are rendered unsigble (or meta-stable)

- and become desorbed in time; then, as anions are removed frqm the surface, the

Gibgggrenergy of the OE species'at the surface is reduced, which is manifested
< \ '

experimentally as the re&hgtion of these species at lower energies in the 0C2

peak at less-positive petentials. - e
. ‘wﬁ 1
In terms'of adsorption isotherms, this situation is repesented in Figure

}5.13.b. Eere thg\ curve labeled CC1 (a) is’éhe isotherm for the initially

deposited OH:specles amongst anicns but, “with time dependent increase of O

“

deposition, Isotherms (b) and (c) epply with different Gibbs energies of
adsorption. Simultaneously, due to a {utual interaction effect, the isotherm

. -~ j :
for anion adsorption 1s changed frgm curve (x) %to curves (y) and (z)

corresponding ﬁo,{b) and {c¢) for OC%/éype OE species. Thus, increase of OF
deposition becomes - aSsociétéd with| decréase of anion.quorption accerding to
the di?éctioﬁ of the' two shorter arrows shown. As anions become desorbed with
increasing 0H coveragéﬂ the state of CH's becomes eventually reéresented by the

isotherm '(d] for OH, corresponding to .the 0C2 state. -

~ -

The mechanism for sulfate desorption is probably somewhat different from
y

L .
¥hat for perchlorate. The I vs E reduction profiles in 1 M HC1C, show an

isopotential ‘point (Figure 4.3.4.) which is not observ@, in H,S0, electrolyte

(Figure 4.4.8.). Also, the OC1 peak does not change’ in potential with coverage'

N . —
: o
Ex ’ a

Y-



in HClO4 nearly as ruch as it does in H2504, and the OC{' peak is only arlses

iﬂ 32804. It 1s suggested. that the 0104" desorbs more or less in those reglons

{ of the surface where the tuwrn-over process ocg¢urs and resultant 0C2 spécles are

left, but the desorption of sulfate is a more complex process.
‘When OH 1is deposited amongst afisorbeéd sulfate at the surface, the free

energy ofwkhe 2-dimensional joint system of the co-adéofbed anions plus OE's is

changed and a non—equilbrium_situation is then generated, especially at
somewhat higher potentials. Aftér some significant coverage By OF as OC1
specles have veen denosited'(curve 4, Figure 5.14.), the coverage of the joint
QH + anions adsorbate system is above iis equlllbrlum value for thau pouential.
This unstable situation {curve b, -Figurg 5.14.) is then relieved by desorption

of some of the anions (decejfing arrows from curve b to curve ¢) with a time

>

dependent readjustment'uéf'tﬁe comoosition.of the adlayerm i.e. change of
-coverages, to corresnond to te the jeint isothe"m (cd®ve ¢) for adsorption of A

in the presence of co- adsorbed OH reo“esenting thermodynanica.lly, a new quasi-

equilibrium state of the systenm at the elect;ode surface, As relaxation of the

energy of the surface f£ilm of 0E and anions takes place with anion adsorption,
g
an increase of OH coverage is allohed, gt the same elecurode potential. This

rather complex si?uation is 1llustrated qualitatively in the series of curves

\

in Figure 5.14.
The new quasi-equilibrium state that tends to be reached, is

characterized by reduction of the co-adsorbed QH in the 0C1' peax. As the
' b

sulfate become desorbed, further OH deposition beccmes allowed, causing further

¥

.
~“desorption of the ions and corresponding relaxation of the system of co-

. B - te
adsorbed OH and anions in time. The energy of UH at the surface is alsé

S

decreasing with time, as indicated experimentally'iggthe way the O0OC1' peak
shifts negatively in potential with increasing-QE coverage. Therefore ., this -

process involves a confinuouﬁ time-dependent readipstmént of the composition

] .
N - b . _ . . =

N
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Plgure 5.14. Qualitative isotherms, © vs E, for the relation between adsorbed

sulfate and deposited OE and the time-dependent relaxatlion in

200N the joint isotherm.-
Y .
1 . ~ -
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and structure of the co-adsorbed OE and anions, in which no true equlibrium

situatien is achieved. . F -

5.12. Conclusions

1. The initial stages of surface oxidation at Au probably involve. OH rather
than O specles. f 0 species are generated from OE specles in the OA4 peak
after formation of aﬁhroximately a monolayer of OH.

2. An elettrosorption isotherm for the 0A1/0C1 type OH speéies in 1 M HClO4
can be constructed for conditions in time a;dﬁ§o£ential where the charge
associated with this peak'is shown, experimentally to'be almost coné%ant-.in
time.

3. At the earliest times of-growth,. for t, < 0.002 s, the QH deposition
kinétics are sufficiently rapid that the current  for -the 0)31
electrosorption 1is iR controlied leading to lznear increases of Qup with
tiﬁe having gleopes proporéionai to potential (Ohmic behavior).

4. A th1/2 relation'for the initial stages of surface oxide gro:%h at Au has
been found under certain conditions for the relatlively short time fangé
before the well established log t relations set in: These th1/2 relations
were Tound under,seferal conditions, i.e. different concentrations of HZSO4
and tempg?atures. However, careful examination of the relations between the

v

apparent th1/2 region and the initisl iR-influenced growth and the reglon

where growth takes place logarithmically with time, shows that the £, 1/2

region really represents a transition region to logarithmic growth.

-

The slopes of these th1/2 lines, dQ/d(th1/2), depend linesrly on
-

potential, rather than exponentially as would be the case for a charge

transfer process displaced from egquilibrium. The t$1/2 relatipn in ;d&ﬁgce,
N i
oxide growth may be formally descrided by either surface diffusion or . K a

rate which is inversely proportional to coverage, %%-= k/@, but neither of

¢

these  explanations is completely satisfactory. .

-~

1

ha
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The initial stages of surfaceboxidation at Au involve the following

-
v

processes: :
a. electroéorption of ' anions at potentials Eeiow the range for (QE
.deposition; |
b. deposition of OH's amongst adsorbed anions (0A1/0C1);
¢. ‘time-dependent descrﬁtion of the anlons due to the deposition of.
QH's;
d. turﬁ-over of the MOE at the surface (0C3 peak in reduction); aﬂd
e. CH's - remaining on the surfzace (0C2 staté in reduction). i
%
Anion chemisorption involves some charge transfer, so that the negative-
charge must  be regained as the anlons desorb from the surface diring
continued OH deposition. N
An  important relaticnship exists between coverages and energlies of the
co-adsorbed anions and 0H's, through their associated isotherms, which
leads to time-dependent desorption of anions anq relaxation of the adsorbed

anion layer, especially for sulfate ion, where non-equilibrium condii‘ens

are obtained.
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CLAIMS TO ORIGINAL RESEARCH

9 .
It was found that adsorbed F~ has a larger blocking effect on the initial

stage of surface oxilde ﬂpfagzzsn at than 0104', but not as large that

of the sulfate ion, furtha:uj?at the value(?fithe 0A2 peak potential in HF
X
is between those at the same sweep-rate foQ\HC}O4 and 52504 electrolytes;

: : \

hence the relative strengths of adsorpition of these anilons 1is
- - - - /

SO4 (HSO4 ) >FT > ClO4 . , . /

Special techniques were‘developed using a dilgitel cscillosceope with a

computer to allow the precise measurement of very low coverages {down to -

0.2 % of a monclayer of OH) with surface oxide after growth periods as

P

short as 0.0002 s. )

The kinetics of sulfate adsorption in mixed HClO4/HZSO4e1ectrolytes was

examined by its blocking effect of surface oxide formation by using a

N

special petential-time program.

The role of adsorbed sulfate in the surface oxide formation was studied in

- mixed HC104/H2304 electrolytes with a gpecial potential-time program in
-

which .the potential was held at 1.2 V for either 0 s, to minimize sﬁlfatel
adsorption at thé electrode surface_(“anions of £" gsituation), or 1 8, to
allow near-equilibrium coverage of1su1fa:e (“anioi? on" situation). This
effect was characterized by blocking of the initia peaﬁ of anodic I vs E
profiles and & diminishing of the formation of species reduced in the 0C1
Séak in growth -type experiuents. | !

The kinetics of the conversdon of the inifial reversibly genééated state
of surface oxide té states cha;%cterized by reduction in the 0C2 and CC3
peaks‘was investigated in 1 ¥ H0104 and:mixed electrolytes.

Surface oxide growth was examined in mixed_elect?olytes wder conditlons

where zanions adsorbedé at the electrodejpurfacé before surface oxide was

grown was minimized ("anions off"™) or allowed “to reach near equilibrium
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+
.

coverage ("anions on'). The "anions on" growth initially resembled that
in H2804 and that for "gnions off" resembled that in HCIO4 without 32504,
but during T™anions off" growth, time-dependenf adsorption of sulfate
displaced some of the revq;sibly gene{ated OE species at 'the surface,

causing a decrease in total surface oxide cﬁhrge in time.

The I ¥s E profile for the -double-layer charging region in wmixed

HCJ.O4/EZSO4 electrolytes, unlike those for 1 M HCIO4 and 0.5 M.H2804, was
not found to be symmetrical, and the charge associated with the cathodic
profile was found to increase with holding time at 1.2 V. Thi; irdicates
that there is some partial'charge transfer during the time-dependent anion
adsorption in these mixed electrolytes.

It was determined that roughening of Au electrodes using rapid potentisl
eyeling occurs only if some turned-over oxidé was formed. It was also
found that Au is more effectively roughened in H,;80, solution than in
HC10,. -
An isotherm was developed for OE adsorption in 1 M EClO4 under quasi-

equilibrium  conditions where the coverage of OC1 species remains

relatively constant with holding time.

\

m
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APPERDIX I

COMPUTER PROGRAMS

This appendix contains listings of several programs and subroutines <that
were used In the present work. Since several of the subroutines were not
written or only quified by the author, these programs are not considered to be
part of the original thesis work and are only included for necéssary future
reference. These prégrams were writtén in‘either FORTRAN IV or MACRO-11 for

e with a Digital PDP-11/34 mainframe computer for the following dperations:
) A) transfer to the computer and digkette Ffile storage of cyclic-
| voltammetry data collected on a digital oscilloscope;

.B) output of this data tc a digital plotter; and

) integration of this data to obtain charge and coverage information.
—

» -~

A. Oscllloscope Program

The program KNiCFL.FOR& transfers current vs. potential data from the
Nicolet model 2090 IIT digitel oscilloscope to the computer via a Nicolet model
2082 RS-232C serial interface connected between the computer and the VI-55
terminazl. This is done by means of D. F. Tesgier's versatile SCOPSI subroutine
package developed in our laboratdry. The transferred data may then be stored
on diskettes.

Similar programs for handling other types of experimental data collected

on the Nicolet oscilloscope, for example, from potential decay measurements,

L5

may be easily implemented by modifing the main program (KNICFL.FOR).
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X KNICFL.FOR xx

USES IFT‘S SCOPSI FACKAGE TO GET I-V ﬂATA OFF THE NICOLET EXPLORER IIT
AND STORE IT ON LISK FILES FOR THE PDP 11/34 :

THE FILES ARE SET UP AS 32 RECORDS OF 128 WORDS.
1ST RECORD CONSISTS OF:

WORLS 1-50 ~ FILE ID (100 ASCII CHARALCTERS)

WORDS 51-52 - ANODIC END POTENTIAL IN VOLTS RHE

WORDS 53-54 - RESISTAMCE FOR MEASURING CELL CURRENT IN OHMS

WORDS 55-58 - SWEEF RATE IN VOLTS/SEC, -

WORD'S 57-128 - NORMALIZATION DATA FROM THE SCOPE(SEE SCOFE MANUAL
DOCUMENTATION OF DFT’S SCOFSI)

RECORDS 2-17 CONTAIN FOTENTIAL DATA AND 18~33 CONTAIN CURRENT DATA.
K.A.TELLEFSEN, U OF OTTAWA, DEC. 1982

REAL ANSTIH(2+8) »ANRES(2,8)

TYFE*y  INFUT ILOC”

TYPEX,“ILOC < 0 - RETREIVE CONTENTS OF SCOFE MEMORY”
TYFEX»“ILOC = 0 - TRANSFER CONTENTS OF DISK TRACK INDICATED ON’

INTEGER IDSTR(SO)vILUC!IDﬁTﬁ(4096)rINSTD(SrS)’IERRIINRES(SIS)

TYFEXy’ L.E.I'v TO SCOFE MEMORY» THEN RETRIEVE CONTENTS’

TYFEXxy“ OF SCOPE MEMORY.- '

TYFEXs ILOC =1-B -~ TRANSFER CONTENTS OF SELECTEDL DISK TRACK TO“

TYFE®s "’ SCOFE MEMORYs THEN RETRIEVE CONTENTS QF scope’
. TYFEX, MEMORY~ -

ACCEPTX,ILOC

CALL SCOPSICILOC,IDATA»INSTDsANSTD s IERRs INRES » ANRES )
TYFEX, ‘ IERR/SCOFSI=*» IERR

CFPUT INTO DISK FILES

|

Gl

10
100
130

IFC.NOTLIDECIDC“FUT ON DISK FILES‘)) GO TO 10

TYFEX, “INFUT FILE ID ~ NOT MORE THAN ONE LINE”

ACCEFT 1S¢,IDSTR

TYFEXy *INFUT ANODIC ENDI' POTENTIAL IN VOLTS RHE~
ACCEFTX,E

TYFEXs “INFUT CURRENT MEASURING RESISTOR IN OHMS*
ACCEPT®,R

TYFEXs "INFUT SWEEFRATE IN VOLYS/SEC. *

ACCERTX:S

TYFE 100

CALL ASSIGN(Z2rs—17"NEW’»s)

DEFINE FILE 2¢(33,128,UsNREC)

NREC=1

WRTTE(2'NREC)IDSTR,E+R+SsINSTO,ANSTD

TYFE ¥»’ID DATA ENTERED-

00 3ri=1,2

U0 3rJ=1,4094:254

WEITE(2'NRECY (IDATACK) yK=J+I-1,J+I4253,2) &
TYFE %5 ‘SECTION’»I>(J=1)/254,  ENTERED

COMTINUE

CALL CLOSE(2) ' .
IFCIDECIDGGET MORE DATA‘))GO TO 1 ~
FORMAT(2X, * INFUT (DEVICE) FILE NAME ~>,%) b
FORMAT(S0AZ) ?
STOP

END

AND
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xx SCOPSI.FOR %%

SUBROUTINE SCOPSI(ILOC?IDATA:INSTB:ANSTD:IERR:INRES-QNRES)

SCOFSI READS ONE CDHPLEfE MEMORY FROM THE NICOLET 2090
DIGITAL OSCILLOSCOPE. IN ADDITICONs, STANDARD & RESET
NORMALIZATION DATA ARE RETURNED. ‘ =

INFUT PARAMETERS:
ILOC - AN INTEGER LOCATION CODE FOR THE TRACK/7MEMORY SELECTION
ILOC < 0 -RETRIEVE CONTENTS OF SCOFE MEMORY
ILOC =0 -TRANSFER CONTENTS OF DISK TRACK INDICATED
ON FANEL L.E.D. TO SCOFE MEMORYr THEN RETRIEVE

CONTENTS OF SCOFE MEMORY(%%kSCOFE MEMORY CONTENTS
ARE LOST IN THIS FROCESS*¥x%)
ILOC =1->8 ~—TRANSFER CONTENTS OF SELECTEDR DISK TRACK
TO SCOFE MEMORYsy THEN RETRIEVE CONTENTS OF
SCQFE MEMORY(xxSCOFE MEMORY CONTENTS
ARE LOST IN THIS FROCESS*®%)

QUTFUT FARAMETERS: .
IDATA(4076) ~THE INTEGER ARRAY IN NHICH THE
UN-NORMALIZED' SCOPE MEMORY CONTENTS
WILL EE RETURNED
INSTD(Sr8) - AN INTEGER ARRAY CONTAINING S STANDARD
INTEGER NORMALIZATION VALUES FOR
EACH OF THE 8 FOSSIRLE MEMORY PARTS
ANSTD(Z2,8) - A REAL ARRAY CONTAINING 2 STANDARD
' REAL NORMALIZATION VALUES FOR
EACH OF THE B8 FOSSIELE MEMORY PARTS
IERR - AN ERROR FLAG
IERR=0 -ALL’'S HUNKY DORY
IERR=-1 - ILLEGAL WALUE QF ILOC WAS SUFPLIED
INRES(L,8) - AN INTEGER ARRAY CONTAINING 5 RESET
INTEGER NORMALIZATION VALUES FOR
EACH OF THE £ FO3SIBLE MEMORY PARTS
ANRES{(2,8) - A REAL ARRAY CONTAINING 2 RESET
. : REAL NORMALIZATION VALUES FOR
EACH OF THE 8§ POSSIBLE MEMORY PARTS

-

I.F. TESSIER OTTAWA OCTORER 1982

000000000 0NON0000000ONO00N0N0000000000000000 O

z’ I

INTEGER IDATAC4094)rINSTD(S,8)r»INRES(S5,8)
REAL ANSTD(2,B)+ANRES(2:8)

EYTE CHAR»IWORK(270)

IERR=0
c 1]
C4+ SUFFRESS CHARACTER ECHOING. ..
c
CALL IFONE("44,°10000.0R.IPEEK("44)) 1STOF ECHO
C M
CA$ SCOFE STATUS CHECK...
c 'y
71 CalLL ENVOIE(’"AE3DS"B’) . -
o0 81 JJ=1,7
o SHAR=ITTINRC)
IF(CHAR.LT.0)GOTO 82
" IWORK{JJY=CHAR
51 CONTINUE
 rdel WRITE(Z»83X(IWORK(IJI»IU=1,7)
D83 FORMAT(’ STATUS CHECK=‘,5481,2I5)
D FFAUSE *AFTER STATUS CHECK~
c IF(IFLAG.EQ.DIGOTO 61 '
IFCIWORK(3).EQ."G’ .OR. IWORK(2).EQ.‘P IGO0 B0 &1
WRITE(7+30) %
WRITE(7:31) !TYPE OUT ERROR MESSAGE
WRITE(7:30)

PAUSE *‘TYFE <RETURN> TO TRY AGAIN" :
GoTo 71 ' s
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61 IF(IWORK(2).EQ.“67) GOTO 62 &

WRITE(7¢30) : ' B
WRITE(7:32) ! TYPE OUT ERROR MESSAGE
WRITE(7¢30)
FAUSE ‘TYPE <RETURN> TO TRY AGAIN-
GOTO 71
c
CB# MEMORY OR TRACK SELECTION...
C
62 "CALL TRKSEL(ILOCsIFLAG)
D TYPEX*,“IFLAG ON RETURN FROM TRKSEL='sIFLAG
o FAUSE ‘AFTER ‘TRKSEL”

IFC(IFHAG.ER.-1)G0TO 7?1 ISCOPE STATUS .NE. ‘@
IF(IFLAG.NE.-2)G0OT0 43

IERR=-1 : TINVALID ILOC SUPPLIED
GGT0 299
c .
Ca READ IN & CONVERT MEMORYFUL IN 32 128-ELEMENT CHUNKS...
c . - .
&3°- 7 DO 11 I=1,32.

IF(ILER.1)CALL ENVOIE(-~AE3D3L200128B")

IF(I.GT.1)CALL ENVOIE(’™~AE3D200128~B")

0 85 II=1,262
26 CHAR=ITTINR ()

IF{"4AR.LT.0YGOTO 84

IWORK (IX)=CHAR .
35 CONTINUE

IFC.NOT. CIWORK(260) .EQ.@¢ .OR. IWORK(240).EQ.“P*))

1 GO TO 7%

DO 21 II=ls2546+2 :

CALLL PETOER(IWORK(II),IDATACLI+(I=-1)0%128+II/2)) ICONVERSION HERE
21 & CONTINUE

11 CONTINUE
o FAUSE ‘AFTER GETTING”

5 >

CC3 STANDARD NORMALIZATION VALUES READ IN & DECODED...
c

CALL ENVDIE( TAE3N1COO08™EH")
CALL CHERCH(IWORKr2346»IFLAG) .
IF(IFLAG.EQ.=1)G0T0 71 ISTATUS .NE. “8° OR .NE. ‘P’

CALL _KETWN NSTDrsANSTL) ILECODED HERE
[ . .
_~ TTIRESET . NORMALIZATION VALUBS READ IN & DECOLED...
c
) ‘CALL ENVOIE(/~AE3N200008CEB”)
CALL CHERCH(¢IWORK»23&6+IFLRG)
IFCIFLAG.ER.-1)G3T0 71 \ ISTATUS .NE. ‘@‘ OR .NE. ‘P~
CALL DECNORC(IWORK:INRES,ANRES) IDECOLED HERE
c - ; .
CE# RESTORE CHARACTER ECHOING % noq% CURSOR TO NEXT LINE...
c ‘ i et , :
999 CALL IPOKE('44r'167777.AND.FPEEK('44))
WRITE(7r16) :
16 FORMATC( +7) . i
C )
, CF$ MESSAGES...
. c _
' 30 FORMAT(1Xs/ /2500 Y22/
31 FORMAT(1X» %X ERROR ENSURE, THAT: »//»
1 ’ 1) STORAGE CONTROL IS IN <HOLD LAST>’ s/,
2 7 2) NO <DISK ACTIVE> OR <DATA ERROR> LED IS ON’»/,
3 “ Z) THE RS232S INTERFACE IS TURNED ON’s/s ,
4 ¢ 4) THE <MEMORY> SETTING IS <ALL> AND’ s/ -
S ©  THE <TRACK SEGMENT> SETTING IS <M.F. CONTROLLED>’)

32 EORMAT(1Xy 7k% ERROR X% ENSURE THATI’+//»
1 7 <HMEMORY> SETTING IS <ALL> AND’s/»

2 . <TRACK SEGMENT> SETTING IS <MAIN FRAME CONTROLLED>‘)
RETURN )

- END -~
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% TRKSEL.FOR %X
SUBROUTINE TRhSEL(ILOCrIFLAG)

(IF DESIRED}
ILOC < 0 — CONTENTS OF MEMORY DESIRERD

- COFIED TO MEMORY

RETURNED VYALUES:
IFLAG=0 ALL OK

- IFLAG=-1 STATUS INFO FROM SCOFE .NE.
IFLAG=-2 ILLEGAL ILOC

D.F. TESSIER OTTAWA OCT 1982

2 ) e

BYTE ISTR(Z)»ISCRAT(S)

INTEGER ILOCrIFLAG

DATA ISTR /777’ +’A°r’E’ 2’3+ *R*20+0/
IFLAG=0

TRKSEL COFIES THE INDICQTED TRACK INTO THE SCOFE MEMORY

ILOC - AN INTEGER LOCATION CODE FOR THE TRACK/MEMORY SELECTION

» TAKE NC ACTION

lel

OR

ILOC =1 8 - COFY SSLECTED TRACK TO SCOPE MEMORY
ILOC > 8 -ILLEGAL LOCATION (ILOC) CHOICE.

INEI

IF(ILOC.LT.OIRETURN ! DATA ALREADY IN SCOFE MEMORY

IF(ILQC.GE.O .AND', ILOC.LE.BXGD TO 10 -,
IFLAG=-2 'INVALID ILOC
RETURN ~

o - ISTR(4&)=48+IL0C

'CONVERT TO ASCIT
SEND TO SCOFE...
CAaLL ENVOIE(ISTR?

GET STATUS & DELIMITER INFO FROM SCOFE...

Ooo0 )0 v

CaALL CHERCH(ISCRAT»4rIFLAG)
RETURN
END

*¥ ENVDIE.FOR *X

[w]

SUBROUTINE ENVDIE(STR)

~

EﬁbDIET) SENDS STRINGS TG TT: (I.E. TO THE SCOFED

INFUT ARGUMENT:

;? . TO TT: (NOTE: LEN(STR) MUST BE
.F. TESSIER OTTAWA OCT 1982 :

0DoOnNOOOOnn

z
EYTE STR(26)

ILEN=LEN(STR) &
IFC(ILEN.EQ.O)RETURN .

00 1 I=1,ILEN '

IF(STR(I).NE. ™*)60TO 1 -
STR(I)="

STR{I+1)=STR(I+1)-64

I=I+1

1 CONTINUE

WRITECZ»3)(STR(I)+I=1sILEN)

FORMATC +/r25A10%)

RETURN

END -

'}

Gl

-

~

STR —-A BYTE STRING OF CHARACTERS 7O EE SENT

26

ILOC =0 - ECONTENTS OF TRACK INDICALED ON PANEL LED

IPI:

RETURN PRONTO

e

.
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*x CHERCH.FOR %%

SJfRUUTINE CHERCH(BYTES+NUMsIFLAG)

CHERCH GETS NUM RYTE VALUES FROM TT AND STORES THRM IN

THE RYTE ARRAY BRYTES(NUM)
IFLAG - AN ERROR FLAG =0

WUYEN IN USE WITH NICOLET
TERMINAL ECHOING SHOULD E

THE TERMINATION OF THE IN

*

=> ALL’S WELL

==1 =» STATUS .NE. ‘@’ OR .NE. 'f'

2090 DIGITAL OSCILLOSCOPE
E SUFPRESSED EEFORE CALLING CHERCHO)

COMING STRING IS ASSUMED

TGO EE = o0 B<CR><LF> WHERE ‘@’ IS A STATUS CHARACTER

D.F. TESSIER DTTAWA OCT 1982,

Zz

BYTE RBYTES(NUM)
INTEGER IFLAG
IFLAG=-1

g 2 I=1rNUM
CHAR=ITTINRL)
IF(CHAR.LT.0)GOTC 1
BYTES(I)=CHAR
CONTINUE

IF(BYTES(NUM=-2).EQ. @ .OR. EYTES(NUM=2).EQ. ‘P’ )IFLAG=0

" RETURN
END

¥* DECNOR.FOR X*x

SUBROUTINE DECNOR(IWORK:INORM:ANORM)

~DECOLES NORMALIZATION ASCII DATA FROM NICOLET 2090
SERIES OSCILLOSCOFE RS-2325 INTERFACE.

INFUT FPARAMETERS:

IWORK(270) - BYTE ARRAY CONTAINING ASCII NORMALIZATION DATA

OUTFPUT FARAMETERS:

3

INORM(S5,8) - AN Ixx2 ARRAY TO RECEIVE THE Ixx2 NORM. DATA
(I.EC S5 INTEGERS FOR EACH OF 8 MEMORY SEGMENTS)

ANORM(2:,8) — A REARL ARRAY

TO RECEIVE THE REAL NORM. DATA.

(I.E. 2 REAL VALUES FOR EACH OF 8 MEMORY SEGMENTS)Y-
SEE PG. XI-23 IN THE OFERATING MaNUAL.

.F. TESSIER OTTAWA OCT 1982

EYTE IWORK(270)
INTEGER INORM(S,8)
REAL ANDRM(2,8)

LECODING OF NORMALIZATION VALUES FOLLOWS...

LG, 45 I=1,8
INA=(1-1)%29+1 127 ASCII

e

DATA + <CR><LF> FER SET

TIZECODE(1 r 46y IWGRNC(IMNAY JINORM(L 1)

DECODE(1 A5, IWDRK(INA+L))YINDORM(Z2,1)
CLECODEC1,46r IWORKCINAFZIIINDRM(3 1D
LECOLECS» A7 IWDRNCINAT3 ) YINORM (4 1D
DECOUE (S5247 IWORKCINA+B8)Y ) INORM(S 1)
LECODE(Z7 48 IWORKN(INA+ISZYIANORMC(L £ I)

FORMAT(I1) .
FORMAT(IS), e
FORMAT(EZ7.12
CONTINUE

FZTURN

END

DECODE(?-48rIUDRK&INA+20))ANORH(2:I)
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*x PRTOR.MAC XX ' o
CALL PRTOE(RYTSrINT)
BYTS IS 2 BYTES IN PRINTABLE BINARY(HIv+LO) !SEE

NICOLET 2090-5ERIES DSCILLDSCOPE OPERATING MANUAL»
RS-232C INTERFACE SECTION.

AUTHOR! D.A. HARRINGTON, OTTAWAr OCT 1982.

- WE e N W % W

+PSECT CONVRT»RO+GEL»I»CONsREL
ADD $2,RS iFASS OVER ¢ OF ARGUMENTS
MOV (RS)+sR2 '
MOVE (R2X+sR1 i GET HI BYTE
MOVE (R2)sR i GET LO BYTE .
i KILL PARITY BIT AND ANY EXTENDED SIGN BITS
EIC #177500sR1
RIC #177400sR0O
3 SUBTRACT 32 T .
: SUE $32.,RY : -
SUE #32.,R0 )
7 EXTEND SIGN & SHIFT HI BYTE T0 CORRECT PLACE
ASH #10.,R1

Y

FETO
¥

L¥e]
s
e

"= . ASH $-4,R1 ~
; ALD ON THE LO BYTE AND TRANSFER.TQO INT
. ADD ROsR1
- MOV K1,@(RS)
RETURN

+END
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B. Plotter Program

The program- kLEEHP.FOR and its associated subroutines plots current vs.
potential data, which has been previously transferred from the Nicolet digital
oseilloscope to the computer, on a ﬁewlett—?ackar@ model T470-A digltel
plotter. The plotter is connected between the computer and the VT-55 terminal
by means of a special RS-232 "Y" connector.

The actuel data is handled mostly in the relatively short subprograms NEPO
(KNEPOA.FOR) and FUNC {XFUNCA.FOR), which set up the data tc be plotted and
supply data points.to the rest of the'program, respectively., In this pariticu-
lar program, NEPO opens and reads the desired data file. The rest .of the
program is used to produde attractive data output‘\/fgy changing NEPO and FUNC,
any data may be plotted, foé example, poteniial vs log time as in potential
decay measurenents or numerical resulis calculated from mathematical models.

This program also uses D. A. Farrington's character string menipulation

subroutine package, TERM, which has not been included in this appendix.
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<

/’Jf“

¥¥ KLEEMF.FOR *x
C KLEFEHF.FOR FLOTS DATR FILES ON HP 7470 a4 GRAFHICS FLOTTER
C USES NLEE SUEROQUTINE FACKAGE (HF FLOTTER VERSION)Y» WHICH WAS INFLUENCED
C BY DIFT’S FARLD ' , : ' '
TYFE %:’THI3 FPROGRAI1 FLOTS X-Y FILES ON THE HF 7470 A FLOTTER’
TYFEX» ENSURE THAY TidZ PLOTTER IS FROFERLY CONNECTED EHETWEEN THE-
TYFEX /" COMFUTOR AND THE TERNMINAL BY THE SFECIAL Y CONNECTORy’
TYFEXs “THE DIF SWITCHES gARE FROFERLY SET ¢ 1 THRU 8 10111010)°
°, TYFEX«’AND THE FLOTTER IS SWITCHED ON.’
TYFEX+ THEN ENTER <RETURN>-
REALI(S, 15)KR
15 FURMAT(AD) . -
C SET UF FLF-11 / FLOTTER HANDSHAKE -
CALL HNDS3HN
2 TYFEXy "INFUT ICODEC1-MENU »2-AUTO)”
ACCEFTx» ICORE
- IF (ICODDE.NE.1.AND.ICODE.NE.Z2) GO 70 2
CIFCIL.EG.2) GO TO &.

4 CALL NEFPDO{NELEM)

Y CALL KLEE(NELEM,ICODE,IERR)
TYFEX,’ 1ERR="+IERR . .
TYFE %57 1 = SAME FILE - SAME FARAMETERS”
TYFE %.° 2 = SAME FILE - UIFFERENT FARAMETERS”
TYFE *5°. 3 = DIFFERENT FILE = SAME FARAMETERS”
TYPE #£77 4 = DIFFERENT FILE - NIFFERENT FARAMETERS
TYFE *,°”5 = FINISHED GRAFHING-

TYFE %»* WHAT DO YOU WANT?‘

ACCEFT %,11 .

1CODE = 3 -
GO TO {(&,20:211 -

CALL CLOSE(2)

GO TC (4,2) I1-2

STCF ‘rrROGRAM OVER’

NI
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tittiit#ittt#t#iit#t#ttti#i#t####lt#t###tti#0#t#0#t##t####i##tttttlttttt##ti
He FLOTTER SUFFORT SUERROUTINES
THESE SUBROUTINES WERE DEVELOFPED FOR INTERFACING THE HP PLOTTER WITR THE
FDF-11/34 COMFUTOR. )

SURROUTINE HNDSHK ~
THIS SUBRQUTINE SETS UF THE XON/XOFF HANISHAKE PROTOCOL FQR INTERFACING THE
HF 7470 A& FLOTTER WITH THE PDP 11/34 COMFUTOR. IT HAS .NO RARAMETERS.,
THE FLOTTER MUST RE CONNEECTED RETWEEN THE COMFUTOR AND THE CRT-TERMINAL RY
THE SFECIAL RS-232 Y CONNECTOR ( F. 10-11 FPLOTTER MANUAL ) . THE "DIP"
SWITCHES ON THE FLOTTER MUST BE SET AS FOLLOWS:

SWITCH ¢ . ON DR OFF DETAILS

1 ON OR OFF S2 -PARITY SWITCH ]

2 OFF S1 -NO PARITY

3 oN Y =~EAVESIDROFP MODE

4 ‘ON US -SET PAFER SIZE

S ON . B4 —-NEXT 4 SWITCHES USED TO SET RAUD
6 OfFF . B3 - RATE TO 9600 AND ONE STOF BRIT

7 ON B2 - ’

8 OFF Bl -

N THE EAUESITROF MODEs THE FLOTTER IS IN AN "QFF" STATE, THAT IS IT IGNORES
INFORMATION TO FASS BETWEEN THE COMPUTOR AND THE TERMINAL BUT DOESN’T RESFOND
TUANYTHING UNTIL. IT RECEIVES A FLOTTER "ON® SIGNAL FROM THE COMFUTOR. AFTER

<27 RECIEVES THIS SIGNAL FROM THE COMFUTORy IT INTECEFTS ALL INFORMATION FROM

TSE COMFLITORe NOT ALLOWING IT TO FASS TO THE TERMINAL+ ANL RESFONDRS TO
-=FROPRIATE HF FLOTTER COMMANDS. UFON RECEIVING A FLOCTTER °*OFF* COMHMAND» THE
S_0TTER RETURNS TO ITS *OFF" STATE.

<,
:E - HF 7470 A GRAFHICS FLOTTER INTERFACING AND FROGRAMMING MANUAL -
ZO8YFRI1GHT 1964f KL.TELLEFSENs U. OF OTTAWA

KYTE ESCrA1rAZ
TSFINE <ESC &S ASCII 27 2,
ESC=27 =
TURN FPLOTTER *ON*rSET UF HANDSHAKE AND CHECK FOR INTERFACE ERROR
wRITE(7-S>ESCvESCrESCrESCvESC ‘ ~
FORMAT(“+ »A2r .Y »Alr’ .RIN7*2A1r’.IB15i7173"
1,01+ Ni192°vAls’sE’rS)
S XL NN R R RN KR KO K K KR 0RO 0 K K K 3K K K K K KKK KK K KKK o 3K KKK KKK R Kk R KRR X

IXFLAINATICHN OF FLCTTER COMMAND STRING . ST
ESC .Y IS THE FLOTTER °*ON" SIGNAL
£SC . R RESETS ALL HANDSHAKE FARAMETERS TO THEIR DEFAULT VALUES

ZN RESETS THE FLOTTER’S GRAFHIC CONDITIONS TO INITIAL FOWER ON STATE

n
n
&

w1 SETS UF HANDSHANE- MODE
FARAMETERS: . ]
81 i XOFF SIGNAL IS5 SENT WHEN BUFFER HAS
£1 FREE EYTES LEFT

"NOTHING® XON/XQFF HANIDSHAKE MODE (DEFAULT?

17 THE ASCII CHARACTER FOR THE DECIMAL VALUE 17
- IS THz XON SIGNAL

<ESC>.N SETS ADINITIONAL HANISHAKE PARAMETERS

FARAMETERS:
*NOTHING® NO INTERCHARACTER DELAY IN HANDSHAKE

23 THE ASCII CHARACTER FOR THE LECIMAL VALUE 19
IS THE XOFF SIGNAL .

<ESC>.E TELLS THE FLOTTER TO SEND RS-232 INTERFACE ERROR CODE

i ANDl I ARE TERMINATION CHARACTERS

?*******X#X****************************************#***************
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C READ INTERFACE ERROR CODE

10
c
8o

¢
c

Ono0Ooo0OonNO0nNn Aan

READI(S+10) AlrA2 o
FOKMAT (2R1) o B

TURN FLOTTER OFF )
WRITEC7sBOJESC
FORMATC 4/ »Als*.27)

{ESC>.2 TURNS PLOTTER OFF

CHECKN INTERFACE ERROR
IF(A1.EQ. 0" ) RETURN

C IF -NO INTERFACE ERROR (IE ERROR CODE * 0°)r» RETURN TO MAIN PROGRAM
C -ISFLAY INTERFACE ERROR CODE
] WRITE(Z»90C)A1,A2 .
90 FORMAT(* FLOTTER RS-232 INTEFFACE ERROR = ‘»2A1)
- TYFEX»’CHECK HF 7470 & GRAFHICS PLOTTER INTERFACING AND
1 FROGRAMING MANUAL‘
TYFEXs 'FAGE 10-27 FOR ERROR COLE MEANING’
TYFEXy ‘ENSURE THAT THE DIF SWITCHES ON THE PLOTTER ARE -
1 FROPERLY SET’
TYFEX,»*SWITCH # $ 1 : 2 : 3 : 4:5:6:73183:°
TYFE* *SETTING $1:0:13:1:1:0¢:1320¢2°
TYFEX» *INFUT 1 TO TRY FLOTTER SET UF AGAINs 2 TO EXIT
1 FROGRAM’
ACCEPTX,ANS _
IF(ANS.EQ.1) GO TO 2
STOF - : B
END : -
X% NFSENI.FOR %X -
HF FLOTTER SUFFORT SUERROUTINES
SUEROUTINE FSENII(STR)
<
FEEND SENDS STRINGS TO TT: (I.E. TO THE FLOTTER)
o . ] _—
" INPUT ARGUMENT: 7
STR ~A BYTE STRING OF CHARACTERS TO BE SENT
TO TT: (NOTE: LEN(STR) MUST EE < 40 )
THIS SUBROUTINE FACILLITATES SENDING COMMANL STRINGS TO THE HP FLOTTER
AS IT IS IMPOSSIELE TO USE THE <ESC> CHARACTER NEEDED FOR CERTAIN PLOTTER
COMMANDS WHEN IN THE RS-11 EUITOR, THE CHARACTER ~ IS ENTEREL IN ITS STEAD
ANL'. IS TRANSLATED EY THE SUFROUTINE TO BE ASCIT 27 <ESCS.
C D.F. TESSIER OTTAWA OCT 1982 (FOR USE WITH NICOLET SCOPE)
g MOLIFIEN OCT 1984 FOR USE WITH HP 7470 A FLOTTER., K TELLEFSEN
cz
BYTE STR(40)
€ FINL LENGTH OF STRING .
ILEN=LEN¢STR)
IFCILEN.S0Q.0)YRETURN
C CHECN STRING FOR ~ CHARACTER
0 1 I=1.1LEN .
C = IS TRANSLATED TO XE <ESC> ASCII 27

{514

L

IF(STR{IV.EQ.“~ ") STR(I)=27

CARTINUE . .
EZfiy THE STRING TO THE PLOTTER

WRITEC(Z+Z3(STR(I)»I=1,ILEN)

FORMAT(“+7+s3%A1,%)

RETURN

END

e
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** KNEFODA.FOR XX\ )

OO0 oan

C KNEFQ.FOR FILE OFENER FOR DISPLAYING NICOLET FILES ON X-YRECORDER
c . .
C SEFT 30,1993 WARNING!!! THIS A STREAMLINED VERSION OF NEPO WHICH ONLY
€ ASKS FOR FILE NAMES. NO SAFETY CHECKS! 11
c
C KNEFOQ OFENS NICOLET EXPLORER “II1T FILES CREATED P KNICFL FOR DISFLAY
C ON AN X-Y RECORDER RY KLEE (SEE NLEE.FOR FOR DETAILS)
c
C THE FILES WERE SET UF AS 32 RECORDS OF 128 WORDS.
C 1ST RECORL CONSISTS DF:
c WORDS 1-50 - FILE ID (100 ASCII CHARACTERS)
c WORDS S1-S2 - ANQDIC END FOTENTIAL IN VOLTS RHE
c WORL'S S3-54 -~ RESISTANCE FOR MEASURING CELL CURRENT IN OHMS
o WOKDS S5-~5& = SWEEF RATE IN VOLTS/SEC.
¢ .—LORDS S7-128 - NORMALIZATION DATA FROM THE -SCOFE(SEE SCOFE MANUAL AND
» : DOCUMENTATION OF DFT*S SCOFSI)
& RECORDS. 2-17 CONTAIN FOTENTIAL LATA AND 18-33 CONTAIN CURRENT DATA.
c -
C K.A.TELLEFSENs U OF OTTAWAs DEC. 1982
CZ :
SUBROUTINE NEFO(NELEM)
SOME FAKAMETERS USED:
T IDSTR ~ FILE ID STRING
E - ANDDIC END PUTENTIAL
e ~ RESISTANCE
g - SUWEEP RATE
INSTD — INTEGRAL NORMALIZATION DATA
ANSTY ~ REAL NOMALIZATION DATA
IF0T - RAW FOTENTIAL DATA,
ICUR - RAW CURRENT DATA
4
INTEGER INSTR(S0),IF0T(2048)rICUR(2048)INSTIN(S,B)
FEAL ANSTI(Z.8)
C01"Q/SCUFE/E,RvSrXSCrYSCvTPTrDIF:IPOT:ICUR
PLLEM=2042
1 TIEE ¥, WARNING! NO CHECKS, MAKE SURE THIS IS THE RIGHT FILE!’

TYyFE 100

CAall ASSIGN(2rs=1y'0LI"r»)
UCFIME FILE 2¢33.122,UrNRECY

. PREC=1"
HEn:(Z’NREC)IDSTRrEerSrINSTD;ANSTD
ne 3+J=1+2043,123
HRECSE(J-1)/10842
RESD (DI NREC) CIFOTUR) o K=y J+127)
MREC=(J-1)/126+18,
ALY 2ONREC) CICURCK) f K=Jr J+1227)

3 CrelT INUE .
¥SC=ANSTD(1,1)
YSr=aNSTH(192)
TPT=ANSTO(2s1) >

y 1¥rE ¥ IS THIS THE DATA YOU WANT?’
TYeTl 150, CINSTRC(IY»I=1238) !
TYFE T, ANODIC END FOTENTIAL =7,E£,7°V
TYirs e, R =f Ry "OHMS’ » SWEEFRATE =715, °V/S’
TvET ke 'X SCALE= “»XSCr’ Y SCALE = “»YSC
TYFE *,°TIME PER FOIMNT = “»TFT
CalL CLOSE(2)

100 FORrsT(2X, *INFUT (DEVICE)Y FILE NAME ->7r%)
153 FURAST(2X 38R
170 FORATC? “p14,7XyF6.322XFELL1.4)
47 RETURN
: END

INTEGER FUNCTION MAX(IARRAYsNP)
INTEGER IARRAY(NF)
MaX=IARRAY(1)

T~ 0 10,I=2sNP
\ IFCIARRAY(I).GT.HAXIMAX=IARRAY (I}
10 CONTINUE
RETURN - .

ENIr
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X
RE:ENESNE$§O; FUNCCIsNXORY NELEM)
INTEGER IFOT(2048)+ICUR{2048) TCUR
COMMON/SCOFE/EsRrSrXSCr yYSC+TPT»DIF»IFDT»
IF (NXORY.EQ.2)GO TO 20
FUNC=IFQOTC¢I)%XSCH+DIF
RETURN
FUNC=ICUR(I)*YSC/R
RETURN
END

*¥ KLEED.FOR xx s

KLEE
FAEBLO

o0O00O00

DOOOOOOO0OGOO0O

N

C ERRCUR
10

28
C SET U

b 1
ot

IRy

X=5Ca
C Y-SCa
C WHICH
C WHICH

C AZSDL

SUBROUTINE NLEE(NELEH:ICUDE:IERR)

IS A VERY SLIGHT HODIFICQTIDN OF DFT’S PABLD.
GRAFHS FOINTS ON AN X~-Y RECORDER.

ARGUMENTS:

NELEM - THE NUMEER OF ELEMENTS IN THESE VECTORS )
WHICH ARE TO BE PLOTTEL, COUNTING FROM THE
FIRST ELEMENT;
ICODE - A CONDITIQON FLAG
ICOLME=1 —- VIEW THE MENU OF GRAFH OFTIONS
ICODE=2 = FULLY AUTOMATIC FLOT FARAMETER SELECTION
ICODE=3 ~ USE THE SAME PARAMETERS AS THE LAST TIHE
IERR = AN ERROR FLAS
IERR=0 NGO ERRORS
IZRR=1 INVALID ICODE
IERR=2 NELEM IS LESS THAN 1

SUBROUTINE KLEE(NELEM,ICODE:,IERR)
INTEGER IFICK(14)»IAX({4)>ITIK(4) P
COMMON/TIMZZZ/TLOWR » TRAISE » TSETL » TEONTI
ICOD=1ICODE . -
CHECKS?
IFC.NOT.{ (ICOD-LT.IX-OR.(ICUD-GT-3)J)GO TQ 10
IERR=1 'ICOLE .NE. 1 DR 2 OR 3
GO TO ¢¢ IRETURN
IF(NELEM.GE. 160 TO 20
IERR=2 'NELEM < 1
GO TQ 99 'RETURN
IF(ICOL.EQ.3) GO TO 94
F TIMES
TLOWR=0.01
TRAISE=0.05
TSETL=0.8
TYFES» “INFUT THE CONTINUING TIME (Q.01 USUALLY
1 G0o0ony~
ACCEFTXx TCONTI
0 21 I=1,14
IFICKC(I)=1
CONTINUE
IF(ICOD.NE.1)GD TO 50
IF(ICOn.EQ.1)CALL GMENUCIPICKY
IMODE=IABSC(IFICK(2)-2)
LE:
CALL SCALEDCIFPICN(3)+NELEM» X’ rXHI»XLOr XThINCrIERR)
LE:
CaLl SCALED(IPICK(q)rNELEH!'Y'rYHIIYLD!YTKINCrIERR)
AXES™?: .
Call QARXIS(IFICK(S)r»IAXsIERR)"
TICKS?:
CALL QTIKS(IFICK(&)Y,ITIK»IERR)
UTE LENGTH OF AXES...
CALL ABSIZE(IFICN(?) »XWDrYHT»IERR)

C FLOT GRAFH:

c4

i d

CALL FLOTXY(NELEMsXHI+ XTKINC»XLO»YHI » YTKINGC,

YLOSIAXyITIKN IMOIE» IFICKCZ) » IFICK(E) » XUD » YHT)
EETURN
END
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*3 GMENU.FOR XX Awritten by D. F. Tessier)

SUBROUTINE GMENUCIPICK)
- GHEN@ GENERATES A CHOICE TABLE FOR. GRAPHING PURPOSES-

c
c
C
c

£ ARGUMENTS:

c IFPICK - A 16—ELEHENT INTEGER ARRAY

C IFICK(1)=0 — HYFRID MANUAL/AVUTO SELECTION

c IFICK¢1)=1 - FULLY AUTO

C ) IFICK{1)=2 - FULLY MANUAL :

c IFICKCITEM)=0 ~ ITEM NOT DESIRED. ‘

cC IFICKC¢ITEMY=1 - AUTC s+ FOR MENU ITEMS
c -

C

[

c

IPICK¢ITEMI=2 — MANUAL ITEMS 2-8
REMARKS:1)SEE TEXT OF MENU FOR DETAILS
Z
QUEROUTINE GMENUCIPICK)
BRYTE ITT ! CHOICE POINTERS :
INTEGER IFICK(18) - .
caLL SETUP(?!ITT’P
NITEMS=9 1 3 MENU ITENS
0 SE1 ALL IPICK(I) INITIALLY TQ ZERD.
76 o 77 I=1:16
77 IFICK(IY=1 1 SET alLL TO aUTO
C3 BELOMW: THE MENU IS FPRINTED... e
. 67 IF(ITT)CALL INIT o
ALL UFDATECIFICK:®??
IF(ITT)CALL FLOTSS(9:070)
WRITE(?¢701)
701 FORMAT( 4+’ »* FLOTTING DPTIDNS HENU Sy,
URITE(7:702)
702 FURMATC? # 3/ —mm==——=—=m=— B —————m e m )
LURITE(7r10) s
10 FORMAT(1X»* % MENU ITEM H . DFTION %)
UKITE(7:,803) : :
g03 FORMAT (¢ *9%—mmm—m——m=m——m—o—=—o——oosooooomTEEEEE )
URITE(7,11) :
URITE(Z,110)
WRITEC(7,12) .
WRITE(77120)
WRITE(7213)
USITE(72130)
URITE(7,14)
LRITE(7,140)
URITE(7715)
URITECZ,150Y
WR1TE(7716)
WRITEC?160)
URITE(7,17)
WRITE(7:170)
LRITE(7,18)
WURITE(Z:180)
URITE(7+19)
URITE(7:190)
11 FOSMATC(” ‘¢ 1 ALL ITEHMS - FULLY AUTO 1)
110 FORMATCY “»” - FULLY MANUAL 2°)
12 FORMAT(? “»’ 2 FLOT MODE - DISCRETE POINT 17)
120 FORMATCY ‘¢ — CONTINYOUS 27)
13 FORMAT(’ ‘¢’ 3 X—-AXIS SCALE ~ AUTO SCALING 1)
130 FORMATLY — MANUAL SCALING 270
14 EORMATCY “+’ 4 Y-AXIS SCALE - AUTO SCALING 1)
140 FORMATC? 2~ ' - MaNUAL SCALING 2°)
15 FORMAT(* “+’ S CHOOSE AXES = AuUTO 1)
150 FORMAT( “»” - MANUAL 273
14 FORMAT(’ “»¢ & CHOOSE TICS - AUTO 1)
160 FORMAT¢? ‘o ~ MANUAL 27
17 FORMATC(’ “»* 7 ZERD LINE - AUTO 14)
170 FORMAT( ‘27 - MANUAL 273
18 FORMATC’ “¢” B WINDOW - AUTO 14)
180 FORMAT(’ "¢ " - MANWAL 27)
19 FORMAT( “»* 9 GRAFH SIZE - AUTD 1)
150 FORMATC? ‘¢~ - MANUAL 24)
WRITE(7:708) -
708 FORMAT(? *p =me——————mm——m—————

|
1
1
~
~



C4 BELOW? CHDOSING PROCEDURE IS PRINTEQ... - 270 -

IXPOS=41

IYPOS=2

IFCITTICALL PLOTSS(9»IXPOS.IYPOS) [IMOVE TO IXPOS.IYPOS
TYFE¥s “SELECTION FROCEDURE:”

IFCITTICALL PLOTSS(?»IXPOS,IYFOS+2) | MOVE TO 7.
TYPEX»“1) KEY -IN THE DESIRED ITEM # AND’
IFCITTICALL FLOTSS(?,IXFPOS.IYFOS+3) ! MOVE TO 9.
TYPEXs "’ OFTION # »THEN PRESS <RETURN>.”
IFCITTICALL FLOTSS(?»IXFOS,IYPOS+5) 1| MOVE. TO 2.
TYFE%x» 2)TD ELIMINATE A MENU ITEM.KEY IN-
IF(ITTICALL PLOTSS(?,-IXFOS»ITPOS+S)

x> TYFEXs»* A VALID ITEM # AND CHOICE # = ©°
IFCITTICALL FLOTSS(9»IXFOS»IYFOS+8)Y I MOVE TO .»r.
TYFPE*,-3)ITEME <0 IREFLOT CURRENT TABLE.~’ . '
IFCITTICALL FLOTSS(2»IXPOSIYFOS+10) ! MOVE TO .r.
TYFEXx,“4)0PTION$ < O ¢ MENU SESSION OVER.”
IFCITTYCALL FLOTSS(9,IXFPOS,IYFOS412) ! MOVE TO «».
TYFE*X, "5))1TEM2 = DFTION$ = 0 RESTART THE *
IF(ITTICALL FLOTSS(?»IXFOS,IYFOS+13Y | HOVE TO .»r.
TYFEXs « MENU SESSION.’

CS BELOQW: FROMFTER —-> IS TYFED... )

&% IFCITTICALL PLOTSS(?»IXFOS,IYFOS+H146Y | MOVE TO 1.
TYPEXr => 7
IF(ITTICALL PLOTSS(92 IXFOS+3,IYPOS+14) 1 MOVE TO .».

L& INTUT MENU SELECTION...
ACCEFT#x-ITEM,IDFT -
IFCITTICALL PLOTSS(?:IXPOS,IYPOS+17) ! MOVE TO ...
IFCITTYCALL FLOTSS(11,») 1 DELETE TO LINE END
IF(ITTICALL FLOTSS(2,IXFOS,23) ! MOVE TO .r.
IFCITTICALL FLOTZS(11sy) ! DELETE TO LINE END

CT ANALYZE ITEM & IOFT HERE... .
IFCITEM.LT.O)GO TO &7 'REFLOT MENU TAERLE
IFCITEM.EQ.O .AND, IOFT.EQ.QXGD TO 76 'RESTART SESSION
IFCIOFT.LT.CIGO TO &5 'MENU SELECT SESSION QUER
IFCC(ITEM.GE. 1. AND. (ITEM.LE.NITEMS) ) .AND((IOFT.EQR.1).0R,
1 (IOFT.EQ.2)L.O0R.CIOFT.EQ.Q))GO0 TO 72

c8 CRFUR MESSAGE...

&8 IFCITTICALL FLOTSS(?,IXPOS,23)
TYFEX,  INVALID INFUT: TRY AGAIN’
GO TO 69
C® UruaTE FICK(16):
72 IFCITEM.EQ.1 .AND. IOFT.EQ.1)GO0 TO 610

IFCITEM.EQ.1 .AND. IOFT.EQ.20GO TO 6201
IFCITEM.EU.1 AND. IOFT.EQ.C)GO TO 4620
IS{ITEM.NE.:1 .ANL. IOPT.NE.1)GO TO &30

C HERD IF ITEM.NE.1 & IOFT.EQ.1
IFICKC(ITEM)=IO0OPT

GO TO <01

&20 IO &21 I=1,164

&21 IFICK(IY=0
G0 TO 901 .

4201 DD &202 I=1,16

&202 IFICK(I)=2
GO 70 901

430 IFICK(ITEMI=IOPT
IFICK(1)=0
GO TO 901

610 L0 611 I=1r16

611 IFICK(IY)=1

701 CALL UFDATE(IPICKsNITEMS)
C} TO 69

56 IFCITTICALL FLOTSS(9,IXFRS,23) ' MOVE 70 .-,
TYFEXr“MENU SESSION OVER”
NETURN
END

SURRDUTINE UFRATE(IFICK,NITEMS)
C10 LFDATE DISFLAY (VT-53)
BYTE IDBUMI1,IDUM2,IBLNK,IPLUSITT ) ! CHOICE FOINTERS
INTEGER IFICK(14)
CaAlLL SETUFCs»ITTr»2
701 IFC.NOT.ITTIGO TO 49
IFLUS="+"
IRLNK=" “
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*%x GUDIES.FOR X% (written by D. F. Tessier)
SURRDUTINE GUDIES(YHAXIlYHINIrBUTHAXlBUTHINrTIKINTrIERR)

GUDIES TEDUCES ESTHETICQLL%E;LEQSING LIMITS FOR GRAFHING
REAL-VALUED NUMEERS.

{ FARAMETERS?

YMAX - THE USER-SUPFLIED VALUE OF THE LARGEST ELEMENT IN
THE DATA TO EE PLOTTED.

YMIN - THE USER-SUFFLIED VALUE OF THE SMALLEST ELEMENT IN
THE 0[ATA TO BE FLOTTED.

EUTHAX = IS THE RESULTING UFPER LIMIT FOR THE PLOT.
(NOTE: EUTMAX IS A BEAUTIFUL NUMBER)

EUTHIN - IS THE RESULTING LOWER LIMIT FOR THE FLOT.
(NOTE: EUTMIN IS A EEAUTIFUL NUMEER)

TIKINT — IS THE SUGGESTED °"TICK INTERVAL® FOR THE PLOT.

(NOTE: TIKINT 1S A EEAUTIFUL NUMEER)

IERR - IS AN ERROR FLAG?
IERR=0 NGO ERRORS ENCOUNTEREIG:
IERR=1 YMAX LESS THAN OR EQUAL YMIN. NO ACTION
TAKEN AND CONTROL RETURNED TO CALLING ROUTINE.
REMARKS?
1) GQUNTES INCLUDES THE ESFECIALLY BEAUTIFUL
NUMEER O IF O LIES WITHIN 0.25%(RUTMAX-BUTMIN)
OF EITHER BUTMAX OR HUTHMIN.
2y IF YMAXI=YMINL (OR NELEM=1)+ THE AUTO FEATURE
LSES YMAX=2%XYMAX1 3YHIN=0.S¥YMIN1 AND THEREFRGM
LETEEMINES THE RSAUTIFUL NUMBERS BUTMAX & BUTHMIN.
IF YMAX1=YHMIN1=0 » YMAX IS TAKEN AS 1 % YHIN AS 0

r;nr.r-'::nnnnnnnnnnnnnnnnnnnnnnnnnnn

—
\

9]
N

SUEROUTINE GUDIES(YHAXerHINIrBUTHAXrBUTHIN:TIKINT:IERR)
IZRR=1
IFCYMAX1.LTLYMINLIGO TO S
IERR=0
YrAXsYMAX]
YHINSYMINL
IF(YHAX.NE.YMINIGO TO 200
IFIYMAX.EQ.0)GO TO 69
Y 14X = 2XTHAX
YrIN=0.OXYMIN
GS TO 200
o9 YMAX=1.
Y IN=0,
220 IZLTA=(YMAX-YMINI*0.25
o 1S YMAYI JUST BELOW ZERD? IF SO USE YMAX=0 FOR CALCULATION...
TC((YMAX1.LT.0.) . AND. (-YMAXILE.BELTA) Y YHAX=0,
© IS YMIN: JUST ABOVE ZERO? IF S0 USE YMIN=0O FOR CALCULATION.+.
TT I {YMINL.GT.0.) . AND. (YMINI.LE.DELTA)YYMIN=0.
. CHOOSE & LEAUTIFUL TICK INTERVAL...

+
jory

S

=(YMAX-YMINY/FLOAT(I)
TOR=10.X4INTIERCALOGLOCFIFY)
TIK=INTIER(FIF/FACTOR)+1
(.NOT. CCINTTIK.EQ.1).0R. {INTTIK.EQ.2) . OR. CINTTIK.EQ.S5)))

60 70 7 _
TIKINT=FACTORXFLOAT(INTTIKY} T T
HUTHAY=TININT*FLOAT (1+INTIERCYHAX/TIKINT )
IF(YMAX.EQ.Q.YBUTMAX=0.
KUTMIN=TIKINT*FLOAT ( INTIER(YMIN/TIKINTY)
s RETURN .

END :

- O )
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INTEGER FUNCTION INTIER(I) DOES THE FOLLOWING:

FOR VALKO. INTIER(VAL)=INT(VAL)-1
FOR VAL=0. INTIER(VAL)=INT(VAL) (=0)
FOR VAL>0. INTIERC(VAL)=INT(VAL)Y+1

INTEGER FUNCTION INTIER(VAL)
_INTIER=INT(VAL)
IF(VAL.LT.0.,)INTIER=INT(VAL)~1
RETURN

END

KSCANW.FOR *¥ _
TINE SCALER(ICODE,NELEM,ICONE, ICHAR, BUTHAX s RUTMIN, TININT, IERR)
SETS UP SCALE FARAMETERS FOR GRAPHING. -

NTS?
ICONE - A FLAG:
ICONE=1 AUTO, NO QUERY. AN IMFRESSIVELY INTELLIGENT CHOICE
OF FARAMETERS IS MADE FOR THE USER.
ICODE=2 MANUAL SCALING» QUERY. ADVICE IS OFFERED TO
THE EBRAVE-HEARTEID! » LEST SHE (OR HE) OTHERWISE
MAKE AN JILLL-AUVISED CHOICE.
NELEM = THE NUMBER DOF ELEMENTS» STARTING FROM THE FIRST»
TO FE CONSIDERED IN ARRAY VEC. )
ICHAR - A EYTE VARIARLE, =“X’ OR ‘Y’ TO ACT AS A TAG WHEN USING
. SCALER(...) TO SCALE A& -D'ATA VECTOR.
BUTHAX — THE UFFER LIMIT FOR THE GRAPH. e
EUTMIN - THE LOWER.LIMIT FOR THE GRAFPH.
TIKINT — THE AXIS -TICK INTERVAL. . T
(NOTE: RUTHMAX EUTMIN & TIKINT AS RETURNED FROM THE AUTO
MONE ARE ALL EEAUTIFUL NUMBERS.)
1EkN - AN ERROR FLABG
IERR=0 - ND ERRORS
IERR=1 = INVALID ICOUE ‘
IERR=2 — ATTEMFT TO FIND MAX. % MIN. VALUES IN VEC
RESULTED IN A MAX. VALUE < MIN. VALUE

111N SUBSEQUENT ROUTINES, TININT WILL USUALLY BE AFFLIED
RZCINNING WITH RUTMIN.

F. TESSIER AUG. 1982
U. O0F CTTAWA
OTTalin: CANADA

FLACHES DIZZYING HEIGHTS IN THE QUEST FOR EBEAUTIFUL NUMEBERS
AR ECALING BY USING SUBROUTINE GUDIES WHICH IS EBASED ON A
ANTOOYET EMMININTLY USEFUL SUGGESTION COMMUNICATEDR PRIVATELY
AHUrEnR BY D.A. HARRINGTOM» PH.D.

1¢ A MORIFIED SCALER WHICH USES A FUNCTION T0 GET POINTS RATHER THAN
AENAYS- THIS IS AN T1DEA OF DAl AND LFT. kat.

SUNPOUTINE SCALCD(ICODE »NELEMr ICHARrBUTMAX s BUTMIN,
¥ TININT-IERR)

BYTE LCHARITT

FEAL URECONELEM)

Cill., BSFTUFRC»»ITTr») L. t,

IF( (LCODRE.EQ.13.0R.CICODE.EQR.2) GO TO 10
IERT VICODE INVALID Y

GO0 TO 40 'RETURN

JERR=D

NXY=1

IF(ICHEREQ."Y"’) NXY=2 -
VECHnX=RMAX (NXY  NELEM) .
VECMTIN=RMIN(NXY «NELEM)



20

- 273 -

IF(.177).AND. (ICORE.EQ.2))CALL INIT
gt GuﬁIES(UECManvECHIN-BUTHAX:BUTHIN:TIKINTrIFAULT)

1#¢ 1£AULT.NE.1 )60 70 20

1ERE=D LUECHAX < VECMIN Lo

GO TO 40 | RETURN _ , . y
IF (ICODE.EQ.1)60 TO 40

C HANUAL <.

30

[e Xy R

(L]

RMIt

Oo0

G

B

TYPE*r'——-*—————--—-'—-;-----—ﬂ*—-“-—--——4 —————————————————— o
TYPE*Xy»’ * : ;

TYFEX?» *x% MANUAL SCALER rkk’

TYFEXs® . 3

WRITE(7r31)ICHAR .

FORMAT(1Xs THE HAXIMUM AND MINIMUM ‘sAls’-DATA VALUES ARE:’)
TYEPEX: *HAX="»VECHAXr’ MIN=‘ s VECMIN

TYFEX?® . T
TYFEX» ‘ THE GRAFHICS AUTO-SCALING FEATURE’

TYPE*y /RECOMMENDS THE FOLLOWING LIMITS:” )

WEITE (7 »32)RUTHMAXy RUTHIN ~ ,
FORMAT (1Xr 'UFFER LIMIT=‘»1PEB.1s° LOWER LIMIT='+1PEB.L1)
WRITE(7+33) ICHAR,TIKINT

FORMAT(1X» - RECOMMENDED c.Aly —aXIS TICK HARK INTERVAL=‘,1FPES. 1)
TYFEXey* * . .

1F (IDECID( ‘ARE THESE VALUES SATISFACTORY)) GO TO 49
TYFE®» " *

TYFEXy %% YOU ASKED FOR IT XX’

TYFEX, - INFUT THE UFFER LIMITsLOWER LIMITs TICK INTERVAL’
ACCEPT*rBUTnAX-BUTHINvTIKINT

IF( (BUTHQX.GT.BUTHEN).QND.(TIKINT.GT.O).AND.

s TIKINT.LE. (KUTMAX-BUTMIN)GO TQ 49
TYPEX» *¥ERRCR¥ — TRY AGAIN’
GO 10 11
B PEX s # mmmmmmmmmmmmmm=mmmmmm TS mSSmoSTeSTSomTTTITETTIE .
TYPEXs’ * \
EETURN \
1 ] . "
NI \

FULCTION RMAX(NXY»NELEM) =THEEFIRST OCCURRING HAX. VALUE IN ARRAYC)

FUNCTION FMAX (NXY r NELEM)'
EmaX=FUNC (1,HXY s NELEM)
Lo & 1=2,NELEM
UaL=FUNC ¢ T o NXY s NELEX)

-+ (VAL . GT . RAAXIRMAX=VAL
SONTINUE

FETURN

ExD

iNZveNELEM)= THE FIRST OCCURRING HIN. VALUE IN ARRAY ()

FLUNMCTION RHIN(NXY,NELEM)

R INSFUNC (12 NXY  NELEM)

0o 2 I=2.nNELEH ‘ -
SaL=FUNC{I-NXYsNELEM)

15 (VAL.LT.RMINIRMIN=VAL ’ .

CONTINUE

c2a TO 20 ~
FETURN

END
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*2 NHFLOT.FOR *x
ﬁ#**1*3***********1****************3***************

XXX IFEXAXNAEX HF 7470 A4 FLOTTER VERSION ®XkX¥XHERXEXE
tx**t*#*#**************t**;**************#!*t*****{

SUERDUTINE FLOTXY(NELEMsXHI s XTKINC,XLO» YHI»YTNINC,
YLOrIﬁXrITIthHDDE:IZEROrIUIND:XUDrYHT)

THIS VERSION OF SURROUTINE FLOTXY (KHFLOT) HAS BEEN WRITTEN TO ALLOW
FLOTTING ON THE HF 7470 A FLOTTER USING THE KLEE GRAFHICS SURROUTINES
WITH MINIMAL CHANGES TO THE OTHER SUFRCUTINES.

FARAMETERS?: ) . .
NELEN — THE TOTAL NUMEBER OF FOINTS IN THE FILE FLOTTED
XHI = THE HIGH X AXIS LIMIT
XTKINC -~ THE X AXIS- TICK INCREMENT

XLO = THE LOW X AXIS LIMIT

YHI - THE HIGH Y AXIS LIMIT
YTKINC- - THE Y AXIS TICK INCREMENT
YLO - THE LOW Y AXIS LIMIT .
IAX - AN ARRAY CONTAINING 4 AXIS LRAWER FLAGS,. 0 = OFF & 1 = ON
IAX(1) - Y AXIS : .
IAX(2) - X AXIS
IAX(3) - Y BLOCK AXIS
IAX(4) = X HLOEK AXIS
ITIN ~ AN ARRAY CONTAINING 4 AXIS TICK DRAWER FLAGS
£ ITINC1) - Y AXIS TIK
ITINC(2) - X AXIS TIK
ITIK(3) — Y ELOCK AXIS TIK
ITIK(4) - X ELOCK AXIS TIK
IMODE - FLOT TYFE CONDITION FLAG :
IMODE = O CONTINUOUS FLOTTING
IMODE = 1 FOINT EY FOINT FLOTTING
IZERO - ZERD LINE DRAWER CONDITION FLAGs O = OFF § 1 = ON
I4IND  ~ DLATA WINDOW COWDITION FLAGr O = OFF 8 1 = ON
THE DATA WINDOW ALLOWS ONLY THDSE FOINTS WITHIN THE AXIS
LIMITS TJO RE FLOTTED.
YU - FLOT WIDTH, MUST BE EETWEEN O AND 35
ACTUAL FLOT WIDTH = 9 IN. * ¢ XWd / 3S. )
YHT -~ FLOT HEIGHT» MUST EBE RETWEEN O AND 25

ACTUAL FLOT HEIGHT = & IN. %X ( YHT / 25..)
REF. HF 7470 A GRAFHICS FLOTTER INTERFACING AND FROGRAMMING MANUAL
x#*x+¥ix***#x***x**x*xxxi**t**axx*x**x***x****x**x*&*xzx*x**x***?**x
INTEGER ITIK(A)Y»IAX{4) -

DEFINE FCINT 1 AND FOINT 2 TU EBE SENT TO FLOTTER
FOINT

i GIVES THI LOUWER LEFT HAND COKNER OF THE FLOTTING AREA
IN HT PLOTTER UNITS. (SEE REF.)

Ful=1000. ! FOINT 1 IS (1000.51000.)

£Y1=1000, _
FOINT 2 SIVES THE UIFFER RIGHT HAND CORNER OF THE FLOTTING AREA

KL= (XWD/3E,3%9000.+1000.,
FYZ=CYHT /25, 2 %46000.41000.
LEFINE CONVENIENT USER SCALE UNITS RETWEEN POINTS 1 AND 2

LUSCX0=0.0 ' MIN. X.SCALE IS ©
L2ZX1=10000.0 I' MAX. X SCALE IS 10000
JECYO0=0.0 !' MIN. ¥ SCaALE IS O
LECY1=10000.0 ! MAaX. Y SCALE IS 10000

TURN FLOTTER *ON® ANI SEND 1T THE VALUES OF FOINTS 1 AND 2
CALL . FSEND(“~.YIF’) i ‘
WRITE(Z,2000)FXisFY1rFX2,PY2

EXFLAINATION OF FLOTTER COMMAND STXING
<ESC>.Y TURN FLOTTER *ON" ( ~ = <ESC> )

Ip INFUT COORDINATES OF P1 AND P2

DERUGGER, SET UFP MONITOUR MODE SO WE SEE WHATS WRONG
CALL FSENDC i~.E712:°
CALL FSENDC’FSC’) . !} SET UF USER SCRLE
WRITE(771000)USCX0,USCX1,USCYOUSCYL
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CALL FPSEND("FIW’) { INFUT RARD CLIF PLOTTER WINDOUW
WRITE(Zr1000)FPX1-1»PY1~1,FPX2+1,FPY2+1

CALL FSEND("}SF1i~.Z")

C EXFLAINATION OF FLOTTER COMMAND STRING

c .SF1 FICK UP FEN 1 - .
c <ESC>.Z - TURN FLOTTER *OFF*

c .

c

GET THE FIRST AND LAST FOINTS IN THE DATA WINDOW
CALL WINDOW(IWINDyXHI»XLO»YHIsYLO/NF1»NF22NELEM)

c
€ MAFFING FUNCTIONS DEFINED HERE:%%# LEXKXAXREXXEXLERXRTREIXEORERXKLK
XMAP CXDUMMY ) = (XDIUMMY=XL0) / (XHI=XL.0) ¥ (BSCX1-USCX0)
YMAF CYDUMMY) = CYDIUMMY=YL0) /(YHI-YLO) X (USCY1-USCYO)
C DYISFLAY THE FOLLOWING INFORMATION ON THE MONITOR
B T R —— .
TYPEX,” *
TYFEXr* X%k¥ GRAFH PARAMETERS (FAELD) Xxkx’
TYFEXs’ * .
TYFEX» “ND. ELEMENTS=‘,NELEM
WRITEC(7,701)XLOrXHI P XTRNINC '
701 | FORMAT(1X,’X-RANSE FROM ‘,1FES.1,’T0 “,IFES.1,’ (TIC INCREMENT=’)
+ IFES. 1273 7)
WRITE(7+702)YLOsYHI s YTKING

702 FORMAT(IX» “Y—RANGE FROM “+1FEB.1+7TO *»1FEB.15° (TIC INCREMENT="»
K 1FEB.1+°)*)
TYFE®» *X=WIDTH &, Y-HEIGHT =’ »XWL+YHT
TYFEXy ‘mrmm e e e e e e e e e ———————
TYFEX»’

L

T SEY UF FLOTTER FOR X-Y FAIRS
XM=XMAF (FUNC (NFir1,NELEM)) ! DEFINE 1ST POANT TQ BE FLOTTED
YM=YMAF (FUNC(NF'1» 2 NELEM) )

C SEnn MLOTTER FEN TO 1ST FOINT '
CALL FSENDC’~.YFA’) ! TUSN PLOTT
WRITE(7,1000)XMrYH
CALL FSERDC FD, ) ! FEN DOWN
IF(IMODE.ER.0)GO TO SO !CONTINUOUS...
IFC(IMODE.ER.1)B0 TO 20 !FOINT BY FOINT...

IERR=2
6D TO 300

C CONTINUOUS:

<0 03 S5 I=NPL+1,NF2

C DEFINE FOINT TO ®E FLOTTED
XM=XMAF (FUNC(Is1yNELEH))

YH=YRAE CFUNC(T 22 NELEM))

C IF THE FOINT ISN’T WITHIN THE FPLOTTING LINITS, DON‘T PLOT IT
IF(XM.6T.USCX1.,GR.XM.LT.USCXOIG0 TO S5
IF (YM.GT.USCY1.0R.YM,LT.USCYCIG0 TO S5

C SEML THE FOINT TO THE FLOTTER
WRITE(7s10003XMrYH

ON" AND FLOT AERSOLUTE

s5 CONTINUE Comr e

GO 10 100 _ .
C FOINT EY FOINT:
0 D0 25 I=NP1+1,NF2

C DEFINE FCINT TC EE FLOTTED
XH=XMAF (FUNC{I»1,NELEM))

YM=YMAF (FUNC(TI» 2, NELEM))

C IF THE FOINT ISN‘T WITHIN THE FLOTTING LIMITS, LON'T PLOT IT
IF(XM.GT.USCX1.0R.XM.LT.USCX0)G0 TO 25
IF(YMTGT.USCY1.0R.YM.LT.USCYD)GO 7O 25

C SENT THE FOINT TO THE FLOTTER

CaLL/FSENDC/FUSs * ) ¢ FEN UP
T URTTE(7,1000) XM, YN
CALL FSEND(/FLD,”) I PEN DOWN
5 CONTINUE

IaTh FLOTTING CDHPLEATED? LIFT FEN TO GET READY FOR AXIS:DRAUWER
G Call FSEND('FPU»‘3}

¢

-
=
c
.
b
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CRAKETAFEEREFRERREXEXEXXRKRRRXREIRZRERLRRRRXRRKEE R XX KRRRKRRKRR KKK KR RK
C AXTE DRAWERIRXAELEEXEEEREEEANEEERLETTXRRKRRREERRLE KRR XKL XX RKRXKXRS
G AH XX FRXAFXERRREKKER DOOREEXR DO L R KRR RO R R OO RS

c

c

c

[ b B ]

(]

Y AXIS:
IFCIAX(1).NE. l)GO TO
YES. THEN SEND FEN TO UFFER

FEENDC’FD, )

END FEN TO LOWER

110 1 IS Y AXIS ASNED FOR?
LEFT HaND CORNER

ITEC7,1000)USCX0O,USCYL

! FEN DOUN

130 ! IS X AXIS ASKED FOR7
LEFT HaND CORNER. -

WRITI(7+1000)USCXOUSCYO

CALL FSEND{’FDr~> ' FEN DOWN
e~ X AXIS
WRITEC(?,1000)USCX1USCYO .
Call FEENDC(FU-") ' FEN UP
SR AT xRN ORI  E OKOK R K K o KK R K K K K K KKK R K K KKK 2K KK KR KKK OK Rk R
F‘L:-l\.\ ﬂx.u.‘-';.
I JE(IAXCA),NELL1Y GR TO 150 1IS Y BLOCK AXIS ASKED FOR?
T2Ly ThHEN SEND FEN TO LOWER RIGHT HAND CORNER.
WRITECT»1000)USCX1 USCYO .
CalL FSENDC/PIN %) TFEN DOWN
u=au Y oaxXIzs BLOCK
URITE(?,1CCOIUSCXL ,USCYL
“ALL FPSERLLCFU» 72 i PEN UF
BT ey RROLNORNOY ROk OKKOR 0RO K K K 3 KR AKX 0K K K KR 3 3K K 3K K KK KK 0K OR KKK KRR K
<$ORLSCr AX1SS J
o2 T(IAYCAY.NEL1IG2 TG 180 ‘IS X ELOCK AXIS AShED ] erg
15.53- FTHIN SEND FEN TO UFFER RIGHT HANL CORNER.
CITE(7,100C)USCX1sUSCYL .
Call FESENDGC FLs ") ! FEN DOWN /
DRaw > BLOCK AXIS
WRITECZ e 100QIUSCYOUSCYL
2ALL FSENDO('FPUr "D ! FEN UF

XA **txtxxr*xxmmxx*#*1x*

N

i
I

t.

c

c

LOET UINE DRAW

3 £F(IZERO.EQ.0.0R.YHI

AEXXREKEERXKERKEXKRRX S *************X****X

LLELO.OR.YLO.GE.OY GO TO 200

Y = 0 WITHIN THE Y AXIS LIMITS?

i8S Zd70 LINE ASKED FOR AND

YE5« THEN LEFINE Y COCRDINATE FOR ZERO
YZERC=YMAF(O)

SENDI FEN TO THE LOWER X AXIS LIMIT AND Y’ Q

kanE(?rlOOO)USCXO!YZERD

CALL FSEND('FD.’)
DRAW ZzRO LINE

WRITE(Z~10000USCX1,YZ

CnLL FPSENDC’FUr“) 1 FE

! PEN.DDUN

ERO
N UF

TR K X5 KRR K KR K RO X Xk KRR R XK R KX KKK KK KKK
C HATCH MARNER S 2X0EO0CKKIRRR KRR X R X X0 KKK XK K KR XK K KKK KKKk kK

c

-

a0

)

DEFINE TICN FARAHETERS

200 TLEN=100 ' TIC

NYTK=(YHI-YLO)/YTKINC
YTLEN=(USCY1-USCYD) /N
NXTN= (XHI-XLQ) /XTKINC
XTLEN={LUSCX1~USCX0) /N
Y AXIS TICKS: XXKkkXKFLXXEKK
ARE Y AXIS TICKS ASKED FOR?
CIFCITINCID.NE.1) GO T
YES, THEN DRAW TICKS.
XTT=USCXO+TLEN
0 210 1=1,NYTK-1
DEFINT TICK FOSITION
YT=U3CYO+YTLENKI
SEND FEN TO TICK FOSITION
LRITE(7+10000USCXO,YT
CALL FSENDC/FIty *)
DRAW TICK
URITE (TWI000)XTT YT
CALL PSEND(’FUs*)

Z10 CONTINUE

N LENGTH IS 1/10 INCH

+0.3 ' 3 OF ¥ AXIS TICK DIVISIONS
YTK ! DEFINE Y TICK INCREMENT
+0.5 ' CF X AXIS TICK DIVISIONS
XTK ' IEFINE X TICK INCREMENT
KRR XK ok o K 0 R K K K KKK K KK KR K KR K Rk KOk X

NS
o 220

A

! FEN DOWN

! PEN UP
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C ¥ AXIS TICKS: ®EkEkrekkfkERXXRERREIRERRRETRE IR RERRXEXEKXKKXXXERE

£ ARE X AXIS TICKS ASKED FOR?

220 IFCITIN(Z2Y.NE.2) GO TO 240

C YES» THEN DRAW TICKS.
YTT=USCYO+TLEN
I 230 I=1sNXTK-1
C DEFINE TICKN FOSITION
NT=USCXO+XTLEN*I
C SENDL FEN TO TICN FOSITION
WRITEC(Zr1000)XT»USCYO
CALL FSENDCFD.*) !
C IRAW TICK
URITE(7-10000XTsYTT
CALL FSEND(“FUr ") d
23¢ CONTINUE

FEN DOWN -

PEN UP

C Y BLOCH AXIS TICNS: FhRXERRIKXKERERXERIANKE KKK K KKK KK RREKKRR kK
C ARE Y ELOCK AXIS TICKS ASKNED FORT :
240 IFCITIK(3).NE.1) GD TO 260¢

C YES» ~THEN I'RAWN TICKS.
XTT=USCXx1~-TLEN
Y 250 1=lyNYTK-1
C DEFINT TICKN FOSITION
Y1=USCYO+YTLENXT
C SENL FEM TO TICK FOSITION
WRITE(Z»20002USCX1» YT
Call FPSENDC/FIe 7)) . !
C IRAU TIUN-
WRITZ(7-20000XTTYT
Call FSENDC( FUr ‘D !
250 CONTINUE )
C X BLOCK AXIS TICKS! XX¥tfXxxXkx«

.C ARE X ELOCK AXIS TICKS ASKELD FOR

240 IFVITINCAY .NE.1> GO TO 300
€ YESy THEN DIRAW TICKS.
YTT=USCY1-TLEN
[0 270 I=1+NXTK-1
C DEFINS TICK .FDSITION
XT=USCXO+XTLENX®I’
C SEND FEN TO TICN FOSITION
WEITE(?7,1000XTUSCY1
CALL FSENDC’FDON’) '
€ DRAU TICK
WRITE(7 ¢ 1000)XTYTT

CALL FSEND( FUr*3} !
270 COMNTINUE
C TERMINATE FLOT ABSOLUTE COMMAND
r300 CALL FSENDC(’?~.Z27)

RETURN

C FORMAT FOR SENDING FAIRS OF REAL
1060 FORMAT( 4+ rFl11.4¢“s"sF1ll1l.4
END

FEN DOUWN
FEN UF

KO KK KR K 30K KK R O KRR ROR R KX X XK
‘?

FEN DOWN

FEN UP

(#) AND TURN PLOTTER ‘OFF‘

NUMEERS TO THE FLOTTER
r’r’eS)
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DRIVER :
CALL NEFO(NELEM)
TYFE x»’ INFUT UFFER I LOWER X & Y LIHITS RESPECTIVELY
ACCEFTX r XHy XLy YH» YL
CALL WINDOUWC1»XHsXL e YH»YLsNELEM»NL2N2)
TYFE *v’STARTING PT. #/rN1%7ENDING PT. #°#N2
STOP
END .
KWINIt.FOR WINDOW LIMIT FICKER

SUFRUUTINE WINDOW ALLOWS AUTOHATIC LIMIT FPICKING FOR FOINT FLOTTING
IT ALLOWS ONLY THE FOINTS{(+ OR - 5 Z) WHICH ARE FOUND IN THE PLOTTING
RANGE TO BE FLOTTED.

SUBROUTINE WINDOW{IWsXHI»XLO»YHIrYLOrN1sN2Z»NELENM)
N1l=1 ‘

N2=NELEM

NE=1 ! SET UFP INITIAL SEARCH NUMBER

IF (IW.EQ.0) RETURN

DO 10rI=NEsNELEM

TYFE %5 ’15T"»1

X=FUNCC(Ir1:MNELENM)

Y=FUNC (L r 2 NELEM)D

IF(X.0T+XHI.OR.X.LT.XLO.OR.Y.GT. YHI OR.Y.LT.YLO) GO TO 10
N1=1I .

GO TO 12 \
CONTINUE
TYFPE ¥» *x%ERRORXX NO WINDOW FOUNDS

TYFE ¥y “FLOTTVING LIMITS SET TO FOINT »ls AND’NELEM
N1=1

"HI2=NELEM

GO TO 40

XHIN=XHI+.0S%(XHI-XL0)
XLON=XLO-. 0S¥ (XHI-XL0O)
YHINSYHI4.0Sk(YHI-YLO)
YLON=YLD-.0S% (YHI-TL0)

o X NGISe ALLCWANCE

XX=X ISET MARKER X VALUE EQUAL TO THAT AT BEGINING OF WINDOUW
RERX=0 110X OF X FULL SCALE ERROR FLAG IS SET ON
YY=Y 'SET MARKER Y VALUE EQUAL TO THAT AT BEGINING OF WINDOW

NERY=0 '10%Z 0% Y FULL SCALE ERROR FLAG IS SET ON

INDOLIMIT OF WINDOW

o0 20rRK=N1+1.NELEM
TYFE »r’2NDO’»K
X=FUNZ(Ks1NELEM)
Y=FUNC (hs 2y NELEM)

VALULE . 10Z FULL SCALE DIFFERENT THAN INITIAL Xr NERX IS OFF

IF(ARS (XX-2)%10.6T.XHI-XLO) NERX=1

vALUD 1 10%Z FULL SCALE DIFFERENT THAN INITIAL Y» NERY IS OFF

IF(ARS(YY-Y)X10.06T.YHI-YLO) NERY=1

IS FUINT WITHTHWN LINITS + OR - 5% 7

IF(X.LT.XHIN.AND.X.GT.XLON.AND,.Y.LT, YHIN'END Y.GT.YLONY GO TO 20

.oNGe S0 SET OND LIMIT.

N2=K-1 //

G0 70 30

CONTINUE |

iN2TNELEH-1

M=l 1 SET SEMARCH NUMEBER EQUAL TO END LIMIT + 1

SANNIITIONS FOIR AN ACCEFTAIZLE WINDOUW S;//—“
IF(NERX.EQ.Q0.OR.NCRYLEQ.CIGOD TO X,

< FLAG FOF 10X F.5. MUST BE QFF

I¥ SR8 CONUITIONS AREN'T METrs THE SEARCH BEGINS AGAIN

RETURHN .
END
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«

A xx QTIKS.FOR ¥¥ (written by D. F. Tessier)
C SURROUTINE QTIKS(ICODE,ITIK,IERR)

c .
C QTIKS DETERMINES WHICH TICKS ARE TO BE DRAWN.
c .

[ ARGUMENTS:

C ICODE — A FLAGY

C ICOLE=0 ND AXIS TICKS AT ALL .

c ICODE=1 AUTO» NO QUERY. X- & Y-AXIS TICKS ONLY}
c ICODE=2 MANUAL CHOICE» QUERY. .
c 1TIN(4) —INTEGER ARRAY CONTALINING DECISIONS.
c . ITIK¢IN=0 - NO TICKS

c ITIKC(I)=1 = TICKS REQUIRED

c ITIKCI) - Y-AXIS TICKS

c ITIK(2) - X-AXIS TICKS

c ITIK(3) = Y-FLOCK TICKS

v ITIK¢(4) — X=BLOCK TICKS

c IERR - AN ERROR FLAG

c IERR=0 - NO ERRORS

c JERR=1 — INVALID ICODE

cZ

SUBROUTINE GTINS(ICOUE!ITIN!IERR)
BYTE ITT
INTEGER ITIK(4)
5 AUTD X— 3 Y-TICKS ONLY ¢«
call SETUF(rsITTrs)
Lo 3 I=1s2
1TIK(IY=1
3 ITINCI+2)=0
GOr TO ¢707+70:20) r ICODE+1
IERR=1
Go TQ 70
C NO TICKS:s.
Fu7 po 708 1I=1:4
/08 ITIK(I)»=0
GO TO 70
C MANUAL .+«
20 TFCITTICALL INIT
TYFEX:s* 7

TYEEA y # mmmmmammmmmmmm—mmmmmmSoS = mmoSSTSTomSmTETETTEIT

TYFEXs”’ 7

TYFEXy “%XXxx CHOOSE AXIS TICKS *x¥x°
TYFEXs®

ITINC1)=0

ITIK(2)=0

IF¢ILNECIDC “WANT y-AX1S TICK S MITIK(1)=1
IFC(IDECIDC WANT X-AXIS TICK £3YITINC(2)=1
IF(TOECIDCWANT Y-ERLGEN TICK?)YITIRK(3)=1
IF CINECIDC " WANT %-ELOCKN TICK’)»2ITIK(A)=1

TYFEXr” *

Lt

TYFEXs® ~
70 RETURN
END

TF (L HOT.INECINNG“ARE THESE DECISIONS ACCEFTABLE? )60 T0 20
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*%! QAXIS.FOR ¥ (written by D. F. Tessier}
&~ H
SUKRQUTINE QAXIS(ICODEsI&XrIERR)"

GAXIS DETERMINES WHICH AXES ARE TO RE DRAWN.

ARGUMENTS? .
" ICODE ~ A FLAGS
ICODPE=0 NO AXES ‘DESIRED
ICOIE=1 AUTO, NO QUERY. BOX SELECTED;
ICODE=2 MANUAL CHOICE.» QUERY.
IAX(4) ~INTEGER ARRAY CONTAINING DECISIONS.
’ IAX(1)=0 — NO AXIS
IAX(I)=1 - AXIS REQUIRED
InX(1) - Y-AXIS
IAX(2) X-AXIS
IAX(3) -~ Y-BLOCK
‘ 1aX(4) - X—RLOCK
IERR .- AN ERROR FLAG
IERR=0 - NO ERRORS
IERR=1 - INVALIL ICODE

NOO0000000000000NN00Y

N

SUBROUTINE GAXIS(ICODE,»IAXsIERR)
INTEGER IAX(4) '
IERR=Q

C AUTO X—- & Y-AXES + X- & Y-BLOCKS...

oD 3 I=1.4

(AX(1)=1

GO TO (747,70,20)ICODE+]

l1ERR=1

GO TO 70 TRETURN

Gl

MAHUNAL . ..

Q TYPEXs” *
TYFEXy %% CHOOSE AXES X¥x’
IFC.NOT.IDECIDC IS Y-AXIS WANTED?T/)IIAX(1)=0
IFC.NOT.IDECID( IS X-AXIS WANIED? ) )IAX(2)=0
IF(.NOTLIDECID(’IS Y-AXIS ELOCK WANTEDR? ) IIAX(3)=0
IF(.NQT.IDECIDC‘IS X-AXIS BLOCK WANTED? })IAX(4)=0
GO T0 70

747 IO 748 I=1:.4

IAX(I)=0

718 CONTINUE

70 RETURN

END

D00

¥ KINIT.FOR XX\
SURROUTINE INIT
CalL FLOTSS(2,512)
CALL FLOTSS(2r0+0)
CALL FLOTSS5(10s52
RETURN
END
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** ARSIZE.FOR %% (written by D. F. Tessier)
SUBROUTINE ARSIZE(ICOLEsXWDysYHT»IERR)

ARSIZE DETERMINES THE ABSQLUTE GRAFPH SIZE FOR RECCRDER OUTFUT(CM)

c
c
c
c .

C ARGUMENTS:

c ICODE - A FLAG

c ICODE=0 - SAME AS ICODE=1

c ICODE=1 - SET X-WIRDTH=35 CM 3 Y-HEIGHT =25 CHM,

c ICODE=2 - MANUAL SFECIFICATION OF X~WIDTH & Y-HEIGHT
c XWOsYHT — THE RESULTING X-WIDTH & Y-HEIGHT

C JERR - AN ERROR FLAG

c IERR=0 —-ND ERRORS

c IERR=1 — INVALID ICODLE

c

c

z

SUBROUTINE ABSIZE(ICORE,XWDrYHT»IERR)
IERR=0 -
XLMAX=35., T -
YLMAX=25.
GO TO (45r45,42)»ICODE+]
IERR=1 :
GO 70 70 'RETURN

45 AWD=XLHAX

YHT=YLHAX N

GO TO 7¢

MANUALS . .
2  TYFEX, ¥%XX GRAFH SIZE *¥%’
WRITE(7+41)XLMAX » YLMAX
41 FORMAT(1X» ‘MAXIMUM SIZE: X—WIDTH=’sFB8.1,
+ “CM » Y-HEIGHT=’rF8.1s’CM.*)
TYFE¥s “INFUT X-WIDTH & Y-HEIGHT (CM)~ .
ACCEFT®,XWIy YHT .
IFC (XWDLLE.XLMAX) « AND. CXUDN.GT. 0. ) « AND. (YHT .LE . YLMAX) . AND.
1 (YHT.GT.0.) GO TO 70
TYFE#» UNACCEFTAELE VALUES! TRY AGAIN.’
GO TO 42
£&9 . TYFEXy ‘X~WIDTH & Y-HEIGHT=’,XWDs %’ sYHTsr* (CM) .°
c IFC¢.NOT.IDECID( /IS THIS SATISFACTORY?’) G0 TO 42
70 RETURN '
END

H YD

(written by D. F. Tessier)
*x IDECID.FOR %%

LOGTCAL FUNCTION DECIDE(ISTR)

13TYFES OUT THE MESSAGE STRING ISTR (MAX. 25 CHARACTERS);
2) RETURNS .TRUE IF USER ANSWERS YES (YY) TO THE MESSAGE;s
3IRETURNS JFALSE FOR ANY OTHER INFUT.

OO0

LOGICAL FUNCTION IDECID(ISTR)
EYTE ISTR(SO)»FROMT(12D
OaTa FROMT/ZY 2 L79’Y e’ “3°072 R’ “2'N7 2’1727 737797 */

12 WRITE(?r100)(ISTRC(IJ»I=1»LENCISTRY}) PROMT
100 FORMAT( ‘37 +rB0A1)
REALICS»ISIIYN
S5 FORMAT(AL) *
IF{ IYN.EQ.'N’ .OR. IYN.EG.’Y’ XGD TO 109
GO 7O 12 - '
109 IF¢(IYN.EQ.Y’)G0 TO 2
ILECID=. FALSE.
GO T0 &
2 IDECID=.TRUE.
)

RETURN ‘
END :
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c. Integration Program

The program KOC12.FOR calculates charges by integrating cathodic sweep

currents with respect to time between two potential limits that are set as

input from the Xkeyboard for cyclic-veltammetry data transferred from rthe

2

Nicolet digital oscilloscope. These charges were used in this work to

determine coverages of O-species produced éuring oxide growth experiments.

Appropriate double-layer charges are automatically subtracted during the charge

calculation.

OoCcoOocOon0000On0n

U
ul

40

*x NOC12.FOR x% '
KOC1.FOR VERSION 2 INTEGRATES NICOLET DaTA

THIE FROGRAM INTGRATES DATA GOTTEN OFF THE NICOLET EXFLORER III USING
KNICFL (NICOLET DATA FILERY. THE INTEGRATION LIMITS HUST BE SUFFLIED RY THE
USER. THE IQUEBRLE LAYER CHARGING IS5 CALCULATEID &Y INTEGRATING
A GIVEN FILE CONTAINING DL I-V DATA UF TO SOME MAXIMUM FOTENTIAL (USER GIVEN)
AND BY A CIVEN *AVERAGE* DL CURKENT AERQUE THIS EOTENTIAL. THIS FROGRAM IS
SFECIFICALLY TAILORED FOR OXIDE GROWTH EXFERIMENTS REQUIRING INTEGRATION QOF
CATHRDIC RIDUCTIOM CURVES (ESFECIALLY THE AU "QC1°* EXFERIMENTS) RY- HOD'IFYING
THE MORE GINERAL KOLC1 FROGRAM. IT CAN ONLY HE USED FOR INTEGRATING CATHODIC
SWEEFPS.

INTEGER IDSTR(SO)rINSTD(SrS)rIPOT(EOéB)rICUR(2048);IDSTRD(50)r
2 INSTDDC(S»8),IFDTDL(2048) » ICURDL{2048)
REAL ANSTO(Z2y8)sANSTLL(2,8)
TYFS %X+ “SET UF DL CHARGING LATA” :
CQLL NICRD(IDSTRD:EDL:RﬁLrSDLrINSTDD:ANSTDD:IPUTDL:ICURDL)
TYFES *5 INFUT MAXIMUM FOTENTIAL IN VOLTS RHE FOR DL FILE
1 ILTEGRATION.” .
ACCEAT 2y EMAX . .
TYFZ %+’ INPUT THE AVERAGE LL CURRENT IN AMPS.’
- ACCZ* T %x,ILI

TYFE *:*SET UF OXIDE GROWTH DATA”
CAL. NICRD(IDSTRrEvRvSrINSTDrANSTDrIPOTrICUR)
TYFEZ %, "INFUT FOTENTIALS FOR 1ST AND 2ND INTEGRATION LIMITS’
ACCSRT %,ELIM1»ELIM2
IF(ELIMI.GT.E.QOR.(ELIMI.LT.ELIM2)) GO T 20
IEL1=(ELIH1—E+HAX(IFGT!ZOéS)XRNSTD(1;1))/ANSTD(111)
IEL:=(ELIH2—E+MGK(IPOT?EO4S)*QNSTD(1:1))/ANSTD(lrl)

" QLL=0
IF{ZLIM2.GT.EMAX) GO TO 15
ELIFDI=ELIML
IFtS IMI.GT.EMAX) ELIMDI=EMAX
IEL:L1=(FLIHD1-EFL+HAX<IPOTﬁLrEOQB)*ﬁNSTDD(lrl))/ANSTDD(lrI)
IELZL2=(ELIH2*EDL+HAX(IPOTDL!2048)*ANSTDD(Irl))/ﬁNSTDD(irl)
NME=O
e 20, I=1,2047
IF¢-NN.ER.1) GO TO 33
IFCI.6T.20446) GO TO 31
lF(.NOT.(IELDLI-LE-IPDTDL(I).AND.IELDLI.GE.IPDTUL(I+1).ﬁND.
1 IFOTOLCI+1) .GTLIFOTOLC(I+2))) GO TO 40
LINoLi=I
NNN=1
GO TO 40
IF(.NDT.(IELDLZ-LE.IFOTDL(I}.AND.IELDLE-GE.IPUTHL(I+1))) GO TO 40
LImDL 2=}
GO TO 43
CONTINUE
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43 Do SO,I=LIMDL141,LIMDL2
GDL=QDL+ ( (ICURDL(XI- ~1)+ICURDLCI)IXANSTID(1v2)/(2XRDL)IXANSTDD(252)
) CCHNTINUE

EMX=EMAX .
GO TO 16 —
15 IFCELIM2.GT.EMAX) EMX=ELIN2
16 IF(SLINI.LT.EMAX) GO TO 17 o
OLL=QDL+(DLIXC(ELIMI-EMX)/SDL) - e
17 NN=O g

T 20r T=10.2047
IF(NN.ER.1) GO TO 23
IF(I.GT.20446) GO TO 31 :

22 IF C.NOT.(IEL1.LE.IFOT(I).AND.IEL1.GE.IPOT(I+1) . AND.IPOT(I+1).GT.
1 IFOT(I+2))) GO TO 30
LIM1=I ST
NN=1 .
GO TO 30 :
23 IF (. NOT.((IEL2.LE.IFOTC(I).AND.IEL2.GE.IFOT¢I+1)) . OR. (IEL2,GE.
1 IPOTCI).AND.IEL2.LE.IFOTCI+1))) GO TO 30
LIM2=I
G0 TO 32 .
30 CONTINUE -
31 TYFE %, YOUR LIMITS COULD NOT BE FOUND- TRY AGAIN’
G0 TO 20
32 TYFE XsELIM1,“= FPT # “,LIM1r° AND ‘sELIMZ2,’= PT % “,LINM2
C INTEGRATION
50 Q=0 N

CELIMI=CC(IFOTC(LIM1IY+IFOTC(LIMI+1))/2-HAX(IFOT»2048) )%ANSTD(1,1)+E
ELIN2=(C¢IPOTC(LIM2I+IFOT(LINR41)3/2-MAX{IFOTs2048) YXANSTD(1,2)4E
LD &0sI=LIM1+41,LIM2
Q=0+ (ICUR(I-1)+ICURCIIIXANSTD(1,2)/(2%R)I¥ANSTD(2,2)

&0 CONTINUE
Q=Q-QDIL
TYFE IJOICIDSTR(I)II 1+38)
TYFPEX,  ANDDIC END FOTENTIAL =‘,E:"V”
TYFEXy ‘R =“2Rs "OHMS ¢ “SWEEFRATE =’»5r’VU/5’
TYFE %, TIME FER FT = ‘»ANSTD(2,2)
TYPE *%s/INTEGRATION LIMITS “»ELIM1,7 TO ‘,ELIM2
TYFE %r UDOUBLE LAYER CHARGE’,QDL.” COUL.
TYFE %, OXIDE CHARGE = “+QG»% COUL.” -
IFCIDECTIDC ANGTHER INTEGRATION-SAME FILE’)? GO TO 20
IF(IDECIDC( ANDTHER FILE)}IGO 7O 1

100 FORMAT(’ WHAT DO YOU WANT?’»%)
130 FORMAT(2X,38A2)

STOF

END

x*x KNICR2.SUB *Xx

KNICRD.FOR VERSION 1 A NICOLET DATA READER

REANS FILES CREATED EY KNICFL OF I-V DATA OFF THE NICOLET EXFLORER III

THE FILES ARE SET UP AS 32 RECORDS OF 128 WORDS.
15T RECORD CONSISTS OF:
WORDS 1~-S0 - FILE ID (100 ASCII CHARACTERS)
WORDIS S1-52 - ANODIC END FOTENTIAL IN VOLTS RHE
WORDS 53-54 - RESISTANCE FOR MEASURING CELL CURRENT IN OHMS
WORDS S55-~56 — SWEEF RATE IN VOLTS/SEC.
UORDS S57~125 — NORBALIZATION DATA FROM THE SCOFE(SEE SCOPE MANUAL AND
I'OCUMENTATION OF DFT’S SCOPSI)
RECORDS 2-17 CONTAIN FOTENTIAL DATA AND 18-33 CCONTAIN CURRENT DATA.

OOO0OO00OOD00O0000 00

C K.A.TELLEFSENs U OF OTTAWA,» DEC. 1982
czZ
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SUBROUTINE NICRD(IRSTRsEsR+SrINSTDsANSTDsIPOTs ICUR)

" € ARGUMENTS:

NDOOOOOOOO

[y
.

“

45
av
100
150
160
170

10

IDSTR - FILE ID STRING

E — ANODIC END POTENTIAL

R -= RESISTANLCE

S ~ SWEEF RATE )
INSTD ~ INTEGRAL NORMALIZATION DRATA
ANSTL - REAL NOMALIZATION DATA

IPOT - - RAW FOTENTIAL 'DATA

ICUR ~ RAW CURRENT DATA

INTEGER IDSTR(S0)IFPOT(2048)rICUR(2048):INSTD(S,8}
REAL ANSTD(2,8)

TYFPE 100

ChlLL ASSIGN(2sr=1+"0LD"»»)

NEFINE FILE 2(33+128,U:NREC)

NREC=1 -
READ(2'NRECIIDSTRE, RrSrINSTDrANSTD

ng 3:J=1,2048,128

NREC={J=-1)/128+2 -
READ(Z2/NRECY(IFOT(K) rRK=d2 J+127)

NREC=(J- 1)/1°8+18 -~ .
READ(”'NREC)tICUR(h)rN:ng+127)

CONTINUE

TYPE %+71IS THIS THE I'ATA YOU WANT?T’

TYFE 150 (IDSTRC(IY»I=1,38)

TYFE%» TANODIC END FOTENTIAL =“¢E» "V’

TYFEXy“R =’»R» 0OHMS’ » ‘SUEEPRATE =7 +S5,°V/5”
TYFPEXy "NORMALIZATION DATAR” .

I S5:I=1.8

TYFPEX: CINSTOC( I, I) 2 J=1rS)rANSTD(1,I)»ANSTD(2,T)
IFCINECIDC/TELL ME“)) (O TO 4

CALL 'CLOSE(2)

TYFE *r“GET ANDTHER FILE THEN‘

GO TO 1

TYFEXy INFUT 1 FOR NO DATA OQUTFUT”

TYFEX,” 2 FOR RAW DATA OUTPUT”

TYPE®r” 3 FOR CALCULATED DATA OQUTPUT - E (VU RHE)»I (AMFS)
1,C (I/STT

ACCEFTX:NQ

GO TO (47s20:,20) N0

INC=1

IF(IDECID('ARREVIATE DATA (128 FTS) ")) INC=14
TYPE%,* *

GO TO (47+30,40) NQ

TYFEX: "’ ¥ FRAW FOTENTIAL/RAW CURRENT”

U0 8+»I=1,2048+INC

TYFE 160,1IFOTC(I)»ICUR(I)

GO TO 47

TYPEXs ’ $: FOTENTIAL/V] CURRENT/A!FSEUDOCAP./COUL/V”
DIF=S-MAX(IPOT»2049)XANSTD(1»1)
0 45,I=1,2048,INC
FOT=IFOT(I)kANSTIU1,1)+DIF
CUR=ICURCIIXANSTI(1s2)/R
CaF=CUR/S

TYPE 170+I1:.POT.CUR»CAP

CaLL CLOSE(2)

FORMAT(2X, INFUT (DEVICE) FILE NAME =>713%)

FORMAT(2X:38A2)

FORMATC(* “2I4:10Xs136X21I5)
FORMAT(® “rI4s7X2F&6.392%X2E11.4,2X,E11.4)
RETURN

END

INTEGER FUNCTION HMAX(IARRAY s NPD
INTEGER IARRAY(NF)

HAX=IARRAY(1)

0 10,I=2+NP
IF(IARRAY(I).GT.MAXIMAX=TARRAY(I)
CONTINUE

RETURN

END
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