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PREFACE

The study of upd of metal and H adatom armys' on metal electrode surfaces has provided an
area of major interest in surface science in general and electrochemical surface science in particular
because of its importance in understanding a wide varicty of electrochemical phenomena such.as
adsdrption, charge-transfer, surface diffasion and electrocatalysis. Using cych-volmﬁlmcUy or
singlc-swccp potentiodynamic methods, the i vs E pmﬁlcs for the upd of metal or H adatom on
clectrode surfaces are characterized by multiple-state adsorption below the monolayer limit of
coverage. In the case of the upd of Pb on Au, from aq. HClO,, up to seven distinguishable
submonolayer states are observed. Even on well prepared single crystal surfaces, muldple-state

adsorption arises indicating successive development of lattice arrays that can be commensurate or

nor-commensurate with the substrate electrode lattice.

Although the upd of metal and H adatom arrays on foreign metal substrates has been studied
extensively over a number of years, the role that the solvent may play in modifying the upd profiles
has reﬁcivcd litle attendon todate.

Studying the upd of Pb at Auin various solvents therefore provides the means of comparison
with the well recognized results obtained in aquecous media. Solvent effects in the upd profiles of
metal adatoms can arise due to: a) Competition between electrodeposition of metal adatoms and
desorption of solvent molecules. The upd process is thus a replacement reaction and its energetics
depend on the difference between adsorption energy of the adatoms and the desorption energy of the
appropriate number of the solvent molecules; b) Ar indirect effect due to solvent-dependent anion
adsorption. | |

Solvent effects will be most pronounced for the inital stages of Pb adatom deposition, as is
found experimentally, because most of the electrode surface will be covered by the solvent
molecules. The former effect will bc significant when the solvent interaction with the outside of the
upd array is different from that initally at the metal substrate surface. Also, changes of potential of

zero charge upon upd of e.g. Pb at Au can lead to changes of ¢lectrolyte anion adsorption and of
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- solvent dipole orientation.

Interest in upd behaviour in non-aqueous systems arises for three reasons: (i) The deposition
profile may be solvent-dependent if golvcnt‘displaccmcnt by the deposited adatom introduces an
irreversible process in the upd; (ii) The upd profiles and the kinetics of the upd processes can be
studied down to quite low temperatures, especially in MeOH, and the kinetics may be
solvent-dependent; (iii) Anion adSorption effects are solvent-dependent on account of varying
strength of solvation in media of differing dimonsmm and electron donicity or accepting
power; .and (i\ij From the change of pca.k potentials with temperature, th€ entropies of upd states,
relative to the bulk state, can be determined.

Previous studies have shown that usually co-adsorbed anions (Cl', Br, I') have marked
effects on the i vs E upd profiles of H at P, Pb at Au and the initial stages of surface oxidation of Pt
or Au. In the case of Pb at Au the effects of co-adsorbed anions from very low concentrations (1077
or 10-°M) have not hitherto been investigated . One of the aims of the work decribed in this thesis is -
to saudy in detail the effect of co-adsorbed anions and thiourea (a neutral molecule which behaves
like an ion) on the i vs E upd profile over a wide concentration mng;:, starting with very low
concentrations. Effects for the different anions are expected to be different since anion adsorption is
solvcnt-dcpcndfcm and different adsorbabilities will be manifcsth; It is also interesting to cofnp’a.rc :
the effect of a strongly adsorbing neutral molecule (thiourea) with those of anions.

In addition to the thetmodynamic bcha\fiol;r of 2-d upd array formation processes, lh_c-
kinetics of electrodeposition and desorption can also be evaluated for each distinguishable state by
measurement of the peak potentials in linear potential-sweep experiments as a function of the log of
the sweep-rate, s, giving the s, value, the Mmum sweep-rate for which the surface process just
- remains reversible. The s, value characterizes the kinetics of a surface process (analogous to e
exchange currcnt-dcnsit&y. 1,, for a regular continuous Faradaic process) a{ the equilibrium potential,
E, 0. for each distinguishable array. It has the advantage over i, for kinetic evaluations in that the

real area of the electrode surface is not a required parameter.

When the entropy of the particles in 2 monolayer can be determined, information is given




about the nature and states of the adsorbed layer, e.g. mobility or immobility of the particles in the
ad-layer can be distinguished. The distinguishable submonolayer states, ¢.g. 4or 5 forHatPror 6
to 7 for Pb at Au have temperature-dependent standard free energies of electrodeposition and

ionization which enable the corresponding standard—cnuopics of adsorption, AS®, to be evaluated.

Most of the work described in this thesis is in preparation for pu‘t‘)lication as follows:

1. Characterization of UPD Processes in Pb Deposition from Non-aqueous Protic and
Aprotic Solvents. J.S. Chacha and B.E. Conway, and K. Tellfesen, Extended Abstract No. 483,
Electrochemical Society Symposium, Philadelphia, Pennsylvania, May 10 - 15, 1987.

2. Temperature and Anion Effects on the UPD of Pbon Au. J.S. Chacha and B.E.
Conway, Extended Abstract No. 496, Electrochemical Society Symposium, Atlanta, Georgia, May
15 - 20, 1988.
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ABSTRACT

In the present work, the upd of Pb at polycrystalline Au from aqueous and non-aqueous
so]vents (acetonitrile, methanol, dimethylformamide and propylene carbonate) has been investigated
by means of cyclic-voltammetry. Results obtained from aqueous medium are used for comparative
reference purposes. Experiments on upd of Pb at polycrystalline Au electrodes have been conducted
with respect to: a) the form of the i ys E upd profiles for multiple-state adsorption below a
monolayer as a function of solvent; b) the effects of co-adsorbed anions (C1°, Br, I') and
thiourea(TU) on the i vs E upd profiles starting from very low concentrations (= 10”"M) which can
affect the apparent entropies of upd states; c) the kinetics of the deposition and desorption processes
in various non-aqueous solvents by evaluation of the s, parameter; and d) the determination of the
entropy of distinguishable upd adatom arrays by evaluadng the tcmpcmtum-dcri#aﬁvcs of the peak
potentials.

It has been found in the present study that i vs E upd profiles of Pb at Au obtained in various
solvents (aqueous and non-agueous) under conditions that were kept identical as far as possible (e.g.
the same concentration of Pb?* ions, same sweep-rate, same potential range scanned) are
charactenstically different. For example, the i vs E upd profile obtained in MeOH resembles that
found for aqueous solutions in terms of rc&)lution of multiple-states of adsorption and peak shapes,
while for that in AN the profile is least resolved.

The i vs E upd profiles also demonstrate that the first cathodic peak, desgnated Cpy,;, is the
one most affected by solvent change. Its relative peak potential and shape is found to be
solvent-dependent. Solvent effects in the upd profiles of metal adatoms can arise due to competition
between electrodeposition of the metal adatoms and desorption of a corresponding volume of solvent
molecules. The upd process is thus a replacement reaction and its energetics depend on the
desorption energy of the appropriate number of solvent molecules. Solvent effects will therefore be
most pronounced for the inital stages of adatom deposition, as is found in the present work because

most of the clectrode surface will be covered by the solvent molecules initially. Various ions have



xxviii

also been found to have marked effects on the upd i vs E profiles.

When TEA* is used as the cation of the supporting electrolyte, the upd profile obtained in
AN is found to be distorted. The first cathodic peak is shifted to less positive potentials, indicating
that TEA® is strongly adsorbed at the Au electrode. Similar results are also obtained when NOy' is
used as the anion of the supporting electrolyte. When NO;- is used as the anion of the Pb salt, upd
profiles obtained in MeOH are distorted and different from the usual profiles obtained in aq. HCIO,
with Pb(NO,) as the Pb salt. This clearly demonstrates that anion adsorption is solvent-dependent.
Both (104 and CF,S05" give similar results, when used as anions of the supporting electrolyte in
H,0 or McOH.

In the presence of specifically adsorbed anions (Cl, Br’, I) and thiourea, it has been found
that the peaks for the initial process of Pb adatom deposition are substamial!y shifted to less positiv.:
potentials. Depending on the species, the effects on the upd profiles are different but it is generally
observed that the effects are significant already at high dilutions of the added species. For example,
in the case of I or thiourea, the effects are already discemnable already at about 107M. Saturation
effects for the different species are also attained at different concentrations.

The most striking and interesting effect of added Cl°, not observed in the case of Bror I, is
the appearance of an extra peak in the anodic sweep at the most positive potential of the sweeps (ca.
0.40 10 0.55 V/Ey). A corresponding peak is not observed on the cathodic sweep of the profile,
neither is it in the case of experiments done in methanolic 0.!M NaClO, solution. Examples are
discussed with Pb adatom blocking isotherms for a range of adsorbed anion or thiourea
concentrations; the type of competitive adsorption isotherm depends appreciably on the identity of
the anion involved.

The electrochemical kinetics of electrodeposition and desorption for two distinguishable
states in the multi-state adsorption of Pb at Au are evaluated by measuring the peak potcntials as a
function of log s over a wide range of sweep-rate in which the peak potentials can be followed. The
determined kinetic parameter s, the maximum sweep-rate for which a surface process ceases to be

kinetically reversible, in non-aqueous solvents is lower than that obtained in aqueous solution for




the similar process. It is also found that at substantially higher sweep-rates (= 50 V s°1) there is
deviation from linearity in the plots of peak potentials vs log s. This deviation is attributed to
irreversibility of the Pb upd process an effect which begins to become significant at these high
sweep-rates, especially in non-aqueous solutions. '

The highest s, values are obtained in AN as a solvent. It is also found that the apparent
values of s, values increase with temperature since the solution resistance and diffusion-influence is
decreased with increase in temperature. R

In the present work, the apparent entropies of the distinguishable states, corresponding to
multiple-state adsorption of Pb adatoms on Au, are determined by evaluating the
tcmpcraturc-.dcﬁvativcs of the peak potentials (dE,/dT) which are proportional to the entropies, at
half-coverage for each of the resolved adsorption states, relative to the entropy of deposition of the
bulk metal. Since the peak potentals determined were referred to the reference electrode in the
same solution at the given experimental temperature, the experimentally determined dE/dT is
corrected using the experimentally determined dE;/dT of the reference electrode from
non-isothermal cell measurements. The estimated entropy values are found to be solvent-dependent
and differ significantly for the various solvents used in the present study. The estimated entropy
changes corresponding to the various states of adsorbed Pb at Au for various solvents are discussed /
in relation to the standard entropy of Pb in the bulk which, for the crystalline solid (298 K), is 64.85

Jmol! K1, while that of Pb** in wateris -21.3 J mol'! X!,




CHAPTER 1

GENERAL_INTRODUCTION

L1  Uhderpotential Deposition (UPD) of Atomic Monolayers on Metal Electrodes
1.1.1 Introduction

The work described in this thesis is concemned with the characterization of so-called
"underpotential deposition” ("upd™) processes in the deposition of Pb atoms on polycrystalline
Au from non-aqueous protic and aprotic solvents for which the situation in aqueous medium is
now well established, e.g. [1,2,3] and provides a system for comparison and reference.
“Underpotential deposition” is a term that has been adopted to describe the situation where an
adatom species is ¢lectrodeposited in a monolayer or submonolayer below the potential for
deposition of the same element in bulk-phase form. When this situation obtains, it follows that the
Gibbs energy of electrodeposition of the deposited M on a substrate S is lower (more ne gative) than
the Gil;bs energy for bulk-phase formation of M. It therefore follows approximately, for many cases,
that the M-S bond is then stronger than the M-M bond in phase of M and this provides a

semi-quantitative description of the condition for upd of M on S to be observed. More precisely, the
condition
b
GMs < G°um
is required with respect to the Gibbs energies involved.

The underpotential deposition of M species takes place in a 2-dimensional lattice structure
usually up to one or sometimes two atomic diameters thick. The electrodeposition of M species on
the metal substrate S in the upd region takes place over a range of reversible potentials which depend
thermodynamicaily on the coverage 8)4, of M on S, when the process is conducted slow enough for
it to remain kinetically reversible. Usually the coverage is in the range 0 < Op <1 but sometimes a

second or a further half monolayer can be deposited before bulk-phase formation of M starts, e.g. as

in the case of deposition of Cu on Pt; then the nominal value of 8) may be significantly greater



than | but not corresponding to a multilayer.

) Previously upd processes for H, Pb and other metal adatoms have been studied by various
workers, mainly from the aqueous medium. The earliest example of upd that was characterized was
that of H on Pt [4]. In the present work, attention is directed towards the upd behaviour of metal
adatoms, Pb in particular, in non-aqueous media with regard to the role of solvent adsorption and
competition by anions.

Interest in upd behaviour in non-aqueous media arises mainly for the following reasons:

a) The deposition profile may be solvent-dependent if solvent displacement and interchan ge
caused by the deposited adatom introduces a significant component of the Gibbs energy of the upd
process.

b) The upd profiles and the kinetics of the upd processes can be studied down to quite low
temperatures, especially in MecOH and acetonitrile (AN), and the kinetics, which may be
solvent-dependent, can therefore be examined over 2 wide range of temperature.

¢) Anion adsorption effects are dependent on solvent on account of varying strength of the
anion’s solvation in media of differing dielectric constant and electron donicity or accepting
power [5]. .

d) From the dependence of peak potentials on temperature, the entropies of upd states,
relative to the bulk state, can be evaluated, and thus the states of arrays of ﬁbd adatoms determined

c.g. with respect to their 2-dimensional mobility or otherwise.

1.1.2  Previous Studies of UPD Processes

The study of metal and H adatom arrays on metal electrode surfaces has provided an area of
major interest in electrochemical surface science and surface chemistry (e.g. ref. 6). These topics
have been studied extensively in recent years because of their importance in understanding a wide
variety of electrochemical phcnomcn."x such as adsorption, charge transfer and, by contrast,
nucleation and growth, as well as surface diffusion and also because of their practical importance in

electrocatalysis [7).



Historically, the investigation of metal ion deposition in monolayers was carried out by
means of measurements at very low metal-ion concentrations, ;with emphasis on the applicabilir.y of
stripping analysis for analytical purposes at low concentration levels of metal ions.

The carliest adsorption studies, perhaps, were those by Hevesy [8] who reported a deviation
from the reversible Nernst potential when radioactive metals were deposited onto Cu. Later Herzfeld
[9] explained Hevesy’s [8] result by assuming, essentially correctly, that the activity of the deposited
solid in the monolayer is less than unity and is a function of coverage, 8. Rogers and co-workers
[10] studied the deposition and stripping of trace amounts of radioactive Cu and Ag onto Pt, Au and
Pd. They extended Herzfeld’s {9] ideas in explaining their own'results. Besides the activity of the
deposited metal being a function of coverage, they introduced an additional term, E, , to account for
any specific interaction between the deposited and the sul;su'atc species. The modified Nemnst
equation, which correlated the electrode potential and the coverage then had the form:

E;, = E, + E,+RT/zZFInC_, /0 (.n

After the pioneering study of upd by Haissinsky [11,12], Nicholson investigated the
deposition of Ag, Pb and Cu on Pt [13] and Ni on Pt and Au [14]. The first results of clectrolytic
deposition of the first atomic layer of a metal on a foreign metal substrate seem to be those reported
by Mills and Wills [15] in their investigation of the monolayer electrodeposition of Pb, T1, Sb and
Nion Au and of Pbon Ag.

On the basis of these early investigations [10], the study of upd both experimentally and
theoretically has received much attention over the last twenty years by various groups using different
techniques. Schmidt and co-workers [16,17,18] have extensively studied monolayer formation of
metal adatoms on various metal substrates using a twin electrode, thin-layer technique. The cell
employed consisted of two plane-parallel electrodes, closely spaced, the potentials of which could be
regulated independently. The generator electrode was composed of the same metal as that to be
underpotential-deposited at the second, working electrode. Their studies revealed that there were
several distinguishable stages in the adsorption (electrodeposition) process which could be

quantitatively characterized.



Bruckenstein and his co-workers [19,20,21] have studied upd using the rotating ring-disk -
clectrode (rrde). While the potential of the disk electrode is scanned at a constant rate, dE/dt, the
potential of the ring electrode is held constant at certain controlled values. The surface concentration
of the deposited metal, I'(E) on the disk electrode can be calculated by measuring the charge due to
redeposition at the ring during stripping from the disk, allowing for the hydrodynamic "collection
efficiency” of the ring. The rotating ring-disk technique also yields, under appropriate analysis,
kinetic parameters such as the exchange-current density, adsorption and charge-transfer rate
coefficients and the electrosorption valency {22].

Vetter and Schultze [23,24] also used potentiostatic and galvanostatic pulse measurements to
study mainly upd kinetics and, in a limited way, also the relevant thermodynamic data. For exampie,
in the adsorption of Cu?* ion onto polycrystalline Pt, the rate-determining step was found to be the
reduction of Cu?* ions to Cu* ions [25].

' Cyclic- or lincar-sweep voltammetry was used by Lt_)rcnz and co-workers [26] in the
investigation of upd., The potential of the working clcctnod:.: was changed continﬁously at a constant
sweep-rate (dE/dt) by a ramp potential supplied from a function generator. The reaction at the
surface of the working electrode in relation to the states of upd adatoms, is characterized by the
current-potential profiles. Since this is the technique that has been mainly employed in the present
investigations, it will be discussed in more detail in Chapter 3. Bowles [27], using a different
appro:;ch. studied the deposition of meta! monolayers by means of a radioactive tracer technique.

Optical methods have also been used to detect and characterize the formation of
submonolgycrs or monoiayers of metal adatoms on metal electrode sub-states. For example, Yeager
and co-workers [28,29] and Kolb [30] have applied the specular reflectance technique to
investigations of upd and showed that, although the metal adsorption changed the reflectivity In a
definite way, the reflectivity change was also wavelength-dependent, indicating the role of optical

absorption effects amongs: other factors that determine the reflectivity.



113 UPD Studies in Non-aqueous Solvents .

There is a growing interest in the study of upd in non-aql—mous s;olvcnrs. Besides the metal
pairs which can be studied in aqueous solutions, non-aqueous media provide alternative solvents or
solution for studying a larger variety of metal pairs such as Li, AL Sb, Cd and Sn which, in water,
would react strongly to form hydroxides. Also it is now possible to investigate the electrodeposition
of alkali metals [31] e.g. Na, Li, which obviously cannot be studied in aqueous solutions. ,

Fried and Barak [32] and Kolb and Gerischer [33] have studied the upd of alkali metals onto
noble or semi-noble metals. However, Li, was found to have a substantial alloying tendency in the
upd region. Li monolayers have, nevertheless, been electrodeposited on metals s.uch as Au, Ag,Cu
and Pt[32,33]. Also, the upd of Li at Mg [34] and Sb [35] results in alloy formation.

Non-aqueous solvents also provide an opportunity of carrying out measurements over a wider
range of temperatures than is usually possible in water. For example, propylene carbonate and
methanol have liquid ranges of 289 and 159 X, respectively. This is important because
measurements of the temperature-deper Yence of peak potentials enables evaluations to be made of
the apparent cmmpy\!{ the adlayer (see Section 7.7). Conway et al. [36] reported preliminary results
of this kind for the entropy of the monolayer of Pb on Au deposited in non-aqueous media in their
exploratory studies of the upd of Pb at polycrystalline Au in AN and MeOH.

Since the upd behaviour of several metal pairs in aqueous medium is now well understood
(1.2,3], upd studies in other solvents should form an interesting basis for comparison with the
well-known results in aqueous medium. Such comparisons siould prove valuable in understanding
the role of the solvent molecules in modifying the characteristics of metal ion deposition in
monolayers onto suitable metal substrates. So far, this has been addressed only by Conway c_t‘al. [36]
and Xue-Kun Xing et al. [37]. The latter authors investigated the upd of Cd on ‘Ag(111)in PC and
compared their results with those in aqueous medium. There were differences in the
cyclic-voltammetry curves for Cd upd on Ag(111) in PC and in water, the peaks being sharper than
those in water. These authors [37] explained these differences as being probably due to the

competitive adsorption of ionic species other than the metal being electrodeposited on the electrode




surface and/or to interactions of the soivcnt molecules with the metal substrate, as will be discussed
later in Chapter 4,

The most commonly used solvents are MeOH, PC, AN, DMF and DMSO. However, their
applicability is restricted by the rather low solubility of many inorganic salts of suitable metals in
such media and the high-purity requirements for satisfactory work in most non-aqueous solvents, a

matter to be discussed later in Chapter 2, Section 2.3.2.

1.2 Previous Studies of the UPD of Ph at Au

The upd of Pbon Au provides an excellent system for study because it gives rise to several
djsdnctla;arpﬁpnjdcsorption peaks ar different underpotentials on a dynamic cyclic-voltammetry
1 vs E profile which demonstrate the existence of several different types of adsorbed state (Fig. 1.1),
or stages in the formation of a Pb monolayer on Au.

Mills and Wills [15] were the first 1o report results on electrodeposition of Pb on Au in their
work on monolayer formation of metal adatoms on foreign-metal substrates. Using alkaline lead
acetate solutions, th;:y found that Pb deposition occurred at two distinct potentials before the
reversible potential of bulk Pb was attained. Later, various workers using different techniques
extensively studied the upd phenomenon. Using a more sosphiscated twin-electrode thin layer
technique, Schmidt and Gygax [38] later investigated monolayer formation of Pb on Au. The
adsorption of Pb occurred mainly at two potentials, giving rise 10 two upd peaks at potentials more
positive than the Nemst reversibie potential for bulk Pb, The charge equivalent to monolayer
formation was between 420 - 460 uC per real cm?, compared 10 the value of 347 uC per real cm?
reported by Schmidt and Wiithrich {17] using a similar technique. However, later Engelsmann,
Lorenz and Schmidt [39], using well prepared Au(111), (100) and (110) single-crystal Au surfaces,

found multiple-state adsorption of Pb on Au still with 3 to 5 distinguishable states at each

monocrystal surface indicating that multiple-state upd below a monolayer is not due to trivial effects

of polycrystallinity or surface heterogeneity.

Vicente and Bruckenstein {21] investigated the adsorption of Pb on Au from a slightly
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Fig. 11  Potentiodynamic i vs E profile for Pb upd at Au in aq. IM HCIO, + 10°M
Pb(NQ;), solution at 298K showing the various distinguishable Pb ad-states
developed in a formation of a monolayer region. s = 50 mV 5L,



acidified 0.5M KCl solution using the rotating ring-disk electrode technique. They found that
adsorption took place over a wide potential range, increasing with cathodic potential. The charge
corrcspondix;g to 2 monolayer of Pb was about 420 pC per geometric cm? or 247 uC per real cm?,
The formation of the monolayer was characterized principally by two adsorption but three anodic
desorption stripping peaks. In the work of Schmidt and Gygax [38] a third peak was not, howw&.
recorded because they used higher concentrations of Pb** ion and very low scan-rates, conditions
which are now known to be favourable for bulk Pb formation at the potential of this third peak.

Takamura and Sakamoto [40] also studied the upd of Pb on Au but from aqueocus 1M HCIO,
solution using the cyclic-voltammetry technique. Both the cathodic and anodic i vs E profiles
showed four peaks, including one which later has bﬁ:cn referred to as the "spike” [29). The nearly
symmetrical i ys E profiles for the cathodic and anodic peaks suggested that the Pb adsorption and
dissolution due to the reactions _

Pb¥ g + 2¢ = Pb,, (1.2)
is reversible. The charge corresponding to the four cathodic peaks was again found to be about 452
WC per geometric cm?, an indication of monolayer formation as previously suggested by the results
of Vicente and Brunkenstein [21] and Takamura and co-workers [41].

The investigation of Schmidt and Wiithrich using the twin-electrode, thin-layer technique
[17] showed that Pb adsorbs on polycrystalline Au in up to 5 states before completion of a
monolayer. The currents of the indicator and gencrator electrodes are about the same in opposite
directions indicating that the system follows the metal monolayer deposition model, with virtually
complete discharge of Pb™ ions to Pb adatoms, i.¢. with an electrosorption valency [22] near 1. The
exchange current-density for the adsorption process was determined, using curve-fitting methods, to
be 6.3 A cm? which is very high compared, for example to a value of 10 for the system Au/0.1M
Cu** [26].

\
Kolb, Przasnyski and Gerischer [31] investigated the upd of many couples including Au/Pb*
in order to establish a correlation between the difference in deposition potentials of the bulk phase

and states of the monolayer. To describe the upd behavior quantitatively, the peak potentials "of the



monolayer” and bulk stripping peaks were chosen as the most suimble parameters for characterizing
the difference in chemical potentials of the monolayer and the bulk deposit. The underpotential
shift, AE,,, is the potential difference between the bulk deposition potential (i.e. the Nernst
equilibrium potential) and the monolayer stripping potential. (They took mean potentials for the upd
envelope of states; it would have been better to refer to individual sub-monolayer states). They also
evaluated the half-width, AE 5, of the monolayér stripping peak. For the system AwPb?*, the |
values of AE; and AE,, are 0.40 and 0.12 V, respectively.

For most of the couples studied, a linear relationship was found to hold between AE, and the
difference in the work functions, 49, of the substrate (¢,) and the bulk value (¢,) of the monolayer
materials by the equation:

4AE, = a4g, (1.3)
where @ = 0.5V eV'tand 40 is ¢, -¢, Forcouples where there was a deviation from the abov
linear relationship, e.g. Hg, Ag and Tl on Au, it was artributed to "specific interaction” between the

adsorbate and the substrate, an unclear explanation.

1.3 Specular Reflectance Studies of Surface Films

1.3.1 Introduction

The specular reflectance technique has been extensively employed for in situ characterization
of electrode surfaces. Various workers {29,42,43] have shown that specular reflectance at an
electrode surface is very sensitive to the electrochemical surface state of the electrode. It is currently
empioyed to investigate optical properties of solids, in situ studies of the formation and optical
propertics of monolayer and sub-monolayer coverages of ad-species on electrode surfaces, and 10
detect interrnediates and products of heterogeneous chemical and electrochemical reactions.

Reflectance change produced by adsorbates on an electrode surface depends on the film
thickness, surface coverage, wavelength of incident light, the dielectric constants of the adsorbate
and the sub: trate, the adsorption and orientation of solvent dipoles, adsorption of ions of the

electrolyte and the clectron charge-density at the clccm;dc/soluu'on interface, related to the
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electronic refractive index of the metal surface region.

1.3.2 Theory

The details of the theory of reflectance changes at an clecupdc have been dealt with
elsewhere [44], so will not be given here, especially as the method was not used in the present work.

Mclntyre and Aspnes (42] derived an equation which expresses the proportionality between
reflectivity change, AR/R, and the surface coverage, 8, by ad-species.

(AR/Ry)g = (AR/R )g=1 x © (1.4)
where

9 = Q/Qp=1, (1.5)

is the surface coverage, Qg=] is the monolayer charge, and (AR/R )g and (AR/R,)g= are the
reflectivity changes at 8 and 8 = 1, respectively. For light at normal incidence, the change in
reflectance is also given [42] more informatively by

AR/R = (8ran;md,8/%) Im (¢; - €3) / (¢, - €3) (1.6)
where n, is the refractive index of the electrolyte, d, is the monolayer thickness, 0 is the surface
coverage and m is an integral multiplier of d,,, €, is the real part of the dielectric constant of the
adsorbute, €; and €3 are the complex dielectric constants of the adsorbate and the metal (substrate),
respectively. Provided that €, and €3 remain unchanged during adsorption, AR/R is then
proportional to the surface coverage for an experiment conducted at constant A. The main
assumption in the derivation of eqn. (1.6) is that the reflectivity changes will bcgn'oportional to the
fractional surface coverage if the polarizabilities of the isolated atoms are not too different from
those in the bulk phase. This assumption is not entirely satisfactory when chemisorption with
charge-transfer arises, as usually the degree of charge-transfer varies appreciably or significantly
with coverage so that the electronic state of the adsorbate (and hence its absorption coefficient or
polanzability, etc.) may actually depend on its coverage. More detailed analysis takes into account
changes of the refractive index of the metal surface region and changes of solvent polarization at the

interface with changing potential.
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133 Specular Reflectance Studies of Pb Adatoms Electrodeposited on Au
Since ordinary electrochemical techniques provide only limited information at the atomic
level concerning upd, the specular reflectance technique (28] has been used to provide more
information about the upd pbenomenon, in general, and the state of Pb adatoms at Au in particular.

In upd studies using cyclic-voltammetry or the linear potential-sweep method, the electronic
properties of the adsorbed layer change with increasing coverage and can be monitored continuously
from monolayer to multilayer coverages by means of reflectance measurements, as illustrated in Fig.
1.2. Relative reflectivity results were first obtained by Takamura, Takamura et al. [29] in their
studies of the specular reflectance changes of 2 Au electrode during the course of electrodeposition
of Cd and Pb on Au. The specular reflectance of an electrode surface changes when a metal film is
deposited on it but the magnitude and sign of change are wavelength-dependent [43].

Although there are regions of reflectance change that vary with coverage, there is a change i
slope corresponding to the "spike” [29]. This change was explained by Takamura et al. [43)] as due
to the formation and oxidation of another state of the Pb film, different from that adsorbed at more
positive potentials (lower coverage). However, according to Adzic and co-workers [29], this change
is due to a large change in the electronic structure of the adsorbed Pb on the surface, associated with
a 2-dimensional phase transition in the adsorbed layer.

Takamura, Watanabe :1d Takamura [41] have shown that the adsorbed Pb layer has similar
optical properties to those of metallic Pb except for the adatoms deposited or desorbed at the most
positive potentals. This is probably because they are located at the shortest distance from the
surface Au atoms, and therefore experience the strongest interaction with the surface. Reflectance
spectra also show the existence of adsorbed Pb in sites having different optical properties, indicating
multple state adsorpnon in the formation of the monolayer or submonolayer of Pb on Au electrodes.

The wavelength-, and potential-dependence of the optical constants of the adsorbed Pb layer
are appreciable as found in work by Horkans, Cahan and Yeager [45], using the ellipsometric
technique. Such a large dependence as is observed would not arise if the state of the adsorbed film
resembled that of bulk Pb metal.

p)
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Potentiodynamic i vs E profile (upper) and relative reflectivity vs potential
(lower) curves of Au in IM HCIO, both in the absence ) and in the
presence (—)of 1.0x 10°M Pb?* a1 299 K. s = 51.3mV s'!; ARR,
obtained with perpendicular polarization, @ = 60°. (From ref. 41).
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1.4 UPD of Pb on Au Single-Crystals: Effect of Crystallographic Orientation

Differential reflectance spectroscopy, combined with cyclic-voltammetry, has been applied
by Yeager and co-workers [29] in order to study the upd of Pb on Au single-crystal faces. Schultze
and Dickertmann [46], Schmidt and co-workers [39] and Hamelin [47] have also studied the upd of
Pb on Au single-crystal faces using the cyclic-voltammetry technique. In all cases, the
cyclic-voltammograms are characterized by several peaks indicating multiple-state adsorption on the
three low-index faces [(100), (110) and (111)] of Au single-crystals, including a "spikc" (also seen at
polycrystalline Au) which is less pronounced for the (110) face. The i vs E profiles are
characteristically different for the three faces, i.e. they depend on the crystallographic orientation of
the substrate surface. Coverage isotherms, of course, also depend on the crystallographic orientation
and, in the case of Au(111) face, the peak structures are influenced by the pre-polarization
procedure.

The upd profile for Pb on the Au (110) face closely resembles that on polycrystalline Au
(Fig. 1.3). Schmidt etal. {39], therefore, suggested that polycrystalline Au predominantly exhibits
(110) faces. It was peinted out by Yeager et al. {29] that the strong dependence of the “spike” on the
crystallographic orientation is not surprising since the 2-d phase transition which is believed to arise
at the "spike”, leading to a metallic type layer, should be dependent on crystallographic orientation.

Schmidt et al. [39] found the Kolb-Gerischer [1] relation to hold for the three low-index
faces but Schultze and Dickertmann [46] found it to hold for only the Au(110) face. This is not
surprising because the work function values used are for polycrystalline substances and the Au(110)

face evidently closely resembles in structure the main fraction of the surface of polycrystalline Au.

1.5 Multiple-State Adsorption in UPD

Nearly all i vs E profiles for the upd of H or metal adatoms on foreign metal substrates below
the level of monolayer coverage are characterized by multiple-state adsorption as is clearly seen in
the cyclic-voltammetry curves. Two states of adsorbed H on Pt were distinguished in the early work

of Frumkin and Slygin [48] and Will and Knorr [49]. Later, working in clean and dilute solutions,
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Conway et al. [50,51] were able to resolve 4 to 5 adsorbed states of H on Pt. Previous work had also
shown multiple-state adsorption of Pb on Pt and Au [52]. As was mentioned previously, early
studies showed two states of Pb on Au but later (40 ] four states and in this laboratory [52] even up
to seven states have been observed, including a "spike” at 8py, = 68% that corresponds to the
2-dimensional phase transition referred to above.

1.5.1 Origin of Multiple-State Adsorption

It is now clear that multiple-state adsorption in upd is a general phenomenon. Because the
carly studies were carried out using polycrystalline electrode surfaces, multiplicity of upd peaks was
first atributed to heterogeneity of the electrode surfaces, including principally the effects of
polycrystallinity. However, cven on single-crystal faces, it is now clear that the i vs E upd profiles
indicate multiple-state adsorption as exemplified in the work of Schmidt et al. [39] as illustrated in
Fig. 1.3.

Clavilier [53] has reported multiple-state adsorption of H on well prepared single—crystals of
Pt. On the three lov;v-indcx faces of Au single-crystals, Schmidt et al. [39] have shown that the upd i
vs E profiles are characteristically different for the three surfaces and again multiple-state adsorption
also arises. It is clear from the above examples that multiple-state adsorption is not solely due to the
presence of a variety of crystal planes on which atoms are deposited with different energies of
adsorption but in a much more fundamental phenomenon.

Briefly, multiplicity may arise on account of the following factors [2]:

(1) Polycrystallinity (and hence surface heterogeneity) of the electrode surface - a relatively
trivial effect, referred to above. ‘ ' |

(i1) Adsorption of atoms occupying geometrically distinguishable sites (which exist even on
single-crystal principal index planes) having different binding energies for, and coordinations of, the

adatoms as the monolayer is built up.
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(iii) Use of the various hybrid surface orbitals of the transition metals could lead to
clectronic interaction effects in deposited adatom arrays which could result in adsorption energy
which is dependent on coverage.

(iv) Long-range electronic interactions between the atoms of the adsorbate [54,55,56] as the
monolayer is built up (cf. (iii) above).

(v) Local influence of adsorbed ions of the electrolyte, especially anions, may induce an
heterogeneity effect at the surface of the substrate,

(vi) The interaction of adsorbed atoms with oriented solvent molecules may induce an
heterogeneity effect, as recently pointed out by Bewick et al. [57].

(vil) Reconstruction of the adsorbate/substrate layer may take place in some systems as the
coverage increases, giving rise to various overlay structures [58] in domains whose geometries

depend on coverage and potential.

1.6  Chemisorption on Metals

Adsorbate species usually become bound to a surface of the substrate metal in two ways.
One is referred to as physisorption (physical adsorption), in which case the interaction b'ctwccn the
adsorbate molecule and the substrate is weak. The interaction is due to the weak van der Waals
forces which arise from mutually induced dipoles involving quantum-mechanical London dispersion
forces produced by the responce of polarizable electrons to the instantaneous dipoles created by
nearby electrons. These atractive forces are usually weak, long range and the enthalpy of adsorption
rarely exceeds -25 kJ mol'!. Additionally, physical interaction between permanent dipoles and the
interfacial field at surfaces gives rise to another component of the physical adsorption energy.

In’chcmisorption (chemical adsorption) the adsorbate interacts with the substrate through
overlap of its electronic orbitals with those of the metal surface and this usually leads to the
formatign of & chemical bond, usually of a covalent polar type, having an energy comparable with
that of a rvicgular chemical bond. In fact, chemisorption can, in a sense, be thought of a 2-dimensional

surface compound formation and it usually occyrs with some degree of charge-transfer between the
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substrate and the adsorbate, that in electrochemical experiments can actually be measured [22).

The cnthalpy change due to chemisorption is usually substantally more negative than - 40
kJ mol"!. Chemisorption, which results in the formation of real bonds, thus produces in
2-dimensions new “chemical compounds” at the substrate surface.

It should be pointed out that the nature of chemisorption bonds is not at all so well
understood as are normal molecular bonds because the state and stoichiometry of the
adsorbate-adsorbent complex is often not well characterized; thus it is usual that the adsorbate is
sometimes bonded to more than one atom on the substrate surface. Also some adsorbates can alter
the energetics of the substrate surface which will influence the bonding of further adsorbate
molecules and also lead to reconstruction of the surface of the adsorbate.

Chemisorption on noble and other transition metals has received greater attention than on any
other class of solid surfaces as evidenced b?tﬁqgcat quantity of experimental data for such
surfaces. Transition and noble metals are mcmst because their surfaces are chemically stable,
relatively easy to clean and these metals are technologically important. Of especial chemical interest
in catalysis is that the properties of transition and noble metals are dominated uniquely by the
d-electrons, leading to complex electronic band structures. Their surfaces and hence their
chemisorptive properties are thus of special interest.

Electrons in solids can usefully be classified into "valence” (or bonding) and so-called “core”
elecrons. The core electrons are tightly bound to their nuclei and hence are less affected by the
presence of other atoms in the solid. Valence electrons, which are usually the s and p ¢lectrons of
the outermost shell, or with transition metals, hybridized d-orbitals, exhibit different behaviour. -
They overlap strongly from one atom to another so they cannot be identified so specifically with any
particular atom. In a metal, some fraction of the valence electrons (ca. 1 per atom) behave as
“itinerant” or free-running plane waves traversing the whole solid. This delocalized character is
treated in terms of metal electron band concepts such as the "jellium" model, the “nearly-free-

o~

electron” approximation and the "array of pseudopotentials”:

The d-electrons have wave functions with maxima * well inside” the atom and their -
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amplitudes decay rapidly further out, which is a core-electron-like behaviour, However, the tails on
the neighbouring atoms overlap considerably and are thus significantly modified on going from
isolated atoms to the solid state, and this corresponds to valence-electron-like behaviour, The
d-clectrons therefore exhibit intermediate behaviour between that of valence electrons and core
clectrons.
The various techniques and models used in calculating the effects of chemisorption on the

clectronic structure of d-band metals have been described and reviewed in various articles and

monographs (¢.g. ref. 59) but are outside the scope of the present thesis.

1.6.1 Adatom-Adatom Interactions among Adsorhates

-

Many real situations involve a large 2-dimensional number-density of adsorbed species on

metal substrates. When substantial charge-transfer occurs between substrate and adsorbate, a surface
dipole moment arises, usually normal to the substrate surface. For any two paralilel-oriented dipoles,
a lateral interaction will arise with an energy given by:

AE = 625meVxp?/r (1.7)
where y is the moment of the surface dipoles in Debyes and r is the lateral s‘cparation in Angstroms.
At low coverages, especially in the case of gaseous adsorbatcs: the adatoms are sufficiently
separated so that there is negligible adatom-adatom overlap. In such circumstances and the fact that
induced dipole moments are small, the only interaction is an indirect coupling via the substrate

electronic states. Depending on whether the two "i'mpun'ty" states [60] are bonding or antibonding,

the coupling can be attractive or repulsive. It was also shown that the pair interaction energy

depends on the binding site symmetry, both in strength and in sign. -

Interaction energy is a function of separation and typical values are 0.6, 0.12 and 0.05 in the
units of the substrate bandwidths (typically 6 to 12 eV) for nearest, next-nearest and third-nearest
-nci ghbour pairy, rcspéctivcly. These values were obtained in calculations made for the case of the
(100) face of a s'mglc-l%and, simple cubic crystal. Similar results were obtained by Burke [61] from
calculations for a model study of the (100} and (110) faces of W,

-
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Artractive and repulsive interactions can be involved in the formation of ordered pvuh;as
on substate surfaces. For example, a centred (2x2) adlayer might be a product of a repulsive
nearest-neighbour and atractive next-neighbour interaction. When predominantly attractive forces
arise, they can result in Lhc formation of islands or domains of the ordered phase at low covcmgcs:
and 2-d phase transitions can sometimes be observed, including situations at electrodes, ¢.g. inthe
underpotential-deposition of Pb on Au_. This kind of case is very important both in surface science
and electrochemical surface science.

of

1.6.2 Simple Chemisorption Theory

Desjonqueres and Spanjaard [62] developed a simple chemisorption theory and applied it in
their investigation of transition metal adatoms on transition metals. It was observed that the bond
length increases with the coordination number of the adsorbate, so that the most stable adsorbate -
positon is at the site with the lﬁrgest coordination number available on the surface. It has been
shown by Marcus et al. [63], Demuth et al. {64] and Van Hore and Tong [65] that, for example, O
and S occupy a centred threefold site on Ni(111) and a centred fourfold site on Ni(100), the bond
length of O (S) increases from 1.88 A t0 1.98 A (2.02 A 10 2.19 A) when going from Ni(111) to

Ni(100). This trend is also obeyed by surface atoms of transition metals,

The model of Desjonqueres and Spanjaard [62] was used to calculate the potential energy of
the adatom as a function of position. They assumed that, due to symmetry, all bonds are equivalent

and the binding energy involves the sum of two terms, i.c.

EpL = 4B, + 4B,y (1.8)
where AE . is the variation of the repulsive energy of the system due to the bonding of the adatom.
It is described by

AE , = ZAexp(-pR) (1.9)
where Z is the coordination number of the adatom in the surface and R is bond length.

The variation of the band energy term, AE, . ,, is also given by two terms

AEg4 = AE, + AE, (1.10)

!
2 afy
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where AE, is the energy gain of an adatom when going from vacuum to the position R on the surface
and AE, is the change of the substrate energy when the bond is formed.
| The derived expression for the binding energy then has the form
E_ = ZAexp(-pR)-VZB (N, exp (-qR) (1.11)
where N,(Na) = -LaB_,2 /2r) "2 exp(-x?) and x = erf1(2Na/La - 1) where La is the degeneracy of the
adatom level, B2 is the average of the square of hoping integrals between adsorbate and substrate
and Na is the number of adatom electrons involved in the bonding. The equilibrium distance is given
by
R, = 1/{2(p-@)] log Z + 1/(pq) log p*/qB (1.12)
Equations (1.11) and (1.12) show that the binding energy and the bond length increase with
coordination number of the adatom. One of the most important conclusions of Desjonqueres and
Spanjaard [62] was, as mentioned above, that thg most stable site is one with maximum
coordination (as might intuitively be anticipated), although there are exceptions as discussed by
these authors [62].
These effects give rise to significant and practically interesting variations of the binding
energy with the crystallographic orientation of the subsﬁ‘agc surface. Electronic correlaton effects,
however, decrease the influence of the geometry and of the chemical nature of the substrate.

L]

1.7 Adsorption Isotherms for Atoms in Monolayers

Several types of adsorption isotherms have been used to describe the adsorption behaviour of
an my of metal, H atoms or OH which can be electrodeposited uniformly over a surface up to
approximately a monolayer before the deposition of the bulk form of the species.

The general reaction equation for a simple, 1 ¢, single-state surface process involving a

charge-ransfer reaction where species A is electrodeposited on a metal substrate M can be written as

follows:
s N
M + A- = MA, t e (1.13)
ky
1-8, C,* 8, E

s
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where (1 - 8) is the fraction of the surface on M that are unoccupied by A (proportional to the free
area), C,t is the concentration of the reactant AT species in solution, 0  is the fractional coverage of
AonM, k/k , =Kis the electrochemical adsorption equilibrium constant and E is the electrode
potential related to the Fermi level of electrons in the above eguation.
When a surface process described by eqn.' (1.13) is at equilibrium, the forward and reverse
rates, expressed in terms of current-densities are

i = zFk(1 -8,)Cat exp tBEF/RT (1.142)

and

i = zFk, 6, exp +(1-B)EF/RT (1.14b)
where E is the mctal/sol}nion potential difference and‘E“(;:"O.S) is the well known Brpnsted or
energy-barrier symmetry factor for the charge-transfer pmcgé [66].

The adsorption equations commonly used to describe adsorption behaviour in upd are: (i) the
Langmuir isotherm or (ii) the Frumkin isotherm, each of which is described further below.

1.7.1 Langmuir Isotherm

The Lanémuir isotherm is based on two main assumptions: i

(a) The substrate surface provides a homogeneous distribufion of: adsorption sites and
lateral interactions between the adsorbate species are negligible;

(b) The adsorbate species occupy the substr:;tc sites at random, i.e. every adsorption site is
equivalent.

When the process in eqn. (1.13) is at equilibrium, i.e. i=1i or i =0, we have

84 /(1-84) = KCux exp EFRT (Kg5a)
or

8,4 = [KC,t exp(XEF/RT)}/[1 + KC st exp(+EF/RT)] (1.15h)
which is the electrochemical Langmuir adsorption equation for an upd surface process involving
charge wansfer. Eqn. (1.15) indicates that 8, is a function of E with 8, in the range 0 < 8, < 1; thus

at any E, corresponding to states within this range, there is a characteristic and definite value of 6,



that is established which is thermodynamically determined by the value of E.

1.72 Frumkin Isotherm

In general, when interaction effects between the adsorbal® species cannot be neglected, the
adsorption isotherm must be written in the form -

84/ (1-8,) = KC,* exp(-g6,) exp(XEF/RT) (1.16)
where g is a 2-dimensional lateral interaction parameter [67]. The same configurational factor,

8, /(1-8,) as in the Langmuir case, is assurped to arise. The Langmuir isotherm is evidently a
special case of the Frumkin isotherm above, when g =0. Eqn. (1.16) represents the situation where
the adsorption equilibrium constant is a f(6), viz. Kg = Kg_ exp(-g8,)-

The condition g < 0, represents the situation when attractive interactions are operative in the
ad-layer. Attractive interactions arise, for example, in the upd of Pb on Au [29] leading to the
2-dimensional phasc transition in the ad-layer referred to earlier in terms of the "spike”. The
condition g > 0 corresponds to the effect of repulsive interactions.

When g « 0, the differential coefficient of the adsorption isotherm can only be explicitly
expressed as a function of coverage 8,. Then the so-called adsorption pseudocapacitance, Co. is
given explicitly by [67] 4

Co =q, d6/dE = q;F/RT . 6(1-8) / [1 + g6(1-6)] (1.17)

C¢ as f(E) when g » 0 must be evaluated numerically from the above equation using 8(E) from eqn.

(1.16). Examples are shown in Fig. 1.4.

1.7.3 Adsorption Pseudocapacitance for a UPD (Surface) Process

The isotherms for potential-dependence of coverage, such as the Langmuir adsorption
equation, can be differentiated with respect to potential E to yield differential or "capacitance”
isotherms which can be determined experimentally.

If q; is the charge required to for the deposition or desorption of the monolayer, the charge

corresponding to a change of coverage d@ can be written as
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| dq = qdo l | (1.18)
The differential coefficient of the adsorption isotherm eqn. (1.15) is then given by the expression:
Co = do/dE = q,d6/dE
=q,F/RT . [KCyt exp GEF/RT)]/ [1 + KC,t exp(EF/RT)]2 (L.19) .

where, again, Cy is the so-called the adsorption pseudocapacitance for the surface process.

In the linear potential sweep or so-called potentiodynamic method, E varies linearly with
timeataconstamswccp-mcs=dEJdtandd:cooncspondingm?ponsecmntismsm'edandisa
function of the varying potenial. Ingcnml,sincci:dq/dt,wh_mdqismcchargcpassedbythe

current i in time dt, i can be written as -

i = dg/dt = dg/dE . dE/dt = ( dg/dE) s (120)
It is seen that the quantity dq/dE is a capacitance, C, for the surface process and can be determined
experimentally as

C=1ifs (1.21)

Eqn. (1.21) forms the basis for distinguishing a simple surface process from one, say, which is
diffusion-controlled for which
i e sl2 (1.22)

It is to noted that although the C in eqn. (1.21) arising from (1.20) has the proper units of a
capacitance, it does not behave as an electrostatic capacitance; it arises physically only when charge
is transferred in the upd process giving rise to change of 8, but since the resulting variation of 8
depends on E, a capacitance quantity C arises and can be measured as such in transient or a.c.

impedance experiments.

1.8 2.Dimensional Array Structrures on Substrate Surfaces

Low Energy Electron Diffraction (LEED) and other UHV t,cchniqucs have been used to study
several vapour/solid systems to determine surface structures of metal monolayers deposited on metal
single-crystal surfaces [68). In almost all cases \thc formation of a 2-dimensional ordered structures
is a general phenomenon. At low coverages, ordered structures exist, as revealed by LEED. This
suggests that significant repulsive interactions arise between ghe adsorbate atorns on the surface.

Also, at low coverages, the orientation of the metal substrate largely determines the stuctural
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properties of the monolayer.

The interaction between the adsorbate and the substrate particles is a major factor in
determining the ordering observed. At low coverages, the crystallographic orientation of the metal
substrate largely determines the structural properties of the monolayer array as the dimensions of the
two unit cells are closely related. At high coverages, the surface structures of the monolayer array

are sometimes rather complex and do not correspond to the structure of the substrate lattice (a

so-called non-commensurate array). The structures are determined by a combination of many factors
such as the relative atomic sizes of the adsorbate and the substrate, and the relative magnitudes of the
adsorbate-substrate, adsorbate-adsorbate and substrate- substrate interactions.

Despite the complex adsorbate ordering at high covcragcﬁ, a 1x1 structure is oftea observed,
(commensurate array) showing nearly identical adsorbate and substrate lattice parameters. Such a
situation arises when the bulk interatomic distances of the two metals are similar, for example when
Pt is deposited on Au(100) [69]). When the interatomic distances in the bulk are different,
coincidence structures are observed, as found for exampie, when Pb is deposited on Au(100) [70]. A
model proposed by Huber and Ol@r [71] requires that the adsorbate and the substrate layers have
the highest possible symmetry, corresponding to minimization of Gibbs energy.

At the vapour/metal interface, thermal desorption spectra (TDS) [72] have been determined
in order to indicate multiple-state adsorption in 2-dimensional structures. At the electrode/solution
interface, the analogue of this technique is cyclic-voltammetry, as was described above for
characterization of distinguishable states of chemisorption of adatoms, for example, on

single-crystal, low-index planes.

1.9 Effects of Co-adsorbed Anions

Co-adsorbed anions usually have marked effects on the i vs E upd profiles of H at Pt
[73,74,75], Pb at Au [26] or of the initial stages of surface oxidation of Pt or Au [75,76).
Competitive adsorption effects between anions and H, or OH and O species are usually involved, so

that (as with H) the samﬁantity of H is eventually deposited but over a different range of -



potentials and in different sub-states from those in the absence of the competitively co-adsorbed
species.

The specific adsorption of anions at Au increases in the order F- < ClO, = SO,2 < Cl' <
OH < Br < I [77]. Schmidt and co-workers [78 ] found that in the upd of Pb on Au, the
monolayer cathodic peak was shifted to more cathodic potentials by adsorbed anions in the
increasing order NOy” < CH3;CO0 < CI' < Br. Kolbetal. [31] also found that the monolayer
| cathc‘odic peak in the upd of Pb on Au from solutions containing CI" or Br- is shifted to more cathodic
potentials in the increasing order Cl- < Br-.

. Schmidt and Wiithrich [79] have also discussed the adsorption of halides on Au in terms of
competitive adsorption, Using the thin-layer technique, they determined the surface concentration of
adsorbed halides and found that it corresponded to a covcragc\c\‘);f more than 50% of the monolayer at
positive potentials. They also propesed that since, clcctmstaé?:ﬁlly. halide adsorption shoéuld yield a
maximum coverage of about 20%, it is probable that the halide is not adsorbed as an ion but forms a
compound with the substrate, i.e. charge- transfer from the anion to adatom of the substrate occurs.

However, Kolb et al. [31] argued that the amount of adsorbed halide ion on Au in the
underpotential region is less than 20% of the monolayer coverage in order to account for competitive
adsorp‘u'on. It is likely, of course, that the adsorbed anions change the surface properties of the
substrate, for example, its effective electronegativity.

Vicente and Bruckenstein [21] found in their investigations that Cl” ion enhances the
adsorption of Pb on Au. In the presence of CI, the monolayer cathodic peak is sharper, although it
was slightly shifted to more negative potentials, as expected for competitive adsorption by an anion.
The cathodic charge increased with CI* concentration. The apparently incomplete desorption of
Pb?* at positive potentials in CI* solution does not seem 1o be related to the surface coverage of CI'.
The adsorbed species existing in the upd region is probably a chloride complex of lead, such as
PbCl1*, which is first decomplexed before Pb2+ deposition occurs.

In the upd of Pb on Au, aliphatic amines also shift the monolayer cathodic peak to more

negatve potentials with increasing concentration of the amines [40). Competitive adsorption takes
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place because the amount of charge (g¢) for Pb deposition remains nearly constant with increasing
amine concentration. For primary amines, the strength of adsorbability increases with increasing

number of C-atoms in the molecule. Tertiary amines were found to be only weakly adsorbed.

1.10 Substitutional Adsorption at Electrodes

Thermodynamic studies show that ‘solvent molecules adsorb at charged metal electrodes, as
may be expected. Adsorption of other species, especially during upd, will thcrci-'on: always be
competitive with the charge-dependent adsorption and oricntatiqn of solvent molec:xlcs that are
present initially at the surface. The solvent molecules initially at the surface will have to be replaced
by the adsorbing species and the solvent effects will tend to be most pronounced for the initial stages
of adatom deposition. Hence a situation of "substitutional adsorption™ will arise and therefore
solvent effects are important in up’(.:l and will be considered in detail in Chapter 4.

Since solvent adsorption energy and degree of orientation in the case of polar solvent
molecules, tends to become larger at hichr surface charges or interfacial fields (cf. refs. [80 - 83)]),
the solvent will become more difficult to displace in competitive substitutional adsorption by anions
as surface charge increases. However, for anions, their own adsorption energy will tend 1o increase
as gy becomes more positive (see discussion later).

1.11 Double-Layer Structure in Non-Aqueous Media and the Role of Solvent Orientation

Much of the present work has been carried out in non-aqueous solutions, so it is appropriate
here toZummarisc the results of some previous research=s on metal electrode (mainly
Hg)/non-aqueous solution interfaces. Systematic study of the double-layer in non-aqueous solvents
began with the work of Frumkin {84] in 1923 when he showed that the capacity of the double-layer
for the Hg/solution interface, determined in different solvents, did not correlate ;vith the bulk
dielectric constant of the medium. After the work of Grahame [85], various capacity measurements

have been carried out in several non-aqueous solvents at polarizable interfaces and this work is well

covered in a review by Payne {86).




Knowledge of the structure of the double-layer provides the basis for understanding solvent
structure at the electrode interface and other related processes such as adsorption of simple ions,
non-¢lectrolytes and metal adatoms.

Based on the characteristic shapes of the differential capacity curves observed for Hg in
various solvents, Parsons [87] classified the behaviour in various solvents into three groups:

Type It Capacity curves having a hump and minima on each side. These are water-like,
associated solvents and include formamide, DMSO and N-substituted formamide.

Type IT: Capacity curves exhibiting only one hump but with no minimum on either side.
These examples arise for polar cyclic compounds, including ethylene cabonate,
propylene cabonate and sulpholane.

Type IT: Capacity curves having the form of an inverted parabola. These examples arise for
non-aqueous systems including solvents such as alcohols, ammonia, DMF and
acetonitrile.

The differential capacity curves for the Hg/AN interface have been measured in solutions of
different electrolytes of non- or weakly adsorbing ions [88,89]. The differential capacity curves,
unlike those for other non-aqueous solvents [86], do not exhibit the so-called capacity hump.

Fawcett and Loutfy [90] have studied the double-layer capacity at the Hg/AN interface in
alkali metal ion and tetraalkylammonium perchlorate solutions. There was no evidence for specific
adsorption of TEA* or alkali metal cadons although, in solutions of alkali metal catons, the
inner-layer capacity, C,, increases in the order C;(Li*) < C;(Na*) < C,(K*) < C,(Cs*) at more
negative potentials. Similar ordering has been observed in water [91] methanol [92] and ethylene
carabonate [93], and this was explained as due to the decrease in solvation as the cation size
increases.

In tetraalkyammonium perchlorate solutions, for cathodic potentials, the capacity decreases
with increasing cationic size because as the cationic size increases, more solvent molecules are
displaced from the inner-layer. Consequently the dielectric constant in the inner-layer increases.

The sharp increase in the differential capacity at potentials positive to the p.z.c. is mainly
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attributed to solvent reorientation. This means thar, like other aprotc solvents, AN is strongly
adsor.bed on Hg with thﬁ positive end of its dipole towards the Hg.

Borkowska anc( Fawcett [94] have studied the differential capacity of the Hg/McOH interface
in KF, NaClO, and LiBF, solutions. The capacity curves exhibit a deep minimum which is
independent of the nature of the electrolyte, with no other extrema. At more positi:e potentals, the
inner-layer capacity is found to increase in the order C(BF,) < C(ClO,7) < G(F). A similar order

) has been observed for other solvents such as DMSO [95], PC [96] and EN [93). Since specific
3 :‘ adsorption frcym'ﬂ‘csc solutions was shown to be absent, the above ordering is due to variation in
\;onic size and the effeects of the anions on the dipole interactions in the solvent monolayer at the
electrode surface. 1-. |

The entropy of formation of the Hg/MeOH interface in 0.1M NaClO, solutions has been

studied as a function of electrode surface charge-density {97]. The CNIropy maxirnum occurs at a

positive charge density (0.05 C m™2) which indicates maximum disorder of MeOH (least otientation
N .
polarization and greatest librational entropy).

Gordon and Conway [98], calculated the entropy of the electrostatistically adsorbed water
molecules in the double-layer based on the up (}) and down (1) oricmati-c:y {with the B.D.M, [81]
model) and the dependence of the librational frequency of the oriented dipoles in the electric field,
on the surface charge-density. The three-state model of Fawcett [99] gives refated results.

The Hg/DMF interface gives capacity curves with no definite capacity hump of the kind that
is observed at negative potentials in the case of protic amide solvents and is generally attributed to
solvent reorientation.

Payne {100}, and Bezugly and Korshikov [101], studied the adsorption of DMF at Hg from
aqueous electrolyte so'utions. The maximum adsorption occurs over a range of negative charge
density depcnding on the concentration of DMF. They concluded that the DMF molecule is
predominantly adsorbed on Hg at the p.z.c. with the orientation of its dipole parallel to the
metal/solution interface. The preferential adsorption of the DMF molecule was interpreted as a

"squeezing out” effect on water molecules rather than to specific interaction with the electrode metal




itself. 7 _ .

Payne [89] was the first to study the interfacial capacity of the Hg/PC interface in 0.1M .
KPF solutions. The capacity curves exhibit the so-é‘;iled capacity hump at positive potentials.

Nguyen et al. [102) have reported data from their capacity measuréments a the Hg/PC
interface in KPFg solutions as a function of temperature, and no specific adsorption on Hg from PC
is indicated using this Solutien. The inner-layer differential capacity as a function of charge cxhibits
a capacity hump on the positive side of the C; vs charge-density profile.

Thc‘adsorption entropy of PC at the Hg/PC interface is positive and the entropy curve passes
through a maximum at a negative charge density [102], an indication that, at least in the region of
p-z.c., the molecular arrangement of the solvent is more disordered in the adsorbed layer than in the
bulk, and/or the intermolecular frequencies (librational modes at the charged surfa'c‘:) are "looser”.
The fact that the maximum entropy of adsorption occu.rs at a negative charge-density suggests that,
at the p.z.c., the PC dipoles are preferentially oriented with their negative ends nearest to the_

—

clectrode, as in the case with H,0.

112 Models for Solvent Dipole Orientation at Charged Interfaces

L12.1 Introduction

Knowledge of the solvent structure at the charged electrode/solution interface is desirable for
understanding the role of the solvent in the electrode processes such as upd, electrosorption and
clectrocatalysis.

The orientation of solvent dipoles creates a surface-dipole layer potental difference, Ay,
which is a function of the potential and hence of the electrode charge, GM- The differential
coefficient d(Ax,)/dqy gives the reciprocal of the inner-layer differential capacitance, 1/C;, which is
due to the dipole orientation at the electrode interface. Its effect and contribution to the overall
capacitance will depend on how small it is, since it is in a series relation with other capacitance
components of the overall double-layer capacitance,

Recently, several molecular models have been developed to describe the solvent structure at
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the electrode/solution interface and will be briefly described below since they are relevant to the
question of solven displacement by upd adatoms.

1;12.2 The Two-State Model

The first basic model used to d;scrib; the solvent orientation and hence the dielectric
properties at the electrode interfzce was developed by Watts-Tobin [80]-and Mott (W-T M model)
{103}. In this model the inner-layer region is represented by an array of dipoles of the solvent in a
monolayer at the clectrode interface that can be aligned into two limiting directions of orientation:
2-state model, with dipoles having vectorsparallel to the electrode field (normal to the surface) with
the positive end pointing m_wﬂ‘thc metal, | ("up" dipole) or away from it, 1 ("down" dipole).

The W-T M model [103] can account qualitatively for the capacitance hump on the
capacity-potential curves for the Hg-aqueous system and other solvents. However, lateral
dipole-dipole interaction effects are ncgl;ctcd and it is also assumed that the dipoles at the interface
have a high permitdvity equal to that in the bulk solvent.

The two-state model was developed further in an important way by Bockris, Devanathan and
Miiller (BDM muodel) [81], taking into account the lateral interactions between oriented solvent
dipoles, as this effect would be expected to be important in determining the rate of change of dipole
orientation with electrode charge, qpm , or interfacial field.

N| and Nt are the number of dipoles per cm? oriented with and against the field E,
respectively, and Ny is the total number of dipoles, i.c. Np = N1 + N| (= 1013 water molecules
cm?). For Nt dipblcs. taking into account the lateral inteYaction energy that will be related to the
fraction oriented in one way or the other,

energy = UE +(CG/2 UN|/Ny) - (C/2 UN{/Nyp) (1.23)
where | is the solvent dipole moment, C,, is the 2-d coordination number in the double-layer (= 6),
U is the pairwise interaction energy ( ca. 48 to 64 kJ mol™! for -OH dipoles).

According to the BDM model [81], the net (non-electronic) polarization of the dipoles is then

given in terms of an orientation distribution function:
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(NT - N|YNp = tanh (WEAT - C/2 UKT(N? - NYNp (124)
The surface dipole potential is rela.téd to the net orientation and is therefore given by
Xg = 4n(NT-N]p/e, (125)

where ¢, is the diclectric constant in the intephase which will be smaller than in the bulk because of
orientation dielectric saturation (for H,O, ¢, was taken as 6 while in the bulk, € = 78).

In the BDM model [éli C, is 2 maximum when qm =0, 1ie. when Nt =N|]. However, the
interaction energy factor is not zero but is attractive (due to H-bonding bctwecn‘:valcr dipoles) and
therefore the interaction effect term is incorrect. In general, the BDM model [81] does not offer a
fully satisfactory explanation of the dielectric properties of the Hg/water interface.

Levine, Bell and Smith (LBS) [104] later developed a statistical-mechanical 2-state mocicl
which was discussed by Conway and Dhar [83], who avoided the introduction of a dielectric
constant for the inner layer but considered the molecular polarizability. In their treatment, it is
recognized that the two dipole vectors for the two possible orientations are not exactly equal and
opposite but can be represented by two vectors, Pt and P}. )

These models [80,81,103,104] predict inner-layer capacity vs electrode chargc-dcwt? curves
that have a single maximum. These, according to Parsons’ classification, therefore represent
behaviour of the type II solvents, which exhibit, in their capacity curves, a single maximum with no
other extrema apparent in the polarizable range of the electrode. These models have been .applicd to
data obtained for Hg/aqueous, Hg/NMF and Hg/EC interfaces.

In the W-TM and LBS models [103,104] the anodic capacitance hump is attributed to
dielectric saturation at the interface but H-bonded structures in the interface were neglected.

;

!
1

1.12.3 The Three-s&e Model |

Bockris and Habib [105] developed a 3-state model by ?onsidcn‘ng the solvent in terms of
“monomers” as in the W-TM 2-state model [103], and "dimers" with no net dipole moment in the
direction of the electrode as a third state. This model [105] could only account for the behaviour of

the differential inner-layer capacity curves for aqueous systems and especially for systems that give
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ﬁsemsotven:eonuibuﬁo:{mmeimﬁcia;egmpy. They concluded that the solvent made a
negligible contribution tothe interfacial capacitance because their estimated solvent contribution to
C; was very high (note the "series” contributions ; capacitance components).

A much improved 3-state model for non-associated solvents (monomcrs) was developed by
Fawcett [99]. Besides the up (}) and down (1) oricntaﬁd;n’S in the 2-state model, a third orientation

with dipole vectors parallel (— +=) to the electrode surface was considged. as illustrated in Fig. 1.5.
below.

Fig. 1.5  The three-state model of the solvent monolayer at the electrode/solution
interface illustrating the orientation of moiecular dipoles in the up (|), down
(1) and parallel (— «) positions. (From ref. 99).

The third orientation (number density = N, ) makes no orientational contribution to the
polarization of the monolayer in a direction perpendicular to the interface but it has a different
residual energy of interaction with substrate metal and neighbouring dipoles and occupies surface

sites at the interface.

The differential capacity for the inner layer in the above model, which is similar to that of
LBS {104}, is

1/C; = (4nd + 4nNpd3)/c, (Bry/dgyy) | (1.26)
where d is the molecular diameter, ¢, is the effective coordination number and Nr=N?t +N| +N,.
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The 3-state model for "monomers” gives a good qualitative account of the differential
capacity curves for both type I and type III solvents which exhibit a simple maximum or minimun as
a f(qp). This model has been used rather successfully to describe the differential capacity curves for
the Hg/MeOH, Hg/EC and Hg/DMF interfaces.

1.12.4 The Four-State Model

With the possibility that water clusters [106.167] could be present at the electrode/electrolyte
interface, Damaskin and Frumkin [108] (DF model) proposed a "4-state” model to describe the
diclectric properties of an interphase in associated solvents like water. In this model, two types of
solvent particles are regarded as existing in the interphase: associated water molecules, freely
oriented along the electric field and chemisorbed watér dipoles in the down () orientation.

Parsons {109] improved the DF model [108] by developing a more detailed treatment of the
state of a solvent at an electrode interface in terms of a "primitive" 4-state model. In particular, this
[109] took into account the total number of molecules in the monolayer in various states, and the
concentration of so-called chemisorbed water molecules. Solvent molecules in the monolayer at the
interface were regarded as existing in small clusters together with free "monomeric” molecules, each
of which could have two possible orientations as in the 2-state model {80,81,103,104]. Parsons [109]
suggested that the most stable orientation of dipoles at the p.z.c. (@ =0 isnotinfact T|1]1] (the
antferromagnetic orientation) but preferably #= #= == parallel 1o the surface, as recognized in the
Fawcett model [99].

These models can qualitatively describe the dielectric properties of the metal/solution
interface for associated solvents like water, F and NMF, but their employment to treat experimental

results is semi-empirical owing to the necessity for assigning values to several pararneters, €.g.

cluster size, etc,
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1125 The Multi-state Model

*

From the molecular two-state model [80,81) which was extended to the three-state model
[99,105] and later to the four-state model [108,109], Macdonald and Barlow [110] and Fawcett and
de Nobriga [111] have developed a more realistic multistate model for interfacial solvent structure
and dielectric properties. In this model, all possible orientations of the solvent molecules are
realistically considered, once again neglecting the dipole-dipole interactions.

The multistate model provides an explanation for the asymmetry observed experimentally in
plots of the inner-layer capacity against surface charge-density. In addition it allows one to

introduce specific effects due to the presence of counter-ions on the solution side of the inner-layer.

1.13 The Nature of the Metal Surface Itself at the Electrode/Solution Interface

1.13.1 Metal/Vacuum Interface

The discontinuity of a mcté.l atits interface leaves unused orbitals in various electron-density
distributions depending on the index of the crystal face. These unused orbitals are available for
chemisorption of various adsorbates at.metal surfaces and sometimes lead to surface reconstruction
of the surface layer of a solid, e.g. Pt [58], into a different geometrical coordination structure.

The sudden interruption of the positive field due to ion cores at the interface causes the
distributed electrons to "overspill” the edge of the lattice {112]. This creates an excess of negative
charge outward from the nominal metal surface and an excess of positive charge inward from that
surface. This separation of charges gives rise to the intrinsic surface potential, %,,,, of the metal in
contact with a vacuum. The field created by x, can polarise adsorbate molecules. Thus, noble gases
physically adsorbed on the metal are known to change substantally the surface potential, but they
themselves do not undergo any charge-transfer with the metal but rather suffer polarization by the

metal’s surface field. The electron overspill effect is potential dependent.




1132 Metal/Solution Interface

_ Frumkin [84] was the first to point out that the solvent properties at the metal/solution
interface were different from those in the bulk even at ﬁ =0, in reference to interpretation of
capacity measurements in various solvents, ‘

Capacity measurements for adsorbed water on solids [113] and density measurements of
water at interfaces [114] indicate.that the water usually is in a more ordered and structured state at
most interfaces than in the bulk. The metal surface, he pointed out, might cause this difference in
properties of solvent molecules at the interface and in the bulk,

- The metal/solvent interface determines in important ways the behaviour of solid/electrolyte
interfaces when the electrolyte is‘a liquid ionic solution. The adsorption at the electrode, whether
specifically a chemisorption process or electrostatically charge-dependent, will involve the
displacement of initially oriented water molecules. The existence of solvent molecules at the
electrode interface and the presence of solvated ions introduces major complexities at the
metal/solution interface compared with the situation in vacuum (Fig. 1.6), such as:

(a) The orientation of the solvent dipoles;

(b}  Specific and clectrostatic adsorption of ioas at the charged interface; and

(c) Ion-adsorption in relation to ion-solvation and lateral interactions at the

metal/electrolyte interface.

.14 Effect of Competitive Adsorption with Solvent Molecules on the Kinetic Parameters for

Electrode Reactions

1.14.1 Introduction

Solvent molecules constitute an important component of the electrode/solution interface.
Adsorption of ions or neutral molecules, e.g. organic compounds, will be greatly influenced by the
solvent structure at the interface and the energy of adsorption and orientation of solvent. In the case
of any metal/solution interface, solvent molecules will have to be displaced from the electrode

surface by any adsorbate becoming bound there.
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Fig. 1.6  Schematic diagram of the complex interphase at a metal/electrolyte boundary
with solvent molecules and ions present. (From ref. 6).
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Electrodeposition is the process of adsorption with charge-transfer on the electrode surface
from solution (under controlled-current or-potential conditions) of species such as ions, neutral
moleculess and intermediates formed in charge-transfer reactions [115]. The importance of the role
of the energy of adsorbed water molecules in the energetics of adsorption processes was recognized
by Butler [116] in 1932. Barradas and Conway [117] discussed the replacement of water molecules
adsorbcd‘on solid electrodes by adsorbed organic species. Electrodeposition of metal adatoms is
also a "replacement reaction” or "subtitutional adsorption” process and its energetics depend on the
difference between the adsorption energy of the adsorbate species and desorption energy of the
appropriate number of solvent molecules [118] depending on the size (area) of the species being
adsorbed. Hence this matter is relevant in the present work on upd of Pb at Au.

Gileadi and co-workers [119] and Gileadi [120] developed a combined isotherm which takes
into account both the potential-dependence of adsorption due to charge transfer and due to
replacement of solvent molecules from the interface; in an earlier weatment [121], these features
were discussed separately. However, the treatment of Gileadi involves adsorbed intermediates that
are involved in a continous Faradaic reaction but the case considered illustrates the importance of
competitive adsorption with solvent replacement depending on the field-dependent energy of
polarization of solvent di\polcs in the inner-layer. Competitive adsorption between an adsorbed
intermediate in a Faradaic electrode process and adsorbed oriented solvent molecules can affect the
kinetics of the reaction in two ways:

1. The degree of coverage by adsorbed intermediates and the rate of change of their
coverage with potental d6/d(AE), bccm}xcs changed due to the field dependence of electrostatic

polanzation of oriented solvent dipoles; and

2. The rate constant for the rate-determining step increases in the case of a desorption step
but decreases in the case of an adsorption step due to the effect in (1).

Gileadi and Stoner [122] established a Tafel slope relation which takes into account these
charge transfer and the competitive polarization effects of field-dependent water adsorption.

The basis of the effect introduced by Gileadi and co-workers [119] is that solvent dipoles of
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will interact with the electrode, through the clectrode field AE/S, where § is the interfacial thickness

of the double-layer with an cnc;g}' # AE/S. If m molecules of solvent must be displaced for each act
of deposition of an intermediate, the energy change is muAE/S. (In this treatment it is assumed that
the potential is already sufficient to cause virtual orientation saturation). Then the energy of

activation for the deposition process will be modified from its value AGO#. when no solvent

displacement arises, to the value
AG* = AG,* + Brp(AE/S) ‘ (1.27)
Including additionally the conventional effect of potential on AG¥, then
AG* = AGy* + B(my AE/5 - AEe) (1.28)

is obtained for a charge ransfer, electrodeposition step; its Tafel slope then
b = RT/BF (mp/se - 1) (1.29)
which is to be compared with the normal slope where for a simple discharge step of b= RT/BF.
For a such solvent replacement process, the Tafel slope will therefore depend on the size of
the adsorbed intermediate in relation to that of the solvent, as this will determine the number of

solvent molecules displaced from the electrode surface for each act of deposition of the intermediate.

It was shown that the Tafel slope varies substantially with variation in molecular size of the
adsorbed intermediate. Hence experimental results can only be properly interpreted if the water or
solvent competition effect is taken into account using the "combined adsorption isotherm” weatment
i.e. taking into account competitive solvent displacement when electrosorption of deposited species

takes place. We shall show that this effect can be important in underpotential deposition of Pb on

Au in various solvents.

1.15 Entropy of Electrodeposited Species in a Monolaver

Evaluation of the entropy of adsorbed species in a monolayer can give information about the
state of the adsorbed layer and also indicates the mobility or immobility of the particles in the

»
ad-layer.

. 3 . hd -
Quantitative results on adsorption at the vapour/Hg interface were reported by Kemball
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(123,124] in his work on the standard cmropg;r and heat of adsorptioa of vapours of non-polar and
polar substances on mercury. In both cases, the adsorption was reversible and, with the exception of
water, adsorbed films in a 2—d gaseous state were formed at low pressures. Since the nature of the
force field at the mercury was not known, the exact entropy values could not be obtained. The
entropies were however, calculated from ranslational and rotational partition functions of adsorbed
particles (assumed immobile) and compared with the experimental values.

The limitation of this method is thar the influence of the force field on population of
rotational states is ignored. The calculated entropies compared well with the experimental values
and this gave a fairly good indication of the extents of ranslational and r;Jtational freedom possessed
by the particles on the surface of mercury.

For polar substances, the entropies of adsorption were negative. For the primary adsorbed
layer, acetone had the least value (AS° = -20J mol! K'!) and water had the highest value (AS° =
-15J mol'' K'). Higher alcohols (n-butyl, n-amy! and n-hexyl) showed two-dimensional
condensation 1o liquid films at higher pressures. This phase change was accompanied by an increase
of entropy which led to a decrease of the surface vapour pressure with rise of temperature. The large
negative adsorption entropy of water is an indication that probably the water molecules become
immobile and/or H-bonded on the Hg surface. Kemball [124] suggested, however, that probably any
particular water molecule remained in contact with the same mercury atoms for a relatively long
period and the water-mercury complex thus formed that was mobile within the mercury surface.

The entropy of monolayer particles can also be determined for underpotentially deposited
species. In the case of the underpotential deposition of H or metal adatoms, it has been remarked
earlier ﬂ}ﬂt the adlayer is usually formed in several electrochemically distinguishable sub-monolayer

_states, c:gj 4or5 for Hon Pt (50,511 or up to 7 for Pb on Au [52]. These states of chemisorbed H or
metal atoms have temperature-dependent standard Gibbs energies of electrodeposition and ionization
which enable the corresponding standard entropies of adsorption, AS®, to be evaluated, as described

in later sections of this thesis.

Detailed information on the relative Gibbs encrgies of the resolvable electrodeposited
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submonolayer states of H ormetal'adatom.;; can be obtained from the peak potentials of the i v§ E
profiles derived in potentiodynamic sweep experiments [49,51].

For the purpose of obtaining AS® values for upd states, cyclic-voltammetry experiments are
conducted at various temperatures, using the reference clectrode in the same solution. The apparent
entropies of the distinguishable states are determined by evaluating the temperature derivatives of
the peak potentials (dE,/dT) which represent the Gibbs energies of electrodeposition in standard:
states of half coverage for each resolved adsorption state. By extra-thermodynamic means [5,125], a
series of values of single-ion partial molar entropies have been evaluated which enable the absolute
temperature coefficients of half-cell reversible electrode potentials to be derived reladively reliably,
so that the AS° values for upd states can be evaluated, as in the case of H on Pt [126].

This approach has been applied in the present work to the evaluation of the standard entropies

of upd Pb adatoms in various states relative to the standard enropy of Pb in the bulk crystalline state.

1.16 Aims of the Present Work

Although much work has been reported in previous papers [1,2,3] on upd investigations,
especially from aqueous medium, it is evident from this literature that hitherto little attention has
been focused on the role of the solvent in influencing upd processes. Electrodeposition of ions,
neutral atoms or molecules is greatly affected by the structure of the solvent molecule inner-layer at
the electrode/solution interface. Also, the states of upd adatom arrays have been little characterized
with respect to their entropies in relation to mobility or otherwise of the adatoms.

In the present work, the upd of Pb at polycrystalline Au has been studied in various protic and
aprotic solvents with respect to:

1) Characterizing the i vs E upd profiles for multiple-state adsorption below a monolayer
with regard to‘l.hcir dependence on the solvent. (The deposition profile may be solvent-dependent if
the displacement of the solvent by the deposited adatom introduces an irreversible process or
otherwise a change of the states of the adatoms in the upd process).

2) Investdgation of the kinetics of the deposition and desorption processes by means of
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cyclic-voltammetry. The peak potential for each distinguishable state is measured as a function of
the log of the sweep-rate, s, giving Lhr; 5, value [127] characteristic of the kinetics of the surface
elecrodeposition process. (cf, i, the exchange current-density for a regular Faradaic process).

3) Examination of the effect of temperature on the peak potentials corresponding to
sub-monolayer ad-atom states. From the changes of the peak potentals with temperature, the
standard entropies of the upd states, relative to the entropy of the bulk state can be determined and
interpreted in terms of the mobilities of adatoms in ﬁrrays.

4) Investigation of the effect of co-adsorbed anions and the supporting electrolyte on the
upd i vs E profiles for Pbon Au. Anion adsorption effects are expected to be dependent on solvent
on account of varying strength of ionic solvation in media of differing dielectric constant and
electron donicity or accepting power [5], as well as on account of the stréngth of solvent dipole
polarization at the electrode interface itself.

These investigations have been carried out in the following solvents: acetonitrile (AN),
methanol (MeOH), dimethylformarnide (DMF) and propylene carbonate (PC), with water as the

reference solvent.
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CHAPTER 2

EXPERIMENTAL

21  Introductionand Choice of Methods

In the present work, the underpotential deposition (upd) of Pb at polycrystalline Au has been
studizd in various protic and aprotic non-agueous solvents, over a range of temperatures and in the
presence of various electrolyte anions. The i vs E upd profiles for multiple-state adsorption of Pb,
and the kinetics of Pb deposition and desorption into upd monolayers at Au electrodes, have been
evaluated as a function of solvent and temperature.

The phenomenon of so-called upd is a surface process in which virtually only non-continuous
currents pass as the available surface of the electrode is either filled to the limit of full coverage
(8 = 1) or the monolayer deposited is stripped to zero coverage (8 = 0). Methods used in the study of
clectrochemical surface processes must therefore be of non-continuous, transient kind and include
cyclic-voltammetry, galvanostatic charging/discharging, a.c. impedance, usually used in a
completentary manner for better understanding of any electrochemical reaction. These methods
can also be coupled with the rotating-dis;k' cl:ctrodc technique when controlled mass-transfer '
condidons are required. In the present \;aork, the preferred technique, used throughout, was
cyclic-voltan';mcn'y because it is the most powerful and sensitive ool for electrochemical study of
surface processes where small, time-dependent current-densities are involved, and where resolution
of multiple-states of adsorption in a monolayer is required.

Electrochemical surface processes are basically reactions occurring on the surface of
electrodes. It is now recognized that the behaviour of an electrode is sensitive to factors such as:
preparation and cleaning of the electrode, the level of the purity of the solutions and other |
experimental conditions. It has been found in this laboratory {128] that e.g. trace concentrations
(108 - 10'M) of SO, and halide ions have marked effects on the initial stages of surface
oxidation of Au and, in the present work, Pb at Au. Surface processes are also very dependent on the

state of the electrode metal interface and are susceptible to any changes in it, e.g. due to adsorption




of impuritics, crystal face orientation (i.c. crystal face lattice geometry) morphology changes, etc.
Therefore great care must be exercised in the treatment of electrodes, i.e. their preparation and
cleaning, cleaning of the electrochemical cells, preparation of solutions by using, where possible, the
purest solvents available. For better comparison between the experimental results for various
conditions under which upd of Pb at Au was studied, cxpcrim.cms were carried out under
instrumental conditions that were kept, as far as possible, identical, e.g. ranges of potential scanned,
values of sweep-rates used, as well as constancy of Pb*™* ion concentration.

The details of the experimental method, preparation and cleaning of electrochemical cells and
clectrodes, preparation of salts and solutions, and other aspects of the experimental techniques used

in the present work, are described below.

2.2 Experimental Method

2.2.1 Cyclic-voltammetry

The cyElic-voltammcuy technique has become increasingly useful in electrochemical
surface-science studies, especially upd, and provides a wealth of information about a particular
surface process by the dynamical examination of the i vs E upd profile. Usually the potential of the
working electrode is varied linearly with time at a constant sweep-rate, s, to a limit and then the
direction of the sweep is reversed in a continuous repetitive manner ("cyclic-voltammetry™). During
the potental cycling, the current is simultaneously recorded as a function of the potendal. This is
achieved by feeding into the potentiostat a pre-arranged, linearly-varying, time-dependent program,
controlled by an electronic function generator. The electrical circuitry used in the present work is
described below and schematically shown in Fig. 2.1, as was also recorded in sore previous theses

from this laboratory [52,128].

2.2.2  Electrical Circuitry

The basic electrical circuit used in this work is well known and is shown in Fig. 2.1. The

potential of the working electrode was controlled by a high output-voltage Wenking potentiostat
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which was programmed by a Tzcussel GSATP function generator, The currents passed between the
working clectrode and the counter-electrode were measured as potentials across a decade resistance
box (Leeds and Northrup Co.) connected in series with the counter-electrode. Experimental current
(1) vs potential (E) profiles were recorded by means of a Houston (type 2000) or a Hewlett-Packard
(Moseley Model 7001 AM) X-Y recorder in the case of slow sweep-rates ( S 150 mV/s) or were
monitored on a Nicolet digital oscilloscope (Model 206) for higher sweep-rates (> 150 mV/s).
Continuous read-out of the working electrode potential was available on a digital multimeter
(Racal-Dana type 4002).

2.3 Purity and Purification of Solvents

2.3.1 Water Purity

In the early seventies it was found difficult, in this laboratory, to prepare highly pure water
free from organic and other impurities by means of distillation, even followed by distillation from
alkaline KMnOQ;. Soluu‘ons prepared with this water exhibited stray impurity currents in
clccuochcxrﬁcal"s:rfac.c science-studies at Pt at which selective blocking of currents for surface
reactions of O and H species took place. -’Ihc organic impurities commonly present in domestic and
industrial water supplies sometimes cannot be removed by simple distillation if they are
steam-volatile. Although the actual chemical nature of the new impurity(ies) could not be
established, Conway and co-workers [50) developed a new method to remove these impunities by
“catalytic-pyrodistillation”. The water thus obtained is virtually free from organic impurities and is
then suitable for use in demanding electrochemical studies, particularly those in which surface
processes that are very sensitive to adsorption of impurities, are to be examined.

The apparatus developed and now routinely used in this laboratory is shown schematically in
Fig. 2.2. About 1.5 ¢of fresh, doubly-distilled water is boiled in the 2 ¢ flask and stirred \ﬂm purified
O; entering the flask at about 1 cm® 5!, The steam rises through an 18 mm diameter silica tube
which is heated to about 1023 K. The hot column contains a closely-packed, 90% Pt—10% Rh gauze

for catalytic oxidation of organic trace impurities in the water vapour, to gaseous oxidation products
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(c.g.‘= CO,, NO;). The apparatus has a Soxhlet-type overflow syphon which sequentially rerurns
about 100 cm® volumes of condensed, pyro-distilled water back to the distlling flask every 1/3 hour
for recycling in the distillation process which is continued for at least 48 hours before aliquots of
purified water are collected in a specially-cleaned flask or in the electrochemical cell for use in
experiments.

The pyrodistillation process is thought to be substantially superior to other methods
devclopcd clsewhere, based on the adsorption of impurities on activated charcoal {129] or platinized
Pt sponge potentiostated at 0.005 to 0.350 V [130]. Especially at charcoal, other impurities can be
adventitiously introduced.

Adsorption methods involve the difficulty of maintaining the adsorbent material itself in an
ultrapure condition, especially with charcoal, and the assumption that any new impurities that may w
appear in the water supply will still be removed by the adsorbent.

The use of catalytically pyrodistilled water apd "AristaR" (BDH) grade acids eliminates the
need for potentiodynarmic or potentiostatic pre-electrolysis [131 - 133] involving high anodic
potentials, required to obtain the "clean” i\y_s E profiles, unchanging and independent of solution
agitation. Satisfactory results could usually“"bc obtained at Pt after about 10 cycles, normally over
the potéﬁtia] range 0.07-132VEy ina ﬁ'csh,solution; however, under optimum conditions, it was

found that they could be obtained even on the second or third cycle after the electrode has been left

- .

on opcﬁ-ci:cuit for some hours in .aéﬁmtcd solution [134]. This important result incidentally
climinates the objection that has sometimes been raised that the "structure” of the -
cyclic-voltammetry i vs E profile for Pt or Au in aqueous solution is an artefact arising from multiple
potential cycling. )

The use of pyrodistilled water, AristaR grade acids and recrystallized salts combined with the
special cIc:u?ing procedures (see Section 2.5) has made it possible to obtain “clean”
(oxidation/reduction) i vs E profiles fof Au under optimal conditions in S cycles or less.

Echﬁcncc gained from studies of surface processes at Pt [52] and Au [52,128,135] in this

laboratory in both clean and impure solutions has been utilized to formulate the following general
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guiding principles for diagnosing the cause of imp

1.

o ¢
. f .
ity on the i vs E profiles:

uri

Effect on i vs E Profile Source of Problem

Solution agitation distorts * Presence of reactive impuritics
the i vs E profile. . under diffusion contol.
Solution agitation improves Impurities leaking from inside
or restores the “clean” . electrode through an

1 vs E profile. imperfect glass/metal seal.
Profile "dirty" but not Impurities strongly adsorbed or
affected by 2gital:ion. deposited on electrode surface.
Profile "dirty"” as in 3, but Oxidizable or reducible
improves with anodic/cathodic impurities‘'weakly adsorbed on the
cycling. - clectrode surface.

Peak currents do not increase
linearly with sweep-rate, s.

N

SRR
Overall slant or shift in the ~~
profile with respect to the

baseline.

Presence of reactive impurities
in solution.

Very leaky electrode or electronic
artefact; high resistance in
solution or ¢ircuit,

Consequently, the following criteria were developed for cleaniliness which are required to

establish the purity of Pt and Au electrode-soluton systems:

1.
N2,

Absence of any agitation effects on the i vs E profile.

Maintainance of resolution of the multiple H (at Pt) and O states, and peaks in the i vs E

profile down to sweep-rates as low as 0.005 V -1,

Equality of anodic and cathodic charge in the i vs E profile for oxide formation and

reduction. ) B

Constancy of the H depositton and removal charge at Pt to within 5% of its original value for

at least 1h, while the potential range used excludes the region for deposition of G -species

which otherwise re-activate the electrode surface by oxidative desorption of anv impurities

adsorbed or eiccro-desorbed.

o

Absence of any slant in the profile’s baseline.



2.3.2 Non-aqueous Solvents -

With the exception of methanol, preliminary upd experiments indicated no difference
between results of experiments conducted in high-purity solvents (see below) as received and '
solvents further purified i)y drying, folloy}cd by distillation. Therefore, the following all-glass
distilled, Burdick and Jackson, spectroscopically high-purity solvents (the levels of water being
determined by Karl Fischer titrations) were used without further purification: acetonitrile (AN)
(0.001% H;0), dimethylformamide (DMF) (0.02% H,0) and propylene carbonate (PC) (0.02%
H,0).

Methanol (Burdick and Jackson 0.02% H,0 or BDH analytical grade 0.1% H,0) was further
purified by refluxing ca. 800 ml over freshly prepared AgO (1 g AgNO; and 0.2 g NaOH added to -
MeOH) for 12 h with N, bubbling. The MeOH was then distilled into a second 1 £ flask and refluxed
over 10 g Mg metal in a N,-atmosphere for 24 h and finally carefully distilled into a collecting flask.
Solvent purity was also checked by IR analysis and by recording and inspection of the
cyclic-voltammetry for the supporting electrolyte without a lead salt being present. Satisfactory

behaviour was achieved as shown in the examples illustrated in Fig. 4.6, Chapter 4.

2.4 Gases
Electrolytic H, and N, gases, used for the PI/H; reference electrode and for deoxygenation of
the solutions respectively, ‘were purified in a conventional gas train [136] before use mainly to

remove traces of O, since it (Oy) is chemically reactive with many substances and electrochemically
rcauc;iblc.
\‘Hyd:ogdn was passed through a gas train consisting of Mg(ClO,), as a desiccant, molecular
* -sieves (BDH type 4A), an oven containing ‘palladized asbestos and Cu turnings at 623 K, and finally
activated charcoal traps cooled by liquid N,. | >
| N, .gas was passed through an icicntical purification train except that only Cu turnings w-re

used in the oven. The metallic surface of the Cu turnings at 623 K was periodically regenerated by

passing H, through the oven until Cu turnings'regained their bright metallic state.



25  Cleaning of Glassware

-

Before pcrfoi-ming clectrochemical experiments, the electrochemical cell and its glass
component parts were soaked in frésh, concentrated chromic-sulphuric acid solution forca. 12 h.
They were then rinsed several times with doubly-distilled water and finally soaked in
doubly-distilled water overnight to leach off any adsorbed chromate ions. Prior to use, the cell was
rinsed thoroughly with very hot pyrodistilled water then filled with hot pyrodistilled water and left to
stand for about 20 minutes. The assembled cell was then rinsed again and filled with the
experimentai solution. " '

For the experiments conducted in non-aqueous media, the cell and component parts were
dried in an oven at 402 K, or higher, for at least 12 h in order to remove any residual water. To
minimize moisture uptake, the cell was assembled a few minutes after removal from the oven and
then flushed out with dry, purified H, or N, for about 30 minutes before the cell was rinsed and then

filled with the experimental non-aqueous solution.

After the experiment, the solution was poured out and the cell immediately filled again with

fresh, concentrated H,SO,.

Identical cleaning procedures were applied to the ancillary glassware for preparing salts or

solutions, or for storing doubly-distlled and pyrodistilled water.

2.6 Electrodes

2.6.1 Working Electrodes

Working electrodes were made from Au wires of 99.999% purity, using Johnson Matthey
"Grade 1" polycrystalline Au. Suitable lengths of these wires, usually of diameter 0.51 mm (0.02"),
were first degreased overnight in refluxing acetone in a Soxhlet extractor. The Au wires were then
flame-welded to much longer pieces of Ag vrire to provide electrical cdftact and a droplet of
(Pb-free) soft-glass was then melted on t6 the wire and then sealed into the end of a sof t-glass tube (6
mm in diameter), leaving between 15 and 20 mm of wire protruding beyond the end of the tube. The

Au-Ag contact was at least 15 mm above the glass seal. The soft glass had been previously cleaned
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in fresh chromic acid solution and rinsed scvcral times, first with doublyﬁstillcd water, then’
followed by pyrodistilled water (see Section 2.5 ). The completed electrodes were then washed and
stored in fresh, concentrated H,SO,, as indicated carlicr.

Before each cxpcrimcﬁt in non-aqueous media, the working electrode was electrocleaned in

aqueous 0.1M HCIO, soluton by applying a few anodic/cathodic cycles involving anod::?zdﬁn
of the surface and subsquent reduction of the surface oxide film produced in the anodic half-cycle.

This procedure was performed untl the usual "clean” i vs E profile {see criteria described earlier)
was obtained. The electrode was then rinsed with the appropriate solvent, followed by the working

electrolyte solution, and then immediately transferred to the cell.

2.6.2 Reference Electrodes -

2.6.2.1 Hydrogen Reference Electrode

The hydrogen reference electrodes, which were used in all experiments conducted in aqueous
medium, were prepared according to the procedure given by Ives and Janz [137]. The platinum wire
and gauze used for their construction were degreased under reflux with acetone in a Soxhlet
apparatus for ca 12 h. The gauze was spot-welded to the short wire and sealed in glass in the usua!
way.

Prior to platinization, the electrodes were cleaned by briefly immersing them in a warm
cleaning mixture of 50% aqua-regia (three volumes of 12M HCI, one volume of 16M HNO; and four
volumes of distilled water). This mixture also can be used to remove the platinum black from used
platinized electrodes which need to be replatinized. The electrodes were then briefly immersed in
16M HNO,, rinsed thoroughly with pyrodistilled water and cathodically cleaned. The cleaning
consisted of a cathodic clectrolysis in 0.01M H,SO, solution for ten minutes in order to remove any
surface oxides. After this treatment, the electrodes were washed with pyrodistilled water and
platinized without delay. ’

The platinizing solution was 2% H,PtCl, in 2N HC! free frém lead ici;t'ﬁte (cf. the recipe of

ref. [138]) because of the possibility of introducing undesirable impuritic; into the working
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clectrode electrolyte. Platinization was carried out for 10 to 20 minutes at a current-density of 10 to
20 mA cmr2. Two electrodes (operated as anode and cathode) could be platinized simul{neousiy by
n-;'versing the direction of the current between them nntil a moderately thick coating of mﬁh-bhck
platinum was obtained. Thick deposits of platinum black were avoided because they lead to
sluggish, erratic behaviour. The finished electrodes were rinsed several times with doubly-distilled
water and stored under pyrodistilled water. Potentials were checked from time to time against__
similar electrodes to detect appearance of any potential drift.

2.6.2.2 Lead Reference Electrode

For the experiments in non-aqueous media, lead wires (Aldrich Chemical Company, "Gold
label” 99.9995% pure) 2.0 mm diameter were first degreased overnight in refluxing acetone in a
Soxhlet extractor. The Pb wires were flame-welded to longer Ag wires to provide electrical contact
Prior to starting an experiment the lead wire was clecaned by immersing it in a glacial acetic
acid-hydrogen peroxide solution (20 volumes glacial acetic acid to one volume of hydrogen
peroxide). It was rinsed with the appropriate solvent, immersed in the electrolyte solution and

immediately transferred to the electrochemical cell. '

2.6.2.3 Counter Electrodes

The counter-electrode, whose only function is to allow the passage of the electric current,
should be carefully chosen so that it does not introduce any high resistance in the circuit or
impurities by side reaction(s) (e.g. from its own oxidation) which could interfere with the study of
the process at the working test electrode. An ideal counter-electrode would, therefore, be one made
from the same material as the working electrode and would transfer current by the reverse of the
invcstig}tqd reaction. In this way, no contaminants would originate from the counter-electrode and,
under such conditions, the test electrolyte concentration in the cell would remain constant.

Although the choice and 6plication of such an electrode is limited, counter-electrodes made
from relatively inert materials such as Pt can usually be used with various working electrode

matenials if such an electrode is placed in a separate compartment. However, Pt counter-electrodes



used with Au working electrodes have been found [52) o cause contamination of the Au electrode
by traces of Pt [139,140]; presumably Pt dissolves to a small extent at the counter-electrode
(depending on anions of the electrolyte and temperature) and redeposits at the working electrode
{141,142).

When the working and the counter-electrodes are placed in the same compartment, as is
usually the case m most electrochemical surface studxcs, both the working and the counter-electrodes
should be made of the same material. Therefore, with metals other than Pt, a Pt counter-electrode
should not be used owing to the possibility of contaminating the working electrode, in the pgécnt
work, Au. Large surface area counter-electrodes should be used because the large area minimizes
the reaction resistance and the polarization of the electrode.

In the present work, counter-electrodes were made from Au wires (similar to those used for
the working electrodes) and Au sheets (Johnson Matthey "Grade 1" Au 99.999% pure in the case of
large counter-electrodes). The Au sheets, ca. 3 - 4 cm? geometric area, were spot-welded to the
exposed Au wire. They were prepared, cleaned and stored in the same manner as that described for

the working electrodes.

2.7 Choice of Electrolytes

When choosing an electrolyte in electrochemical studies where there is to be passage of
current, the following properties of the salt must be considered: its solubility, dissociation coristant,
equivalent conductance and electrochemical stability. Therefore a suitable salt is one with high
solubility, complete dissociation, high conductance and a numerically high discharge

(decomposition) potential.

1.7.1 Anions
The choice of anion of the electrolyte is important in anodic reactions. Unless an anion is
desired that is to be itself directly oxidised (e.g. CI- for C1, evolution), difficulty oxidizable anions

such as perchlorate, trifluoromethanesulfonate (CF;S05), tetrafluoroborate, hexafluorophosphate or
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nitrate should be chosen. For example, trifluoromethanesulfonate anion was selected as the anion of
the Pb salt that was used in all the non-aqueous solution experiments reported in the present work.
The salts of CF3S05™ are non-cxplosive, have excellent solubilities in commonly used non-aqueous
solvents and dissociate to give solutions having high electrical conductivity (dependent on
concentration) comparable with, or better than, that of perchlorates and tetrafluoroborates. CF,S0y
is also a thermally stable, and difficulty oxidizable anion, and is highly resistant to hydrolysis,
Specific adsorption of the CF3SOy anion on Hg in DMF and AN is similar to that for perchlorate
[143] and nitrate anions [144,145] in aqueous solutions. Metal salts of CF;SO5" are easily prepared
by reacting the corresponding metal carbonate or hydroxide with CF3SO4H (see Section 2.9).

2.72 Supporting Electrolyte

NaClO, was used throughout the work as the supporting electrolyte in the non-aqueous
systems. It is soluble in many organic solvents and its CIO, anion has a high discharge potential.
Although the salt is hygroscopic, it can be vacuum dried at 383 K.

Quatemnary ammonium salts, such as tetrabutyl-ammonium perchlorate (TBAP), the
tetrafluoroborate (TBAT), the halides (TBAC, TBAB, TBAI) and the corresponding
tetracthylammonium salts, e.g. TEAP etc., have been used as supporting electrolytes in non-aqueous
systems. They were not, however, suitable in the present work because the tetraalkylammonium
ions are themselves quite strongly adsorbed at the electrode where, in water, they form a region at
the electrode interface with a low proton activity, The strength of adsorption of these cations also

depends on the clectrode potential relative to the p.z.c. of the electrode material itse!f and the size of

the cation.

2.8 Salts and Solutions

Trifluoromethanesulfonic acid (3M Company), used to prenare trifluoromethanesulfonate
salts, was purified by double distillation at atmospheric pressure (b.p. 435 K) in a nitrogen stream
with trifluoromethanesulfonic anhydride added before the second distillation to remove any traces of

water. The anhydride (b.p. 357 K) was prepared by distillation of the acid in a nitrogen stream over




P;05 [146]. The so-called "monohydrate”, really the H;O* salt CF,S04-H;0*, was prepared and
purified as previously described [147]. A stoichiometric quantity of pyrodistilled water was added to
the purified acid and the "monohydrate” formed was vacuum-distilled twice (355 K, <1 torr) in an
all-glass apparatus. The distilled acid was collected in Pyrex collection ampoules which were
immediately sealed under vacuum.,

Pb(CF;50;), and NaCF;S0, salts were prepared by neutralizing the corresponding metal
carbonate with the purified CF;SO5H {148]. A suitable amount of the metal carbonate was added to
about 100 ml pyrodistilled water to form a sturry. To the solution in an ice-bath, a sufficient quantity
of CF380;H was added dropwise with stirring. The solution was evaporated to dryness and the
white solid obtained was recrystallized first from acetone and then from ethanol. These
triflucromethanesuifonates were finally vacuum dried at 423 K for several days and then stored in a
desiccator.

Other salts used in the present work were purified from the following starting matcrialsr:\
Pb(NO;),, Nal (Fischer reagent grade material); NaCl, NaNOQ, and NaClO, (BDH AnalaR : ek
NaBr (‘Baker Analyzed’ reagent). Pb(Cl0O,),.3H,0 (Aldrich 95% pure) and RbCl (A]drich*9/9.99%
pure) were used without further purification. These salts were recrystallized twice from pyrodistilled
water and vacuum dried. In the case of Nal, the recrystallizations were performed under N, and the
resulung crystals were kept in a dark vessel under N,. Thiourea, also used as an additive in the
present work, was the Fischer reagent grade materal.

Non-aqueous solutions were prepared and kept in a N, tent. It was discovered in the carly
stages of the present work that reliable ard satisfactory experimental results could only be obtained
using freshly prepared non-aqueous solutions.

All aqueous solutions were prepared using pyrodistilled water [50]. H,S0, and HCIQ,
aqueous solutions were made using the purest commercially available acids (BDH AristaR grade)
which, as noted previously [2,51], had been found to be of sufficiently high purity to be used
directly, as demonstrated by highly sensitive cyclic-voltammetry results conducted at Pt electrodes

(tests based on forms of the H and surface oxidation/reduction regions of the cyclic-voltammograms
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and time effects thereon - see list of criieria in Section 2.3.1).

29 Cells

2.9.1 Electrochemical Cells

From previous experience gained in this laboratory with cells of different designs and sizes, it
has been realized that a desirable cell should be of a suitably small size and simple design because it
is then much easier to clean, and maintain in a clean state, and this then minimizes the possibility of
impurity effects.

A conventional mo-comifamncnt ccll, as shown in Fig. 2.3(a), was used in the case of
experiments conducted in aqueous medium. The reference-electrode compartment is separate but it
is connected to the solution and electrode in the working-clectrode compartment by a Luggin
capillary whose tip is placed close to the working electrode in order to minimize the "iR" drop in
thesolution between thc' tip of the [.uggin capillary and the working electrode. H,, used in the
reference-electrode compartment, was purified as described in Section 2.4.

For experiments conducted in non-aqueous media, a conventional one-compartment cell was
used, as shown in Fig. 2.3(b) . The counter-electrode was placed close to the working electrode
because of the unavoidable high solution resistance in such media and the reference electrode, bulk
lead, was placed in the same compartment as the working electrode in order to minimize resistance
between the working and the reference electrodes. This is necessary when high sweep-rates are to
used in cyclic-voltammetry in resistive non-aqueous solutions.

Solutions in the working-electrode compartment were deoxygenated by bubblin g a.sIow
stream of purified N, (see Section 2.4), which was first pre-saturated with appropriate solvent vapour

through them for 20 - 30 minutes before the experimental measurements were commenced.

2.9.2 Non-Isothermal Cell

f
The cell shown in Fig. 2.4 was used for non-isothermal, reference electrode measurements.

A suitable thermostated fluid was circulated through each jacket. For non-isothermal measurements,
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the jacket compartment without the side arm was kept at 298 K by circulating through it
thermostated water using a Haake circulator. The temperature of the second jackcwd- comp@em
was varied by circulating pre-cooled, technical 95% ethanol (for low temperatures) or water (for
higher temperanures) at different, thermostatically-<controlled, temperatures. The salt bridge thermal
junction section between thie two electrode vessels (Fig. 2.4) was filled through the side arm with
provision for volume expansion or contraction that occurs during variations of temperature.
Consequently, a thermal liquid junction was established in the 10 mm by 8 ri?m internal diameter
tube connecting the two jacketed compartments. Concentration polarization due to thermal diffusion
(Soret effect) was minimized by the short distance (1 cm) between the jacketed compartments. The
two plugs were removed by immersing the cell in water in an ultrasonic bath. The use of a
salt-bridge thermal liquid junction was previously found [149) to minimize very satisfactorily the

otherwise significant thermal junction potential, as shown by the example illustrated in Fig. 2.5.

2.10 Temperature Control

For experiments conducted above room temperature (298 K < T < 338 K), the
electrochemical cell was placed in a bath of water contained in a large-Dewar flask where the
temperature was controlled to 0.5 K by a Haake E3 circulating water heater. For the
low-temperaturce experiments, (213 K < T < 298 K), technical-grade 95% ethanol (f.p. 158.5 K) was
employed as the fluid of the cooling bath. For moderately low temperatures (up to 233 K), a CC-100
Neslab Cryo Cool immersion cooler, with a flexible probe was used and could maintain the
temperature to within * 0.5 K. For temperatures below 233 K, the temperature of the cooling bath
was maintained at low values by periodically adding small lumps of dry ice into ethanol in the
Dewar flask. The level of the electrolyte in the electrochemical cell was always kept below that of
the thermostated fluid, the reference electrode was, in this case, at the same temperature as the
working electrode so that no thermal liquid-junction was involved. Temperature coefficient
corrections for the true potential of the reference electrode were made using results obtained from

the non-isothermatl cell measurements.

-
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Fig. 2.5 . Non-isothermal cell potentals for the H*/H, reference electrode in 0.1M HCl
in CH;OH with iémd without a salt-bridge, referred to 298 K. (From ref. 149).
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2.11 Determination of Real Surface Area of Au Electrodes

Unlike the situation with Au electrodes, real surface areas of Pt electrodes are easily
determined from the measurable accommodation for cleciodeposited H species [150,151] since the
amount of charge mqmrcd for electrodeposition of a monolayer of His 210 pC per real cm?. A
similar method cannot be applied in the case of Au electrodes since there can be no "internal”
standard for Au clcctrqdcs based on H accommodation.

The real areas of At éléctrodes were therefore determined following the procedure of Mchri,
Pshchenichnikov and Burshtein [152] who found that the charge required to electrodeposit O |
species in 0.5M H,S50, below the potential of the well-defined current minimum ("Burshtein
- minimum"), immediately preceding O, evolution (see Fig. 2.6), was 400 pC per real cm?, which
was assumed to be the cPargc required to clwmmt a monolayer of 'O species. These authors
used B.E.T. measurements to obtain calibration daxa for the Au electrode areas, and their method
based on this O-charge evaluaton, was shp\;m to be valid over a wide range of temperatures and
sweep-rates.

 Oxide —covcragcs were therefore measured by this procedure and hence Au electrode real
areas could be calculated by means of graphical integration of anodic lincar sweep i vs E profiles to
the "Burshtein miniininn" potental by weighing cut-out i vs E profiles of fine graph paper (accuracy
t 1%) using the €harge value for one monolayer of oxide, colunted as a film of "2-electron” O
species, as 400 uC real cm? [152). The charge arising from currents associated with double-layer
charging (iy = Cy % s) at a sweep-rate s, V51, were subtracted on the basis that they would be
approximately the \samc on the O-covered surface as on the bare Au at potentials lower than that for
the onset of surface oxidation, preferably in the potental region negative to the potential of zero

charge. The roughness factor of the Au electrodes used in the present work was about 1.3.
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CHAPTER 3

THE METHOD OF CYCLIC-VOLTAMMETRY AND ITS APPLICATIONS
TOQ ELECTRODE SURFACE PROCESSES

4+

3.1  Introduction . _

The cyclic-voltammetry technique, though rclarivcl}: simple, has become increasingly useful
in electrochemical studies, espécially on electrode surface reactions; it can also be used to obtain a
wealth of other information , e.g. the kitbdic parameters of sequential steps of simple to fairly
complicated electrode reactions. In cyclic-voltammetry, this information is gained from the profile
ot_' current response, in time, when the current is recorded as a function of potential, linearty varied in

ame, as shown qualitatively in Fig. 3.1.

32, Method

In cyclic-voltammetry, the pot;nt:ial. E, of the working electrode is changed linearly with
time, t, at a constant swccp-‘ratc s(Vsh according to the equation

E =3E1H+ st ’ ! ~3.1a)
or - | |

dE/dt =5 (3.1b)
where E, is some initial potential that may or may not have been held constant for some time t before
the start of the sweep. |

The method may employ only a single sweep set between two potentials E; and E; (E is a
tinal potential), hence the terms “potentiodynamic sweep” or "linear potential sweep” for this
technique. The potcntial" may be programm=d to give a repetitive response of the electrode by )
varying the pbtcntial in a continuous back and forward manner between the E; and E; values; this

procedure is hence referred to as "cyclic-voltammetry”, usually abbreviated by the letters "CV".

Usually the potential is varied linearly with time at a sweep-rate s (V 5°!) while the current is
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Fig. 3.1  a) Schematic diagram of the cyclic potential sweep; - b) Resulting
cyclic-voltammogram for a reversible surface process.
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simultaneously recorded as a function of potential, as illustrated in Fig.'3.l. After u:avasing the
potential region over which one or more electrode reactions take place (as exhibited by manifestation
of peak currents), the direction of the linear sweep is usually reversed. Thus the potential is scanned
beyond the current peak(s) and then reversed in a further linear sweep ("linear potential sweep™ or
in a continuous repetitive manner ("cyclic-voltammetry™).

 The information obtained from this technique includes the behaviour and characteristics of
the electrochemical processes involved, indication of any complicating side reactions such as
“pre-electroche¢mical” and "post-electrochemical” chemical reactions, and general kinetic behaviour
such as slowness of charge-transfer steps or the development of limiting currents due to 2 |
pre-electrochemical chemical step such as molecular dissociation, chemisorption or ionization.
The clc;:uical circuitry required for cyclic-voltammetry experiments is schematically
tllustrated in Fig. 2.2 Secton 2.2.2.

\

33 Kinetic Conditions

‘From theoretical calculations and cor.nputcr simulations of the kinetic behaviour for various
types of chemical reactions under cyclic or linear variation of potential with time, as treated by
various workers [153 - 155] two principal conditions and a possibility of a third condition may arise,
as with any electrode process:

(i) The kinetic behaviour of the electrode reaction may be reversible or irreversible and
usually an intermediate behaviour between these kinds of limiting conditions can arise depending on
conditions such as temperature, sweep-rate, electrode potential limits, etc.;

(it) The electrode reaction rate (or current-density) is either under activation (i.e.
reaction kinetic) or diffusion control;

(iii) A third and important situation may arise where the electrode process involves only,

or mainly a surface phase or adsorbed laver of the electrochemically reactive material. In such a

situation, a characteristic CV behaviour arises that can be distinguished from that under conditions of

bulk-diffusion control, As may be expected, both reversible and/or irreversible behaviour may be
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observed in surface processes. This case of surface processes applies in the present work,

3.4 Sweep-rate Dependence of Current: Diffusion Control

For an clecn'ochcxacal reaction having a sufficiently largc rate constant and/or at sufﬁcxcntly
low reagent concentration, :hc process may be diffusion-controlled, with a concentration gradient
developed normal to the electrode surface where the rcﬁgcnt_is consumed. In a simple redox
charge-transfer process, ) ‘

O+zc»=R, (32
which may behave either reversibly or irreversibly, the rate of electron transfer at the élccu'odc
surface in relation to the rate of diffusion along the concentration gradient determines if the rc.action
is diffusion~controlled or not. The activities (or concentrations) of oxidized, [O], and reduced, [R]
species at the electrode surface are related to potential by the Ncrnst equation:

E =E° + RT/zF In[O/IR] (3.3)
where E° is the standard reversible potential for process (3.2).

Various workers [156 - 159] have solved the Fick equations for linear potential sweep and
cyclic-voltammetry experimental conditions where the observed kinetics are under diffusion control,
For such conditions, the peak cu;'rcnt Ip varies linearly with s*. both for reversible and irreversible
processes, according to the cquatjor'xs:

I, = (2.69 x 1052%2D¥CoA st (reversible) (3.4)
and

L= (2.99 x105)(z,a)*zCoA(Ds): (irreversible) ®.5)
for the electrode area A'in cm?, D the diffusion$cocﬂ'xcicnt incm? s, C, in mol cm® and s in V s°1;
z, is the number of electrons (usually 1) passed in the rate-contoiling step and « is the transfer
coefficient in the irreversible case.

Under diffusion-controlled conditions, the followin g quantitative characteristics of the i vs E

profiles are also to be noted:
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AY
@) The difference between anodic and cathodic peak potentials at 298 K:

AE, =E, - E;, =2 x (0.028/2) (3.6)

(i1} Difference between peak potential E;, and the half-wave potential, E4:
E;-E} =-L1x®RT/zF) - (3.7

3.5 Peak Potential and Peak Current for Surface Process Control

As discussed in Section 1.5 above, a simple one-¢lectron surface reaction, not influenced by
diffusion, may be represented by the simple reaction scheme (c.f. also eqn. 1.13)

M o+ AT o MAL + ¢ . 68

(1-8,) Cpx H 0, E

where the parame'ters are as defined previously in Chapter 1, Section (1,7) above. The forward
reaction (adsorption) rate is proportiohal to (1 -0,)and the reverse reaction (desorption rate is
proportional to 8,, wﬁcrc_e a 1s the coverage of adsorbed A species expressed as a surface-site
fraction. If the reaction'is reversibie and potential-dependent, the current can be written as
I'= Qulk,CA(1 - 8 )exp anF/RT - k 1C,0,exp -(1 - eMF/RT] 3.9
where Qy is the charge required for formation or desorption of a monolayer of species A, k, and k,
- are the standard ratc constants at the reversible potential and 7 is the overpotential. The Gibbs
energy of activation is potential-dependent corresponding to the usual Butler-Volmer factor exp
(anF/RT), i.e. the Tafel exponent in the rate-equation for the current density.

A process is said to be reversible if, at any potential, both forward and backward (i.e. for the
anodic and cathodic processes or vice-versa) current components involving the factors exp
(xaEF/RT) and exp{x(1 - a)EF/RT] determine to comparable extents the i vs E rc}ation of the CV
profile while the irreversible case arises when only one or other of these factors is involved, e. g
corresponding to the "back” reaction rate heing negligible. For the irreversible case, the second term
in eqn. (3.9) above would be negligible since k) >k ; or anF/RT >> 1.

Srinivasan and Gileadi [160] have derived cquations relating current tq potential as a function

of sweep-rate for cyclic-voltammetry of simple surface processes.
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For an adsorption process which is reversible, L, is given by the equation

L = (QuF/4RT)s A (3.10)
and ’

E,=-RT/FlK, o @.11)

For an irreversible process, i.e. k; >k,

Ip = 1/e(QyaF/RT)s (3.12)
and .

E, = RT/aF)ln s + QyaF/k RT] (3.13)

Thus for an irreversible process (eqn. 3.13), the peak potential , E,, is a function of s while,
for a reversible process, E,,, is independent of s.
For a simple surface process, irreversible behaviour can be distinguished from reversible

behaviour by means of the followir'lg criteria: -

- B

(1) L, for an irreversible process is lower by about 27% than the corresponding | for il
reversible process.

(i1) The corresponding anodic and cathodic peaks of the i vs E profiles are symmetrical
for the reversible process while, for an i.r;cvcrsible one, they exhibit asymmetry even at low »
sweep-rates if they are > s, (see below).

(ki) The peak potential is not independent of -s but is a function of log s, as with a Tafel
relation. 'Also, for a surface reaction process, L, varies linearly with s while for a
diffusion-controlled process L, varies linearly with s, Fig. 3.2. This forms the principal basis for
distinguishing a surface reaction from a diffusion-controlled process. Sometimes, however, mixed
conditions are encountered where both diffusion and surface reaction processes appear to take place

in a consecutive and/or parallel relationship as was found by Conway and Kannangara [161] in the

study of zinc dissolution/passivation which involves both ZnO film formation and dissolution of Zn

\

as ZnQ,* ions.

(iv) The peak potential is progressively shifted from the reversiblé value with log s due
‘
1o a polarization effect, as with an irreversible polarographic wave.
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Inthcprescntwork,oncofthclmpommmultswasthcdcte:mmanonofthe so-called s,

value [127], the sweep-rate at which the undapotcndal deposition reaction Pb on Au, viz.,

Au + Pb?* + 2¢c = AuPb, " (3.19)
which is fast in aqueous medium, just becomes an irreversible process; i.e. whens 2 s, in various
non-aqueous solvcn;s causing Ep to become dependent oo log s. The cxamination of this surface

process (3.14) in its various kinetic and energetic aspects will be described in Section 6.7 below.

3.6  Determination of the s, parameter

In linear potential-sweep amperometry or cyclic-voltammetry methods, the current response
to & linear potential scan at a constant sweep-rate (dE/dt =5 V s'IS is monitored at various values of
s over a wide rangc, and overa sufﬁcxcnt potential range. The peak current L, can be expressed as a
pscudocapacxmncc G, = L/s over a wide range (several decades) of s, and plotted against the pcak
potential, E,. Usually, for conditions of reversibility of the process, the peak potential is

. independent of s below a certain critical value of § = s, where s, is the so-called reversibility
parameter [127]). When s> s, however, E,, ceases to be independent of s and when s>> s, it
becomes logarithmic in s. Hence s,, the maximum sweep-rate for which the surface reaction process
just remains reversible, is obtained by extrapolition of the logarithmic region of E, vs log s plots to
the reversible peak potential region, E,=E,,, forsss,

It is casily seen that the reversibility parameter s, corresponds to the exchange
current-density i, for the surface reaction process. The relation of E tologsfors >> s, may be

.compared to the Tafel equation for an electrode process:

Ini= ln‘io + pnF/RT (3.15)
and hence the slope of E, vs In s for s »> s, corresponds to the Tafel slope for the electrode surface
process thus enabling the electron transfer barrier symmetry factor B for simple cases of atomic
deposition or desorption to be evaluated or, for more complex cases, the reaction mechanism [155]

of the surface reaction process to be elucidated.
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Angerstein-Kozlowska and Conway [127] developed the equations relating peak potentials to
swecp-mté, obtaining: '

Ej itvev = Eprev + RT/BFIn F/ART + RT/BFIn s (3.16)
where RT/BF (= b/2.3) is the Briggsian Tafel slope, k, the standard rate constant [k, = k, exp
BE°F/RT =k, exp -(1 - B)E°F/RT] for the standard potential, E°, of the surface reaction defined as
the peak potential (for 8, = +) when the process behaves reversibly. From egn. (3.16) above, s,tan
be defined by

| s, = BF/K RT : (3.17)

Hence s, characterizes the Linetics of a surface process like i, does for a regular continuous Faradaic
process. In contrast to i, however, s, has an important advantage for kinetic evaluations in
clectrocatalysis in that the real area of the electrode in not a required parameter characterizing the
kinetics. s, is related to i, through the pseudocapacitance (see Section 1.7.3) C¢ ey for rcvcrs@blc
behaviour, viz. s, = i,/C . Since both i, and Cy ., depend dirsctly on electrode area, s, is

Y

independent of it.

When lateral interactions between electrodeposited particles on the surface are significant, -

(ie. g2 0or g S0), where g is an interaction parameter) the derived expression which gives a
general relation for log s, for a 1 ¢ process is [127]:

log s, =log s,” - logll+ g/s(l - Bp.irev)] + B/4.6(6,, e, - DEY/2.3b (3.18)
where

log s, = log s," (experimentally evaluated by extrapolation) + (correction term due to interaction
effects) L 4 (3.19)
and 8, ;.. is 0.63. Hence the s, parameter can be determined since g can be derived [67] from the
half-width of the i ys E profile. Therefore, since the parameter s, as well as coverage and relative
cnergy of the states can be measured, the electrochemical kinetics of the surface processes, includin g
those for resolved submonolayer states, can hence be completely characterized.

An illustration of results obtainable by these procedures is shown schematcally in Fig. 3.3
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Fig. 33  Schematic plots of variation of peak potential with sweep-rate, s, for an ad-layer in

which interactions are of various strengths determined by the g value. (From ref. 127).
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Fig. 34

Some peak potential vs log s plots for states of H electrosorption
at Pv. (From ref. 127).
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whcrc‘thc peak potential is plotted against log s for an ad-layer in which interactions are of various

strengths as determined by the g value. Experimental results [127] for four of the states of H
o
deposition at Pt are illustrated in Fig. 3.4.

Some of the critical parameters, useful for analysis of results of cyclic-voltammetry

experiments on monolayers at electrode surfaces, are summarized in Table 3.1 below.

Table 3.1

tJ

Critical Parameters of Cyclic-Voltammetry Experiments on Monolavers at

Electrodes

Observation on i vs E Profile

Muluple-state adsorption in
the monolayer

The dependence of peak
potential on sweep-rate, s

Temperature dependence of

- peak potential, dE.p/d'I‘

Asymmetry of peaks

Half-widths of peaks, AE}

Peak potental, E.. relative
to E,

Information/Interpretation

Surface is heterogeneous or
succession of array structures
arises.

Rate constants and charge-
transfer coefficients for the

surface process can be evaluated..,

Entropy of distinguishable
ad-states can be evaluated
indicating if the ad-layer
particles are 2-dimensionally
mobile or not.

Fhe process is kinetically
irreversible or, if the process

is reversible, the behaviour
indicates the type of lateral
interaction e.g., between dipoles
or free charges.

Measures the free-energy of
lateral interaction of adsorbed
species, A, as a function of
coverage, 8,.

Free energy of distinguishable
2-d ad-states, relative to that
of bulk phase, is determinable.
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7. Reversibility between anodic Kinetic reversibility or hystere-
and cathodic peak current sis between formdtion and -
profiles desorption of monolayers is

indicated.

8. Ioneffects on i vs E profile Interaction on ion field with

surface dipoles of ad-species;
competitive adsorption between
ion and upd A species. Effects

. - depend on potential range of upd
relative to p.z.c.

9. Effects of reversal of Distinction of yarious successive
direction of sweep at processes in the AE range and the
successively increasing relation between the states
or decreasing potentials ' observed on the adsorption and
in a range, AE, of potential the corresponding desorpton

v Sweep, in 5o far as reversibility
and hysteresis are involved.

-

The s, and other kinetic parameters that have been evaluated in the present swdy of upd of Pb

at Au by means of cyclic-voltammetry in protic and aprotic non-aqueous solvents are given and

discussed in Chapter 6.

3.7 General Form of i vs E Profiles

In generdl, the i vs E profiles for diffusion and surface-reacton-controlled currents are found
to be somewhat similar in their peaked shape and overall form. The differences arise from the nature
and involvement of concentration of the reactant species. In the diffusion-controlled case, reactant
material is consumed from the diftusion layer, ci:::ntually depleting the solution completely at the
electrode interface (limiting-current condition). However, during the sweep, depending on its
duration measured by s'!, reactant material continues to diffuse into the boundary region so that the

Y
charge under the i vs E(t) profile increases with diminishing s. In the case of a surface reaction,
however, there is a finite quantity of material in the surface phase which is eventually consumed
during passage of the sweep so that the current goes 1o zero apart from the residual double-layer
charging current Cy(dE/dt) that passes at all potentials, as also in the diffusion-control case (Fig.

3.
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In the surface-reaction case, since the consumable reactant is fixed, determined by geometry
and thickness of the surface phase, the total charge, Q, under the cyclic-voltammogram (Q = fidt =
J(i/s)JE) measured is independent of sweep-rate, provided the reaction is 100% coulombicaily
cfficient, i.e. parasitic or impurity currents are insignificant.

In both cases, the rising side of the curve is associated with the exponential increase of
current with E, while the descending current side is associated with continuing consumption of the
reagent - either from the diffusion layer or from the surface phase, although, of course, the potential
 continues to increase in the given direction of the sweep.

In some casily recognizable cascs, the potential of the clectmde‘ surface phase remains almost
constant during its conrsumption while for a Langmuir-type adsorbed layer the potential varies as
In(6/1 -6); in the first case, for a surface phase, the ascending current sides of the profiles at

increasing sweep-rates are almost coincident but fall away to the descending side at verious currents

as the sweep-rate is varied. For the Langmuir ad-layer, however, the curves fall more symmerically

above cach other with increasing sweep-rate, especially in the reversible reaction case (Fig. 3.5).

Fig. 3.5  Shapes of i vs E profile with increasing s for a surface process involving:
a) a 2-d array of adatoms on an electrode e.g. Pbon Au
b) consumption of a 2-d surface phase on an electrode.
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Refemring again to the first case where ascending current curves are almost coincident at
various sweep-rates, this'behaviour arises because a regular Faredaic current passes for essentially a
bulk phase process where the thermodynamic potential does not chahgc during its cor;sumption
(except at the very last stages). This situation applies to multlayers or thick films. In the Langmuir
ad-layer case, however, only a monolayer or submonolayer is involved where the thermodynamic
potential is f(8) and hence changes continuously during the sweep. The resulting i vs E profiles are
therefore characteristically different for these two cases and both are different from that for the

diffusion case. Their differences provide diagnostic criteria for the types of processes and/or

conditions involved.
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SOLVENT AND ANION EFFECTS ON THE i vs E UPD PROFILES FOR Pb AT A

4.1  Introduction: Factors Characterizing i vs E Profiles for UPD of Pbon Au
The experim=ntal results obtained in the present work will be presented and discussed in the

light of the points indicated in the Section "Aims of the Present Work”. In the present section, the
results of the cyclic-voltammetry experiments that provided the upd i vs E profiles for Pb at Au in
various non-aqueous solvents and comparatively in aqueous medium will be given, with the aqueous
medium being treated as the reference solvent.

The upd i vs E profiles for Pb adatom dcposition/dcsorption in various non-aqueous solvents
will be examined and their features discussed in terms of the following factors:

() Muldplicity of the peaks in corresponding cathodic and anodic upd i vs E profiles. This,
as noted earlier, demonstrates the heterogeneity of the electrode surface as adsorption/desorption
takes place, as well as the succession of distinguishable array structures which arise as the
sub-monolayer or monolayer is laid down over the upd range. (Note that a multplicitity of
| submonolayer states of deposited Pb adatoms also arises at Au single-crystals [39]).

(i1) Potendals, E,, of individual peaks, relative to the reversible potential for
electrodeposition of the bulk adsorbate, Pb. This enables the Gibbs encrgies of distnguishable
adstates to be directly determined relative to that of the bulk phase.

(i1)  Half-widths of peaks, AE, , , which enables the magnitude of the free energy of laternl
‘interaction between the adsorbed spcci\cs (adatoms) to be estimated as a function of coverage, 6,.
However, with the upd i vs E profile for Pb at Au, extensive overlap of peaks makes such an analysis
unreliable.

(iv) Metal/solvent interactions in the various non-aqueocus solvents in terms of the
double-layer structure at the interface.

(v} Competitive effects of the ions.
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4.2 Origin of Solvent Effects on UPD Profiles for Pb at Au

In the interpretation of the results of the present study of solvent effects on the upd behaviour
6f Pb at Au, the following factors will be considered:

a) The possible role of the solvent itself directly affecting the energetics of the adatom
array formation as the monolayer of upd species is developed. This effect arises on account of the
requirement that a solvent molecule adsorbed at the Au substrate must be displaced as a Pb adatom is
deposited and the energy of this process may not be entirely compensated by the new
Pb-adatom-solvent interaction that will arise after the adatom has been depostted. Also, in the
course of development of adatom arrays, it is 1o be expected that solvent molecules which can
develop their own array structure in their adsorbed state at the electrode [162], will interfere in metal
adatom array formation process and possibly cause changes in the potentials of various peaks in the i
vs E profile relative to the bulk Pb/Pb** potential for the given solvent, since the geometries of
solvent and Pb adatom arrays will hardly be expected to be similar.

b) Since both a lead salt and a supporting electrolyte are required for the conduct of the
experiments, account must be taken of the different degrees of solvation of the ions, especially the
anions, of the electrolytes from one solvent to the other. This can become manifested as an effect on
the upd profiles on account of a solvent-dependence of the strength (Gibbs energy) of adsorption of
ions of the electrolyte at the substrate metal (here Au). Thus, it is generally recognized that specific
adsorption of anions involves partial desolvation of the ion and electronic interaction of the lone
pairs of electrons with the electrode metal surface. Grahame [163) drew the distinction between
anion adsorption involving partial or even complete desolvation (involving charge-transfer
chcmisorpt;on) and cation adsorption, the energy of which was mainly electrostatic in origin, with
litrle change in the fon’s solvation shell. Hence solvent-dependence of ion adsorption can lead to an
important indirect solvent effect on upd, when anion adsorpgion- influences the upd on account of

competition with the adatom deposition process, especially in its initial stages at low coverage by the

adatoms.
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¢) Effect of the solvent on the potential of zero charge of the substrate and adatom layer.

This effect can arise on account of the dependence of the electron work function, ¢, on solvent

orientation at the electrode intc_rfacc and the p.z.c. known to vary in parallel way with changes of ¢

[164,165]. Adsorbed ions also affect the p.z.c. in well known ways.

We summarize these effects in the table below.

Table 4.1: Possible Origins of Solvent Effect on UPD Metal Adatom Profiles

1.

4.3

Sol\;cht-Spcciﬁc displacement energy as upd, competitive with solvent adsorption,

progresses.

-

Solvent-specific anion adsorption, in competition with the upd process, arising from:
Solvent-dependent anion adsorption due to the dependence of anion Solvaﬁon energy on
solvent properties.

Dependence of p.z#%of substrate metal on solvent and on presence of adsorbed ions.
Changes of work functon and hence p.z.c., of the substrare as the upd metal adatom film is
developed towards full coverage.

Due to change of p.z.c. with coverage of the adatoms, solvent orientation, at a given
metal/solution potential difference, may change with coverage.

Dependence of the upd peak potentials on the solvaton energy of the ion being
electrodeposited on the solvent properties, but this effect will be cancclicd out in the
solvent-dependence of the bulk metal electrode poteotial if complete charge-transfer arises in

all stages of the upd process as the monolayer is developed.

Comparison of UPD Profiles for Pb Adatom Deposition on Au in Five Solvents

The upd i vs E profiles for Pb at Au in solutions of NaClOj, in acetonitrile (AN), methanol

(MeOH), dimethylformamide (DMF) and propylene carbonate (PC) are shown comparatively in

Figs. 4.1 to 4.4 and the corresponding i vs E profile for aqueous medium, given in Fig. 4.5, is to be

used as reference for comparison. These profiles were all obtained in 0.1M NaClO, as electrolyte to
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Fig. 4.1  Cyclic-voltammetry i vs E profile for Pb upd at Au from 0.1M NaClO, +
10-2M Pt(CF;S0,), solution in acetonitrile (AN) 21298 K. s = S0 mV sl
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4.2  Cyclic-voltammetry i vs E profile for Pb upd at Au from 0.1M NaCLO, +
102M PYCF,505), solution in methanol (MeOH) a1 298 K. s = 50 mV s



Fig. 4.3  Cyclic-voltammetry i vs E profile for Pb upd at Au from 0.1M NaClO, +
10°M PYCF;S03), solution in dimethylformamide (DMF) at 298 K.
s = 50mV st
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Fig. 44 Cyclic-voltammetry i vs E profile for Pb upd at Au from 0.1M NaClO, +

10°M PY(CF;80y), solution in propylene carbonate (PC) at 208 K.
s = 50mV sl |
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avoid or minimize anion adsorption effects which arise, e.g. with halide ions, as will be described
later.

From examination of the i ys E profiles obtained in the various protic and aprori;: solvents, it
is evident that regardless of the solvent in which the upd experiment was carried out, the i vs E
profiles have one general common feature: they are all characterized by wuve or six distinet cathodic
and anodic peaks occuring at different potentials as the monolayer of underpotential-deposited Pb is
laid down, as is also found in aqueous solution. This phenomenon, referred to as multiple-state
adsorption, corresponds to distinguishable states of the electrodeposited Pb adatom film on Au as the
upd occurs over a wide range (ca. 0.6 V) of potentials although this range is solvent-dependent.

An important and c:pcximcntally significant aspect of the results shown in Fifgs. 41w44
for several solvents is that good, i vs E profiles can be obtained which demonstrates, in most cases,
good reversibility between anodig and cathodic processes except (see e.g. Fig. 4.13) when strong
competitive adsorption of anions interfere (see later) with the upd process. Thus, no indications of
impurity effects or skewing of the anodic/cathodic profiles is evident and background currents are
also agreeable loew. Thus, for the pure solvents, the background cyclic-voltammograms show that
lide or no electroactive impurities are present (Fig. 4.6).

4.4 Comparison of Potentials of Corresponding Peaks in Various Solvents

4.4.1 Basis for Comparisons

Electrode potentials cannot be compared in different solvents without introduction of
undesirable experimental situations (e.g. liquid junction between two solvents) or
extra-thermodynamic assumptions about individual ionic solvation energies.

However, with regard to upd profile peak potentials, E,, they can be compared
unambiguously in different solvents if, in each solvent, the E.P value for a given recognizable peak is

referred 10 the bulk Pb/Pb™" potential set up at the bulk Pb electrode in that same solvent.
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Then, for example, in any solvent, S, the process
2¢ + Pb™(S) + Au(lanice) = (Pb adatom,Au) @1
can be compared with the process ‘ ' N
2e + Pb™(S) + Pb(bulk) — Pb(bulk) 4.2)

so that the Gibbs energy of solvation of the Pb** ions in any solvent, S, cancels out when E, values
are referred to the bulk Epy, reversible potential for the same solvent. On this basis, values of upd
peak potentals for Pb adatom states on Au are compared for the various solvents used in Figs. 4.7

and 4.8 and in Tables 4.2 and 4.3.

4.4.2  Values of Peak Potentiat Shift with Change of Solvent

In relation to the results of Figs. 4.1 - 4.5, it is useful to illustrate graphically how the peak
potentals for the various resolvable and clearly recognizable peaks in the i vs E profiles depend or
the solvent. This is shown in Figs. 4.7 and 4.8 for the anodic and cathodic peaks, respectively. Iti
clear from these plots, as also vistally from the original i vs E profiles, that there is a substantial
effect of the solvent on peak shapes, peak potentials and overall resolution pf the profiles into
sub-monolayer state components. There are also some systematic small but significant differences
between the peak potentials for corresponding sub-monolayer states as revealed on the cathodic
sweeps in comparison with the agodic sweeps. This is probably due (see Section 4.5) to some
irreversibility in anion adsorption/desorption, even in the NaClO, supporting electrolyte.

Figs. 4.7 and 4.8 show that the solvent effect is most pronounced in the initial stages of Pb
adatom electrodeposition. Generally, the solvent effects on the peak potentials cover a range of 50 to
100 mV (Figs. 4.7 and 4.8), which is well outside any uncertainities of pcak—potcntial assignment,
except for the most overlapping peaks. These diagrams show that the peaks in the i vs E profiles for
the upd of Pb at Au from various electrolytes arise at different relative potendals, especially for low
Pb atom coverages. This is to be expected, especially for the first cathodic peak, Cpy,,, because,
before Pb electrodeposition commences, the electrode surface is fully covered by the solvent

molecules, together with some anions, and the electrode/solvent interaction is, as was discussed in
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Table 4.2 Peak Potentials of the Anodic Peaks Relative to Pb/Pb** of the UPD i vsE
" Profiles of Pb at Au in Various Solvents

Solvent Anodic Peaks and Peak Potentials
-

App Apy2 Apys Appg Apus Apbe Apyr

(1) (2) (3) (4) (5) (6) (7
H,0 0.50 0.440 0.315 0.275 0.235 0.170 0.120
MeOH 0.505 0.440 0.350 0.310 0.225 0.160 0.085
DMF ) 0.470 0.390 0.265 0.245 0.200 0.105
PC 0.540 0.475 0.415 0.325 0.245 0.140 0.085
AN 0.450 ~ 0415 0325 0245 0125 0075
Table 4.3 Peak Potentials of the Cathodic Peaks Relative to Pb/Pb*™ of the UPD i vs E

Profiles of Pb at Au in Various Solvents

Solvent Cathodic Peaks and Peak Potentials
Ceoui Cry2 Crb3 Crus Cpos Cros Cror
(1) (2) (3) (4) (5) 6) (7N
H,0 - 0.495 0.470 0.325 0.265 0.225 0.155 0.070
MeOH 0.475 0.450 0.425 0.275 0.210 0.140 0.060
DMF 0.415 0.235 0.185 0.070
PC 0.470 0.385 0.310 0.230 0.200 0.120 0.055

AN 0.435 0.390 0.285 0.230 0.105 0.035
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Section 4.2, solvent dependent. For the non-aqueous solvents used in the present work, the Cpy,
peak potential in PC and MeOH is more positive (or less negative) relative to the bulk reversible
potential of Pb**/Pb, in DMF it is more negative.

The corresponding resolvable anodic peaks for the Pb desorption processes in the various
solvents are also solvent-dependent, especially at low coverages. The first anodic peak, Apy,, of ic
i vs E profile obtained in PC arises at the most positive relative potential, while the corresponding
peak of the i vs E profile obtained in AN occurs at the least positive potential (ca. 0.54 and 0.45 V
vs Pb™/Pb, respectively, see Fig. 4.8). In PC both cathodic deposition and anodic desorption of Pb
adatoms takes place at more positive potentials than in the other solvents. This effect could arise if
the PC solvent molecules are least strongly adsorbed ar the Au electrode surface, compared with the
other solvents, and hence are easily displaced by the electrodeposited Pb adatoms which thus are,
comparatively, more strongly bound. In such a situation, the Pb adatoms would tend to become
clectrodeposited at less negative potentals (more positive potcntia.ls) which reflects an increased
stability of the Au-Pb adatom bond. Another possibility is that the anions present are not, or are gnly
weakly, specifically adsorbed on the Au electrode surface in PC, which would otherwise alter the i
vs E profile, especially by shifting the first cathodic peak to more negative potentials.

The pronounced solvent effect on the i vs E profile for Pb at Au at low and intermediate Pb
adatom coverages, say upto 6 = 1/2, may be attributed to mixed interactions because, for a Au
electrode surtace partially covered by Pb adatoms, the resulting mixed interactions are: Au-Pb
interactions, Au-solvent interactions and Pb-solvent interactions (see Fig. 4.9). These mixed
interactions will be different for different solvents. r

At higher Pb adatom coverages, the solvent effect on the resolvable cathodic peaks and the
corresponding anodic peak potentials is less pronounced. On examining both Figs. 4.7 and 4.8, the
peak potentials of the cathodic “spike” (Cp,s) for the different profiles are seen to arise at
approximately 0.2 V vs Pb**/Pb except for the behaviour in DMF and aqueous HCIO, where the
anodic “spikes" (Apys) of the different profiles are observed at approximately 0.24 V vs Pb*/Pb,

except for DMF again. The “spike” has been interpreted as being due to a 2-dimensional phase
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Fig. 49 Model for competitive adsorption between solvent molecules (S) and Pb meta
adatoms on A_n electrode surface.,

a) Initial substrate; solvent-to-Au interactions.
b) Substrate partially covered by upd Pb adatom film; mixed interactions.

c) Substrate completely covered by Pb adatom film (p-z.c. changed):
solvent-to-Pb adatom interactions.
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transition in the ad-layer and it represents a coverage Bpy, = 68%. The remaining effect of solvent
at higher coverages arises probably because, as Bp, — 1, most of the Au electrode surface is now
covered by Pb adatoms and now the main interactions are between the Au lattice and Pb atoms

together with Pb-selvent interactions at the interface of the double-layer.

4.5  Commentary on Behaviour in Individual Solvent Systems

The i vs E profiles recorded in experiments conducted in MeQH and DMF are (Figs. 4.2 and
4.3, respectively) in a general way, similar to that for aqueous medium in terms of peak multiplicity,
shape and resolution of the peaks. This is not surprising in the case of H,0 and MeOH because both
are polar, H-bonded protic solvents but with differing bulk dielectric constants (¢ = 78 for H,0 and
33 for MeOH). Also the general electrochemical solvent behaviour of MeOH is similar to that of
water. Hence, it is to be expected that the Au/H,O and Au/MeOH interactions are rather similar and,
since the upd profile for the initial stages of deposition (low Bpy) are not shifted to significantly more
cathodic potentials, it scems that both the water and MeOH solvent molecules are only weakly
adsorbed at the Au surface. Another factor determining the similar upd behaviour in the two
solvents is that the electrolyte ions, especially CIO4'“, are either adsorbed to similar extents in the two
solvents or the C1O, anions are not appreciably specifically adsorbed on Au from MeOH, as found
in HyO. Were co-adsorption of anions competitive with Pb adatom deposition, as with some other
solvents (see below), the i vs E profile would be altered, especially in the initial stages of
electrodeposition of the Pb adatom monolayer, a behaviour encountered with halides ions.
Borkowska and Fawcett [94] found no specific adsorption of the anion at the Hg/MeOH interface in
NaClO, solutions.

Some differences are noticeable, however, if the i vs E profile in DMF is compared with
those in MeOH and aqueous medium. Firstly, the cathodic peak for deposition of the most strongly

@olmd species in DMF (referred to by some authors in the literature inappropriately as the *

monolayer” peak, e.g. inref. 31) is slightly shifted to more negative potentials. Whereas in DMF
and AN, this particular peak is sharp at its top but more drawn out overall, in MeOH and aqueous
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media, it is broad and actually resolved into two peaks. (In DMF and AN the shape of this first peak
is really determined by the extent of overlap of the two peaks which are resolved in MeOH and
water).

The shift of the first cathodic upd peak to more negative potentials may be due to:

(1) Au/DMF interactions. If the DMF molecules are strongly adsorbed and/or interacting on
the Au electrode surface, electrodeposition with displacement of the DMF molecules would require
more negative potentials before the Pb adatom electrodeposition could commence. Studies of
adsorption of DMF from aqueous solutions [100,101] have shown that the DMF molecule is
predominantly adsorbed on Hg at and around the p.z.c. with its dipole parallel to the electrode
surface. At other potentials where the electrode bears a net charge the DMF solvent molecules may
assume other possible orientations (see Section 1.11).

(1) Competitive co-adsorption of the anions with Pb adatoms. Since the effect is not at all as
great as in the case of strongly adsorbing halide ions, specific adsorption, if any, must be weak.
Electrocapillary measurements [101] at the Hg/DMF interface indicate that specific adsorption of
anions at the p.z.c. increases in the order: $O,%, C10,, NO;” < SCN- < CI" < Br < I.
Indications that the metal cations, especially K* and Cs*, exhibit specific adsorption in DMF at more
negative potentials have been noted [166]. In the light of these observations, it seems that Na*
and/or C1O," (more probably the ClO;" ion) influence the Pb adatom deposition by competitive
adsorption, slightly modifying the first cathodic pexk corresponding to the inidal stage of Pb
clectrodeposition,

The i vs E profiles obtained in AN are characteristically different from the profiles in the
other media, including water. The first cathodic peak (referred to as Cpy,; in the present work) due to
Pb** reduction and the corresponding anodic peak due to Pb adatom oxidation is sharp at its top but
overall it is drawn out (i.e. it contains one or more other unresolved components) compared wi'th the
1 vs E profiles in the other solvents investigated. The "spike” (on both the cathodic and anodic
sweeps) is also less pronounced. Unlike the i vs E profile in DMF, where it is only the first cathodic

peak that is shifted to more cathodic potentials (thus exhibiting some irreversibility between the
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almost mirror images in shape, extent of charge and peak potential positions, thus corresponding to a
rather reversible process.

The parrow peaks found for upd of Pb in AN (Cpy,, and Ap,;) in contrast 1o the broader peaks
observed in other solvents, especially water, MeOH and PC, could be attributed to enhanced
adsorption of the C10,” and/or Na* ions at the Au electrode in AN. Another possibility is the
competitive adsorption between the Pb adatoms and the AN solvent molecules themselves. From

inner-layer capacity measurements, Trasatti [167] found that the AN molecule is strongly adsorbed
on Hg with the negative end of its dipole oriented towards the Hg. Also, at H/AN interface, the
inner-layer capacity in solutions of alkali metal cations increases with increasing size of the cation
[90]. In the absence of any specific adsorption, this order is attributed to a decrease in solvation of
the cations as their radii increase. However, Crum [168] attributed the above order to cation specific
adsorption at higher cathodic potentials, in contrast o the findings of Fawcett and Loufty {90] whose
results indicated no specific adsorption of Li* and Na* ions.

In their investigation of electrochemisorption and reactivity of nitriles at Pt electrodes,
Angerstein-Kozlowska et al. [169] found that in 0.5M aq. H,50,, AN and H species were
co-adsorbed over the potential range of H-region at Pt The AN is adsorbed at Pt through the CN
group rather than the -CH, group.

Another property, which AN exhibits that is not found with other non-aqueous solvents, is the
high degree of association of CF;S0;" with divalent metal ions in that solvent although such
clectrolytes are completely dissociated, for example, in DMF. In AN the first association constant of
Pb (CF3S0;), is 2280 mol! dm?® at 298 K compared to a maximum value of 21 moi-! dm? for
NaClOQ,, also in AN at 298 K [170]. Such an high degree of association would be expected to reduce
the effective concentration or acti;.wity of the Pb** ions in solution but since the reference electrode is
in the same solution, this would lead to a parallel shift of the i vs E upd profile in the negative
direction compared to the potentials over which it would be observed if Pb (CF;350,), was

completely dissociated in AN. However, this effect is completely compensated by a corresponding
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shift at the bulk Pb reference electrode.

In order to establish if this high degree of association had an effect on the upd profile, a
similar experiment was conducted using Pb(ClO,),, which is almost completely dissociated in AN,
instead of Pb(CF3504),. It was found that the i vs E profiles for these two salts were identical in
shape and in the relative positions of the peaks, i.e. there was no parallel shift when P(C10,), was
used, as is expected on the thermodynamic basis mentioned above.

In solutions with salts of CF;SO;" as supporting electrolytes, the half-wave potentials of
lithium and divalent metal ions in AN [148,170] at Hg are slightly more negative by about 25 mV.
These shifts were explained quantitatively in terms of ion-pair'formation between the metal ion to be
reduced and the anion of the supporting electrolyte. However, it should also be noted that NaClO,
has the highest conductivity in AN compared with that in the other non-aqueous solvents used in thi.
present work. In AN, A= 180.63 2! cm? mol™! but again it is slightly associated, with K, = 11
mol'! dm’.

. Dissolved LiC10,4, NaCl10, and Mg(Cl0Q,), have been found to cause changes in the IR
spectra of AN [171], although perchlorate ion was said to have no effect on the absorption bands.
The blue shifts of the -C =N and C-C vibrations were attributed to binding of AN to cations. Also
the IR stretching bands for C-C and C=N in AN were found to split into two components upon
addition of Cu?*, Ni?*, Co?* and Na*. According to Kecki [172] one band corresponds to the
frequency of the pure solvent and the second band, at higher frequencies, is attributed to AN
solvating the cations. -

The upd i vs E profile in PC (Fig. 4.4) has a significant feature which is characteristically-
different from that in the other solvents. The whole i vs E profile is somewhat more extended than is
the case for the other solvents, so that the initial cathodic current for the upd process commences
already at +0.63 V (vs Pb/Pb*™), i.e. some 0.05 to0 0.09 V more positive than for the other solvent
systems. The main difference is that the first two peaks are more separated, within the profile, than
is the case with the other solvents, ¢.g. AN and DMF. There is also a significant negative shift of

the initial cathodic peak relative to the potential of the corresponding first anodic peak (Fig. 4.4).
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Since this effect arises again at the initial stages of Pb electrodeposition, it must be attributed to
electrode/solvent interaction and/or anion co-adsorption effects referred to earlier. Perhaps the large
PC molecules require a more negative potential before they can begin to be displaced by the onset of
Pb adatom deposition.

Interfacial studies [102] at Hg/PC have shown that the maximum entropy of adsorption, at
least at the p.z.c., is positive which indicates that the molecular arrangement of the solvent is more
disordered in the adsorbed layer than in the bulk. Also C10," was foud not to be specifically
adsorbed on Hg from PC solutions. This suggests then that the above effect is to be attributed more
to PC displacement than to ClO," desorption. N

In preliminary smdies on the electrochemical behaviour of a polycrystalline Au electrode in
PC, Nguyen van Huong [173] found a low interfacial capacity value at negative electrode surface
charge. He suggested that this behaviour was due not only to an increase in the thickness of the
inner-region solvent layer and a decrease in its dielectric constant but also to changes in the
properties of the metal surface itself as indicated by the shift of the p.z.c. in PC with small additions
of water. In experiments on the single-crystal AwPC interface, he found only minor differences
among the curves for the (111), (100) and (1 10) faces whereas, in aqueous medium, the
corresponding curves showed significant crystallographic surface orientation dependence.

In the work of Xing etal. [37],theivsE upd profiles of Cd on Ag(111) in PC are
characteristically different from the corresponding profiles in. aqueous medium while they found the
i vs E profiles for Pb on Ag(111) to be similar in PC and aqueous medium, in agreement with the

earlier work in this laboratory [36] where it was found that there were small but si gnificant

differences in the i vs E profiles for the upd of Pb on polycrystalline Au in aqueous medium, MeOH
and AN.
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4.6  Infuence of lons of the Supporting Electrolyte on the i vs E Profiles for UPD of Pb on

Au: Ton Adsorption Effects

Since ion adsorption is solvcnt-de@m, the effects of the nature of the ions of the
supporting clectrolyte and the anion of the Pb salt itself were investigated in several solvents in

which the salt solubilities are appreciable and adequate.

iy

4.6.1 Cation Effects

~  Tetraethylammonium perchlorate (TEAP), a suitable and widely used supporting electrolyte
in work in most non-aqueous solvents, was used as the supporting elecnolyte in AN in order to
examine the effects of a large organic cation. The rcsultin\g 1vs E profile recorded for Pb deposition
on polycrystalline Au from TEAP solution is given in Fig. 4.10. It should be compared with the one
obtained in NaClO; solution in AN given earlier in Fig. 4.1.

There is evidently a large shift of the first cathodic peak to more negative potentials in TEAP
solution, leading to marked irreversibility berween the deposition and the corresponding desorption
process. The whole 1vs E profile is also less well resolved.

It seems clear that this large shift is due to adsorption of the TEA* cations rather than the
ClO," anions which are only weakly adsorbed. Thus, it is the TEA* cations that are strongly
adsorbed on the Au electrode surface thus blocking the electrodeposition of Pb adatoms. These
cations become desorbed at more negative potentials leading to a subsquent deposition of Pb
adatoms, effectively at a cathodic overvoltage. This behaviour is not a temporary blocking effect
because the upd proifile does not change with continuous cycling, a situation different from that
found in upd of Pb at Au in PC when LiClQy is used as the supporting electrolyte [37]. Temporary
blocking effects were observed in that work and explained as being due to the reactiomof hydroxyl
tons generated during the reduction of traces of water in the solution with Li* to form LiOH which
initially forms a film on the electrode surface because it is less soluble in PC than in water. When
LiClO, was used a supporting electrolyte in AN instead of NaClO,, there was no difference in the

upd i vs E profiles, indicating similar behaviour of Li* and Na* cations in AN.
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The effect of the ions of the supporting electrolyte on the upd profile has also been
investigated by Xue-Kun Xing et al. [37] in their study of the upd of Cd on Ag(111) in aqueous
solutions containing TEAP and LiClO, as supporting electrolytes. The resulting i vs E profiles are
shown in Figs. 4.11 and 4.12. Clearly the cyclic-voltammograms for the above system in the two
supporting clectrolytes are different indicating that the nature of the cation can play an important role
in conrolling the energetics and dynamics of the upd process. The variations between the upd
profiles were atwributed to the differences in the extent to which the TEA* and Li* interact with the
electrode surface. The specific adsorption of TAA ions on the Hg electrode increases in the order
TPA™ > TEA* > TMA* [81], and a similar sequence has been reported in the case of AN solutions
of these ions on Hg [174].

It has been found that TAA cations are not solvated in AN [178 - 180), and ion-pair
formaton is negligible at low concentrations. At more negative potentials, because these ions are
catons that are unsolvated, there is an indication of their adsorption at the Hg surface, the strength of
adsorption incrcasin g with chain length of the alkyl group due to lyophobic effects.

Based on the above information, it is to be concluded that the modification of the upd profiles
in the presence of TEA* is due 1o the sirong interaction of these cations with the Au electrode
surface so that Pb adatom deposition can only take place when a sufficiently negative
electrochemnical driving (Gibbs) energy is provided that leads to favourable competitive adsorption
of Pb adatoms vis a vis TEA* cations. The eventual preference for Pb adatom deposition with

increasing negative potential arises because Pb is electrochemically deposited from Pb** ions with

passage of 2¢ per atom in an almost complete discharge event while TEA* is only electrostatically
P g y

adsorbed at the Au electrode/solution double-layer without charge transfer.

"\
J
4.6.2  -Anion Effects
Because MeOH, like H,0, is a polar solvent it provided a suitable medium in which to
investigate the effect of some anions of salts which are sparingly or insoluble in most non-aqueous

solvents. NaNOy was used as the supporting electrolyte so that the effect of NQj5 anion could be
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studied. In MeOH, NaNQ, has a limiting molar conductivitv of 106.2 & 'cm? mol™!, slightly lower
than the value of 116.2 Q! cm? mol! for NaCl0,, also in MeOH. NaClO, ‘is completely dissociated
in MeOH whereas NaNOs is slightly associated, with an association constant of 19 mol™! [178).

The cyclic-voltammograu for upd of Pb at Au from NaNO, solution in MeOH is shown in
Fig. 4.13 and that from NaClO, was given carlier (see Fig. 4.2). The upd profile from NaNO;
solution is significantly different from that in NaClQ, solution. For the profile in NaNO; solution,
the first cathodic peak is shifted to more cathodic potentials; the peaks are less well resolved and the
"gpike” is less pronounced, and appears as an ordinary peak.

The distortion of the upd profile, relative to that in NaClO,, is clearly the rezult of adsurption
of the NO;y™ anion. As pointed out carlier, this must be the result of NO;" being more stoongly
adsorbed on the Au electrode surface from MeOH than is ClO,". Thus, it was explained earlier that
the shift of the first cathodic peak to more negative potentials in the case of the change of Jectrolyte
is to be attributed to competitive co-adsorption of the adatom being electrodeposited with the
specifically adsorbing ion whose solvation state in solution is solvent-dependent.

Electrocapillary curves for NH;NO;, NaBr and Nal solutions in MeOH indicate that specific
adsorption of anions at Hg increases in the order NOy* < Br- < I [84], and a similar order has been
observed in aqueous solutions. However, the adsorption appeared to be somewhat weaker in MeOH
than in aqueous solutions probably because of the lower activities of elecrolytes in methanol.
Contrasting results were later obtained by Grahame [85] who found from double-layer capacity
measurements at Hg in ammonium salt solutions that the anion of the electrolyte does not affect the
capacity at potentials sufficiently negative from the p.z.c.. This led him to conclude, rather
generally, that specific adsorption of anions is usually absent in this potenrial region. This was
supported in later measurements by Gamnish and Parsons [179) who found no significant differences
between the capacity behaviour in 1M solutions of KF and KI at more negative potentials.

itis quite surprising that NO5™ has such an effect on the profile for upd of Pb at Au in MeOH
and yet in aqueous medium it is t};c anion of the Pb salt used and has little or no effect on the upd

profile relative to ClOy". It should be pointed out, however, that the anica concentrations in the tWO
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Fig. 4.13 Cyclic-voltammetry i vs E profile for Pb upd at Au from 0.IM NaNO; + 10-2M
Pb(CF350,), solution in methanol at298 K. s = S0mV 51,
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media differ by about two magnitudes (10-M in aq. HCIO, and 10'IM in MeOH).

In aqueous medium, the first cathodic peak for upd of Pb at Au is shifted to more cathodic
potentials by adsorbing anions in the increasing order ClO,” < NOy < CH;C00 < Q1" < Br
(78] i.e. the NOy ion has the least effect in aqueous solution.

Although the results from electrocapillary measurements at Hg are not conclusive about the
state of NO;y” at the Aw/solution interface, in the present work the NO;™ has been found to have a
pronounced effect on the i vs E profile which must arise from a sorong AWNO5 interactdon. Perhaps
the difference from the behaviour of Cl0;" ion is due to the different geometries of these ions: Cloy
is tetrahedral and NOy™ is a flat, trigonal structure in which the N atom can approach a surface more
closely than Clin C10,". When NaCF;SO; was used as the supporting electrolyte in MeOH, the upd
i vs E profile obtained was similar to that from NaClQ, solution, also in MeOH, as shown in Fig.
4.14,

In the case of CF3505" in MeOH, it is seen from Fig. 4.14 that the features of the upd profile
are well resolved, in fact as clearly as for upd in water from ClOy solutions { Fig. 4.5). There is very
little displacement of the first cathodic peak relative to the end of the anodic one, so the CF,S05
anion is, like C10O,", evidendy insigniﬁcan/;ly adsorbed at Au in the MeOH solvent.

In comparing, the upd behavigur/in ClO, and CF;505 solution in MeOH it is relevant to
note that the sodium salts of CF;804" and ClOy" are almost completely dissociated in MeOH and it
has been stated that the anions are "not solvated” in MeQH.

Data for the Hg/MeOH interface in CF3SO5" solutions are not available in the literature so

that conclusions cannot be drawn about their comparative behaviour in MeQH.

1.7 The Effect of the Anion of the Ph Salt

In order to study the effect of the nature of the anion of the Pb salt, Pb(CF41504), was used
instead of Pb(NQ;), in experiments conducied in aqueous medium. The i vs E profile obtained using
the Pb(CF380;), is shown in Fig. 4.15 and is to be compared with that using Pb(NO,), shown in

Fig. 4.16. The two upd profiles for the corresponding Pb salts in ag. HCIO, are similar t0 one
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another in shape and peak resolution. This shows that tixc electrode/anion interaction of the two
anicns, NO3™ and CF350y", in aqueous HCIO, are similar. The two anions are evidently not
specifically adsorbed, and hence have no effect on Pb adatom deposition. This result is not
unexpected since the concentration of the anions of the Pb saits are some 100 x smaller than that of
the perchlorate ion electrolyte.

Fig. 4.17 shows the i vs E upd profiles for the Pb adatom deposition on Au from MeOH
solution of Pb(ClO,),. This upd profile is similar to that obtained from MeOH solution of
Pb(CF3503), (see Fig. 4.2 given carlier). This indicates that the two anions (C104” and CF3SOy7)
exhibit similar behaviour in methanolic and ag. perchloric acid and therefore, interact with
comparable strengths (or not at all) with the Au electrode surface in water and methanol. Also, in
AN, the i vs E profiles obtained using Pb(C10,), and Pb(CF;50,), are similar. The upd i vs E
profile for Pb at Au obtained from MeOH solution of Pb(NO;), is given in Fig. 4.18. The
cyclic-voltammogram is characteristically different from those given in Figs. 4.22and 4.17, but
resembles that given in Fig. 4.13 obtained from NaNOj solution in MeOH, in terms of peak
resolution and shift of the first cathodic peak to more negative potentials. This again demonstrates
the difference in behaviour of the NO;™ anion in MeOH and aqueous solutions perhaps because of
the reasons given carlier in Section 4.6.2. Because of the low solubility of lead nitrate in the other
non-aqueous solvents used in the present work, it could not be used as the lead salt. This would have
been an interesting experiment to do since, as was shown above, nitrate ion is found to have a strong
effect on the upd profile when used as a supporting clectrolyte and the anion of Pb salt in MeOH
solutions. It was also found that CF3SOy” behaves similarly to perchlorate ion when they are used as
supporting electrolytes in DMF during the reduction of divalent and alkali metal ions [148,170].

It can therefore be concluded from the present work that TEA* and NOjy’, as ions of the
supporting clectrolyte, have marked effects on the upd profile in AN and MeOH, respectively, while
C104 and CF;505™ have virtually no effect in non-aqueous solvents. Also, CF;505" and CIOy4 as the
anion of the Pb salt have no effect in cither aqueous or non-aqueous media.

For the ions which do have an effect on the upd profile, (in-most cases manifested by the shift
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Fig.

4.17 Cyclic-voltammetry i vs E profile for Pb upd at Au from 0.1M NaClO,
+ 102M PK(CI0,), solution in methanol a1 298 K. s = SO mV s,



112

o i CETLY - RN [ St O SRR el chee o8 R T
l [ ; 1 LETE E i ! R B3 ::.‘:.._: Josd f=lE RIS : -t ..%T:__
. — et e e— P

Pb (NOs

£ Rt L R
M NaClO4/MeOH

e

HIH li

alfitindiialli

kit

S A O

[ S
|

it

meedbepeegt
1
i

. '
:, OS] FHT FLEH FETHY RO TN BT WP .uu

.......

Fig. 4.18 Cyclic-volammetryivsE profile for Pb upd at Au from 0.1M NaClO,
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of the first cathodic peak to more negative potentials) this is due to specific adsarption of the ions on
the elecode surface which is dependent on solvent and potential. This metal/ion interaction
influences the thermodynamics and probably the kinetics of the upd process as manifested by the
modification of the upd i vs E profile. For those ions which do not undergo specific adsorption, any
changes in the upd profiles observed in different solvents must be due to the different strength of the
metal/solvent interaction which is different for different solvents.

The results described above reganding the solvent effects on the upd 1 vs E profiles will be
extended, in continuing work in this laboratory, using single-crystals, the technique for handling and

characterizing them having been recently established in our laboratory.

4.8  Effects of added Water on the UPD i vs E Profiles for Pb at Au in the Four Non-aqueous
Solvents Used

For most non-aqueous solvents employed in various electrochemical measurements, water is
considered as the main impurity. It was, therefore, of interest to investigate its behaviour and effects
on the upd i vs E profiles for Pb at Au in the various non-aqueous solvents used in the present study.
Of the aprotic solvents used, there is special interest in PC because it is being used as a solvent
medium in high energy-density batteries based on Li anodes since they cannot be used in aqueous
medium because of the high reactivity of Li towards water.

For our starting high-purity solvents, DMF and PC had 0.01% H,0 and AN had 0.001% H,0
as determined by Karl-Fischer titration. McOH had 0.02% H,0 but it was found necessary to distll it
before use (see Section 2.3.2). The i vs E profiles of the 0.1M NaClO, background electrolyte in the
various non-aqueous solvents obtained using the sensitive cyclic-voltammetry method showed no
effects due to the presence of impurities within the usable potential range.

Since the exact amount of water in the made-up solutions was not determined, the original
values given for the solvents were used in working out the estimated concentrations of the added
water. To a known volume of working clectrolyte solution, various aliquots of pyrodistilled water

were added using an accurate micrometer titration syringe, starting with trace amounts. After each
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addition, the solotion was vigorously stirred by bubbling N, and the upd profile was recorded. The
amount of water added varied from 0.005 to 5 m! (ca. 5.5x 10 to 2Min case of AN or 5.5 x 103
to 5 M in case of MeOH, DMF and PC).

'Figs. 4.19 and 4.20 show the superimposed upd i vs E profiles for Pb at Au recorded
corresponding to different aliquots of water added in AN and PC respectively, and are representative
of the results obtained in the other non-aqueous solvents used in the present study. Examination of
Fig. 4.19 shows that for the 'Hzo concentration of ca. € 10°! M, added water does not have
significant effects on the upd i vs E profiles recorded in AN. However at higher concentrations, the
first cathodic peak becomes broadened and its current somewhat decreases relative to values
recorded at lower concentrations of added water. The cathodic "spike" also broadens, changing to a
regular peak. Except for the first anodic peak, whose current decreases at higher concentrations of
added water, there are no significant effects on the anodic profile with increasing concentration of
added water.

As Fig. 4.20 shows, added water does not have any significant effects on the updivs E
profiles recorded in PC at concentrations ca. < 107! M. At higher concentrations of added water,
important and significant effects are observed in the upd profiles. In the concentration range 1 to 5
M of added water, the first cathodic peak and the corresponding first anodic peak are both suddenly
shifted to less positive potentials and their shifted peak potentials do not change with increasing
concentration of added H,O. Similar effects are also observed for the anodic "spike". The apparent
shift may be due to changing Aw/solvent molecule interactions as the PC/H,0 composition is
changing at the electrode interface. Another possible explanation is the anion adsorption effects
which are expected to change since the p.z.c. of the Au electrode will be changing with increasing
concentration of added water.

Tae electrochemical behaviour of H,0 in PC solutions has been reported [173,180,181].
Nguyen [173] has investigated the electrochemical behaviour of polycrystalline Au electrodes in PC
solutions to which various ammounts of water had been added. It was observed that the inner-layer

capacity curves did not change in shape up to a concentration of 4 x 10“M of added water.
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Fig. 4.19 Series of superimposed potentiodynamic i vs E profiles for Pb upd at Au from
0.1M NaClO, + 10°°M P(CF;50y), solution in acetonitrile at 298 K with
successive additions of water from ca. 5.5 x 10 w0 2M. Arrows show
directions of change of curves with increasing water content. s = 50 mV sl
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However, the potential of the capacity maximum corresponding to the p.z.c. was shifted to more
positive values with increasing concetration of added water.

As expected, added water had no effects on the upd i vs E profiles for Pb at Au in MeOH.
This is not surprising because McOH and H,0 are protic, polar solvents and their electrochemical
behaviour is similar.

The unexpected result is that obtained in DMF. In the whole concentration range employed,

‘added water had no effects onthe upd i vs E profiles for Pb at Au. Like H,0, DMF is a polar

solvent but with a lower dielectric constant (¢ = 37) than that of water (e =78).




118

CHAPTER 5

COMPETITIVE ADSORPTION EFFECTS OF HALIDE IONS (X'} AND THIOUREA
(TU) ON THE UPD OF Pb AT Au

i

5.1 Micrometer Titration Procedure

Although the effect of halide ions, especially CI°, on the upd of Pb at Au has been reported in
the literature, ¢.g. in the refs [21,26,31], the experiments were done either at only one or over a
narrow range of Cl concentrations. Therefore, in order to obtain more useful information on the
progression of the competitive adsorption effects of added halide ions or thiourea on the upd profiles
of Pb at Au from very low concentrations, a dilute solution of the X" salt or thiourea was titrated in
successive aliquots into the clectrochemical cell by means of an accurate micrometer syringe
through a 1 mm Teflon ‘spaghetti’ tube, terminating in a fine glass jet.

Depending on the species to be added, the measurements were commenced at very low
concentrations, 10¥ 1o 10 mol dm™?, since significant effects were already detectable at high
dilutions, especially in the case of thiourea or I,

Before additions of any aliquots of X" ion or TU were made an i vs E profile of the upd of Pb
at Au was first obtained in the absence of added ion or TU; this curve was used as a reference against
which i vs E profiles in the presence of various concentrations of halide ions or TU could be
compared.

After each addition of the solution of the halide salt or TU into the electrochemical ceil
containing a known volume of working electrolyte solution, the solution was vigorously stirred by
bubbling of N,. Cyclic-voltammetry sweeps at 50 mV s'! were recorded 60 - 300 s after addition of
the halide ion or TU to allow time for adsorption equilibrium to be attained [183], especially at low
concentratons. Two X-Y recorders were employed in parallel: one to record separately theivs E
profile for each halide or TU concentration for subsquent calculations, the other to build up a

succession of superimposed i vs E profiles corresponding to each aliquot of the added solution, thus
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displaying the progressive effects of the added halide ions or TU.
The micrometer titration procedure was also applied in order to record a series of individual
and superimposed i vs E profiles for Au corresponding to different concentrations of the additions

after successive additions of Cl', Br-, I and TU had been made to the background electrolyte without

a Pb salt being preseat. This gave a series of “‘control”’ or *“*background’’ curves.
The effects of CI', Br, I' and TU were determined in IM ag. HClO,, while in methanolic
0.1M NaClO, solution the effects of only CI" and Br were investigated because of the low soiubility

of some simple I salts in McOH.

5.2 Effects of Adsorption of Halide Ions on the i vs E Profiles for UPD of Pb at Au

The effects of added halide ions on the i vs E profile for upd of Pb at Au in ag. HCIOQ, or
MeOH solutions can be detected at very low concentrations, around 105, 10 and 10”7 mol dm™3
forCl", Brrand I, respectively, in aq. HCIO,. Similar effects are observed for CI* and Br in McOH
solution. A series of superimposed cyclic-voltammograms, corresponding to various additive
concentrations, following successive additions of Cl°, Br and I in aq. HCIO,, are shown in Figs.
5.1, 5.2 and 5.3, respectively. The concentration ranges are indicated in each case and the series of
curves show the effects of progressive competitive adsorption of these halide ions on the upd profile
for Pb monolayer formation on Au.

For MeOH solution, the superimposed i vs E profiles arising with additions of Cl- and Br" are
shown in Figs. 5.4 and 5.5, respectively. ?

Significant and interesting differences are seen between the effects of these added species,

even at very high dilutions, as "vill be discussed below for the individual effects of the three halide
ions and TU.

5.2.1 The Effects of CI' Ion

The effects of Cl” on the i vs E upd profile of Pb at Au in aq. HClO,4 or MeOH (Figs. 5.1 and

5.2) are rather similar. At very high dilutions, in the concentration range 107 10 10 mol dm3, the
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Fig. 5.1 Series of sup~rimposed cyclic-voltammetry i vs E profiles for Pb upd at Au in
aq. IMHCIO, + 10”°M Pb(NO;), with successive additions of CI" ion from
2.5x 107 0 9.25 x 102 mol dm?, Arrows show directions of change of
curves with increasing [CI']. s = SOmV s

’



121

== Au/IMaq. HCIOg+ g~ T
? [Br]:1.25x10""—2.5x107% M == e RRE T

m
-1

i

i

Al SN a0 NN D TN RRR 226255 D00 AR v amaa ;
SN S N O S RO ) A N AU ;
..... | H v H E - . i : ! :

pe b TN L T
S U N DA N7 // 4 A\ W70 SR R S

. - :,.:,_-.__ g'..__..‘ I R Al _..___.._._1__ S

£ Extra anodic peak
%21 due to Brrion.
e - - I .

1

i g T
: ===
pme——

= Extra cathodic peak
___ due to Br ion.

- [ J puuiiy SUYY NS SO S

.

Fig. 5.2 / Series of supcrimposed cyclic-voltammetry i vs E profiles for Pb upd at Au in
" ag. IMHCIO, + 10*M Pb(NO,), with successive additions of Br ion from
1.25x 107 to 2.5 x 10 mol dm™. Arrows show directions of change of
curves with increasing (Br]. s = 50 mV st




Fig.

i/uA - cm@

—3 Au/1Maq. HCIO, + I

122

_w_:.g (17] : 1.25x1078 — 521075 M =2 -
50 R s el R S o
— [ e ..._.r___
- AR ISR\ ESOY ) l_L__,_LO.zﬁs 0

Series of superimposed Cyclic-voltammetry i vs E profiles for Pb upd at Au in
aq. IMHCIO; + 10”°M Pb(NO,), with successive additions of I ion from
125x 1020 5x 10" mol dm3. Arrows show directions of change of curves
with increasing {I']. s = S0 mV s,



Fig.

123

5.4

Series of superimposed cyclic-voltammetry i vs E profiles for Pb upd at Au
from 0.1M NaClO, + 102M PX(CF35Q4), solution in McOH with
successive additions of C1” ion from 108 to 3.4 x 10 mol dm?3. Arrows
show directions of change of curves with increasing [C1). s = S0 mV s°.

L]
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initial effects are manifested as slight diminutions of the first cathodic peak. As the concentration of
added CI" is increased, the first cathodic peak (Cpyy) and the corresponding first anodic peak (Apyy)
(F1g. 5.1) are progressively shifted to more cathodic, i.c. less positive, potentials at the same time
becoming sharper than the corresponding peaks in the absence of added Cl ion. A saturation level
of the effects of CI" are detected at a concentration of about 10-2 mol dm. The added CI' has only
small effects on the other resolvable peaks in the i vs E profile.

'The most striking and interesting effect of CI, not observed in the case of Br- or I' (see Fig.
5.1), is the appearence of an extra peak (shoulder) in the anodic sweeps at the most positive
potentials of the sweeps. This effect arises in the potential range ca. 0.4 to 0.55 V/Ejy;. beyond the
potential of the usual first anodic peak observed in *‘clean’’ solution. Important points to note about
this peak are: it is observed only in the concentration range of approximately 10 to 10" mol dm?
and its shape and size are concentration dependent; it shifts to less positive potentials with increasing
CI" concentration until it becomes merged with the main anodic peak at higher concentrations; no
corresponding peak arises on the cathodic side of the i vs E profile in the whole concentration range
of CI" used in the present study; this peak is not observed in the case of experiments done in
methanolic 0.1M NaClO, solution (see Fig. 5.2).

A series of progressively resiricted range sweeps were pcrfo.‘mc% on the upd i vs E profile for
Pbat Auin aq. HCIO, containing 4 x 10* mol dm™ CI" (Fig. 5.6) in order to relate to which Pb
ad-state on the cathodic sweep the extra anodic peak on the anodic sweep, due to CI', corresponds.
Examination of Fig. 5.6 shows that this extra anodic peak, at more positive potentials than the usual
anodic peaks, is not associated with the ad-state Cpy,,. It starts to develop after the completion of
Cpw1 and is fully developed or reaches saturation after the completion of the "spike” (ad-state Cpys).
It was also found that this extra peak was independent of stirring, an indication that it is not due to
some impurity from the electrolyte solution or from the electrode.

It is interesting to note that this extra peak which corresponds to some form of Pb which
desorbs at potentials more positive than those of the other anodic peaks does not correspond, at least,

to Cpy; Which is the peak for the most tightly bound Pb at the Au electrode surface.
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Inthecaseoftheseﬁaofthesupuimposedix;Emﬁluobminedinaq. HCIO, with
successive additions of CI* (Fig. 5.7) but without a Pb salt being added, no anodic or cathodic peak
is observed at the same potential or over the same concentration range for which the extra anodic
peak was observed in the case of Pb upd at Au from aq. HClO, in the presence of added CI". Itis
not therefore an artefact arising from the effect of CI- on the background curve,

The fact that this peak arises at maore positive potentials, and is absent when the background
electrolyte contains only Cr, leads us to propose that this peak is due to desorption of some kind of
Pb adatoms, or possibly a Pb chloride complex, strongly interacting with the Au electrode substrate.

Viceate and Bruckenstein (21], in their studies of the upd of Pb at Au in solutions containing
various concentrations of CI* using a rotating disk electrode, found that the first cathodic peak arose
at slightly more positive potentials in contrast to what is observed in the present work. Although the
first cathodic peak in their [21 ] investigation became sharper, similar to what was¥bserved in the
present work, they found that the cathodic charge increased with increasing CI" concentration, while
in the pritsent work the cathodic charge remained almost constant with increasing Cl° concentration.
They {21] also concluded Lhat'-t,hc CI" ion enhanced the Pi(II) (ion) adsorption and the adsorbed
species in the upd layer was probably a chloride complex of Pb, such as PbCl*,

Girgis etal. [183] have reported results on Pb electrodeposition on Au from ag. soludons of
0.2M ammonium acette and 0.11M PbCl,. They found that the presence of CI° had an appreciable
effect on the i vs E upd profile for Pb at Au. The first cathodic peak was shifted to more negative
potendials, although the shift was smaller in acetate solution than that reported in Cl° in supporting
electrolytes of perchlorate or sulphate [31,184]. They explained these observations in terms of
involvent ol; co-adsorption of acetate in the upd phenomenon with Pb. Althou gh Auger electron
spectroscopy indicated the presence of small quantities of Cl in the first layers of Pb in the upd film,
no lead chloride reflections, i.e. due to bulk PbCl,, could be detected by X-ray diffraction.

Vilche and Jiittner [185] have studied the effect of CH,COO" and CI" anions on the upd of Pb

at Cu(111) single-crystal in ag. 0.5M NaClO, solutions at various PH values. Their [185] results
{
showed that in the presence of 0.01M CH;COO" anion the first cathodic peak was shifted to more
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cathodic potentials. Addition of CI', even at high dilutions, caused the first cathodic peak and the
corresponding first anodic peak to shift to more negative potentials. These peaks also became
sharper and increased in height, similar to what was observed in the present work.

Hubbard et al. [186] showed that adsorption of HCI from aq. solution onto Pt(111) gives rise
to a stable (3x3) adlattice. The LEED pattern of the electrodeposited layer was ordered and
underwent a series of changes with increasing 6p,. Auger electron spectroscopy also indicated the
presence of Cl in the topmost layer of the surface at all Pb coverages. .

Since the polycrystalline Au surface is assumed to consist principally of (100), (110) and
(111, faced regions [31], and with some populations of higher-index stepped terraces, and also from
the results of Hubbard et al. [186], it seems likely that, at low coverages, CI" adsorbs onto one of
these single-crystal facets, probably (111), to form a stable overlay lattice. Electrodeposition of Pb
onto such a surface might be influenced by the preadsorbed, order=d CI adlattice to form an ordered
layer of co-adsorbed Pb adatoms. Such a stable Pb adlayer would then tend to become desorbed
only at more positive potentials. At very low or high CI coverages, the favourable ordered adlattice
may not be able to be formed and hence not influence the ordering of the clccu'ode%,si.tcd Pb
adatoms. This is, perhaps, why we do not observe the extra peak at low and high chloride
concentrations.

The shifts in peak poteatials of the first anodic peak (Apy;) due to CI', observed by\mn'ous

workers using diffrent electrolyte compositions, are summarized in Table 5.1 below.

Table 5.1 Shifts in Potential of the Peak Ap,, in the Presence of added CI-

cry g AE,(mV)

1. 0.11M (in aq, acetate solution) - 45 [183)
2. ESM (in acidified aq. 0.1M NaClQ,) -75([31)
3. 10M (in IM aq. HCIO,) r  -90°

4. 10*M (in 0.1M NaClO, MeOH solution) -65"

"Results of the present work
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5.2.2 The Effect of CI" on the Double-Layer i vs E Profile for Auin 1M aq. HCIO

The superimposed i ys E profiles corresponding to successive additions of aliquots of the C1°
salt solution to 1M aq. HCIO,, without a Pb salt being added, are illustrated in Fig. 5.7. The
observed general effect is that, as the corcentration of added C1” increases, the double-layer charging
currents increase progressivaly on both the anodic and the cathodic sides of the i vs E profiles. The
effects can be detected already at very low CI- conhc‘Exi'n'ations. e.g. 2x107 mol dm3, the same
concentration for which the first effect on the i vs E profile for the upd of Pb at Au would bc
detected.

On the cathodic sweep the double-layer capacity increase extends to more positive potentials
as the concentration of Cl” increases, whereas the progressive increase on the anodic side of the
sweep profile is rather uniform over almost the whole of the potential range. The increase of the
double-layer capacity may be interpreted as an increase of the charge in the inner region of the
Joublc-laycr. This could arise if the spcciﬁcally adsorbing Cl" ion looses some of its charge,

i.e. v is small but significant, in forming the adsorbed state of Cl-. The form of the i vs E profile in
the presence of Cl” but in the absence of Pb*™, shows that the processes of Cl” adsorption and

desorption remain essentially reversible over the whole potential range.

5.2.3 The Effect of Br- Ion

Unlike the considerably different effects of Br- and Cl" on the initial stages of surface
oxidation of Pt [75], the effect of Br on thei vs E profile for Pb at Au from ag. 1M HCIO, or 0.1M
NaClO4 methanolic solutions is rather similar to that of chloride. At low concentrations of added Br
(approximately in the concentration range 10”7 to 10 mol dm3), it is observed that there is a
progressive diminution of the first cathodic peak (Cpy1) and the corresponding anodic peak (Ap,);
at the same time, the two peaks shift to less positive potentials. It is also found that the
efffectiveness of competitive adsorption of Br is greater than that of Cl" because the first cathodic
peak 1s shifted to less positive potentials at lower concentrations than with CI- and reaches a

saturation limit suddenly, i.e. ata critical concentration. Thus saturation effects are observed at
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o Au/1Maq. HCIO4 + CI”
' . [C17] s 2.5x107— 2.74x10"2 mol dm3

B R

———— . e =t s 4 e — - [P § SE—

Fig. 5.7  Series of superimposed cyclic-voltammetry i vs E profiles for Pb upd at Au in
aq. IM HCIO, with successive additions of Cl- ion from 2.5 x 10”7 w0 2.74 x
10 mol dm?, without a Pb salt being present. Arrows show directions of
change of curves with increasing [Cl']. s = 50 mV s-!.
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a lower concentration in the presence of Br than that of CT".

As the Br- concentration is increased in aq. HCIO, (Fig. 5.2) an exma peak develops at more
positive potentials (ca. 0.4 V/Ep,) both on the anodic and the cathodic sweeps of the i vs E profile.
These peaks could be attributed 10 adsorption and desorption processes of Br- at thcs,:x more positive
potentials where no coadsorption of Pb yet arises, noting that it occurs at potentials rhon: positive
than the potential of zero charge of the Au electrode and ion adsorption is, of course, potental
dependent. Like the effect of CI, the upd i vs E profiles for deposition and ionization of Pb remain

in an overall way more or less symmetrical in the presence of Br', so that both Br- adsorption an®Pb

deposition remain essentally reversible,

5.2.4 Effects of Br™ on the i vs E Profile in the Double-Laver Charging Region at Auin 1M aq.
HCIO,

Fig. 5.8 shows a series of superimposed i vs E profiles corresponding to successive additdons
of aliquots of the Br salt solution to IM ag. HCIQ, in the concentration range 2x107 to 10 mol
dm. The first effects of Br are detected at the lowest concentration of added Br, viz. 2x10”7 mol
dm3. It is to be observed that up to a potential of about 630 mV/Ey, the effect of Br is similar to that
of CI". In this region, both the anodic and cathodic charging current profiles for the double-layer
capacity increase with increase of concentration of added Br ion. However, for a given
concentration, the increase in the presence of Br- is somewhat greater than that for the same
concentration of Cl-.

As suggested in the case of Cl- effects, the increase of the double-layer charge is due to the
increase of charge in the inner-layer corresponding to an increase of the surface concentration of Br
ions in the double-layer at the Au interface. This behaviour also implies that the adsorbed Br ions
lose much of their chrarge like the situation at Pt [75].

In the region of more positive potentials (ca. 0.63 10 1.0 V/Ey}, the effect of Bris less
pronounced as the increase or decrease of the double-layer capacitance with increasing concentration

of added Br is generally small comparcd to the charging currents in the absckc of added Br. Itis
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F

| Au/1Maq. HCIO4 + Br™ e i— )
8~ -[BI’-] : 2.5x1077 — 3.14410°% mol dm=3 — —— -~ ||- -

Fig. 5.8  Series of superimposed cyclic-voltammetry i vs E profiles for Pb upd at Au in
ag. IM HCIO4 with successive additions of Br ion from 2.5 x 10”7 10 3.14 x
10* mol dm3, without a Pb salt being present. Arrows show directions of
change of curves with increasing [Br). s = S0 mV s'..
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likely that when this potential region has been reached, Br has undergone adsorption with almost

complete charge transfer, i.e. vy~ 1.

A

5.2.5 The Effects of I

As Fig. 5.3 shows, the effects of I' on the i vs E upd profile of Pb at Au are rather similar to
those of Br at high dilutions. Atlow concentrations, the adsorption of I' causes initially a lowering
of the first cathodic peak with a small shift to more negative potentials. At the same time, the
"spike” on the cathodic sweep broadens into a normal peak, and its height increases with added I*
concentration. This effect is different from that of CI- or Br- (Figs. 5.1 and 5.2). Unlike the effects
of CI" or Br, the presence of I does not result in the formation of the extra peak (Fig. 5.3) at the
positve end of the anodic s“:f\&’cp.

In the case of coadsorged I', there is sudden increase in the effectiveness of competitive
adsorption vs Pb deposition at a critical I' concentration in solution which results in a sudden
ransition to saturation at a Jower concentration (ca. 10”7 mol dm-3) than that for either CI" or Br-
required to reach corresponding saturation limits (in the case of CI°, the approach to saturation limit
is not discontinuous; Fig. 5.14).

Unlike the effects of Cl" or Br, co-adsorbed I does not cause the first cathodic peak and the
corresponding first anodic peak to be sharper. In fact the shifted first cathodic peak is evidently
made up of two peaks (Fig. 5.3); a similar situation is observed in the absence of I (Fi g. 4.5), as
will be discussed in Section 5.5. The increase in the effectiveness of the competitive adsorption of
I', vis a vis Cl" and Br, is manifested by the blocking of Pb d.position at more positive potenuals in
the sweep which leads to relatively more extensive deposition at more positive potentials, i.c. the
first stages of Pb monolayer deposition are shifted to substantially more negative potentials, a kind
of “‘overpotendal effect”. This is indicated by the increase in the “spike” peak which is normally

associated with continued Pb deposition beyond the nominal level of monolayer coverage.
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5.2.6 Effectsof I on thei vs E Profile in the Double-Layer Charging Region at Au in IMaq.
HCIO,

The superimposed i vs E profiles corrcspondin\g to successive additions of aliquots of the I
salt solution to 1M aq. HCIO, solution without a Pb salt being added are shown in Fig. 5.9
(compare Figs. 5.7 and 5.8). The effects of I" are detectable at a very low concentration (2 x 10”7
mol dm'3) and are more pronounced and different from the effects of either CI" or Br. Itis seen (Fig.
5.9)"that additon of I causes a decrease of the double-layer charging currents on both the anodic and
cathodic sweeps in the concentration range 2 x 107 to 3.75 x 10 mol dm™.

Decrease of the double-layer capacitance in the presence of I" is an indication of neutral
species in the double-layer. I, therefore, stongly adsorbs at Au with almost complete charge
transfer, i.e, v~ 1.

As the concentration of I' is increased (ca. 10 - 4 x 10~ mol dm3), a peak develops on the
anodic sweep with a corresponding one on the cathodic sweep. These peaks increase with increasing
concentration of added I'. They correspond to the process of regular oxidation of I and reduction of
discharged I, at potentials ¢ca. 750 and 850 mV/E,,, respectively. The process is clearly
diffusion-controlled as can be seen from the shape of the curve, and corresponds to the

electrodeposition of 1.

5.2.7 Effect of Temperature on the Co-adsorption of Anions

The effect of temperature on the upd i vs E profiles in the presence of co-adsorbed anions
(Cl" and Br) in aqueous HCIQ, was investigated at three temperatures, 278.5, 295 and 318 K.
The absolute shifts in peak potcntig.l (in mV) of the first cathodic peak (Cpy,;) against log
concentration of Cl” and Br" are shown in Figs. 5.10 and 5.11 respectvely, at these three
temperatures. Examination of Fig. 5.10 shows that for a given concentration of Cl', the shift in peak
potential, to more negative potentials, at 295 and 318 K is approximately the same and that at
278.5 K is correspondingly lower at all Cl* concentrations used in the present study.

For Br-, except at the lowest concentration (10" mol dm-3), the shift in peak potential, to
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Series of superimposed cyclic-voltammetry i vs E profiles for Pb upd at Au in |
aq. IMHCIO, with successive additions of I ion from 25x 1070 3.875x

103 mol dm™3, without a Pb salt being added. Arrows show directions of
change of curves with increasing {I7. s = S0 mV s-!.
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more negative pot;:ntials. increases with temperature rise at all concentrations of Br-. A shift of the
peak potental of the first cathodic peak to more negative potentials in the presence of added anions,
which are known to cause such a shift, would imply that the adsorbability of these anions increases
with temperature rise, an unexpected situation.

It has been found in the present work (see Chapter 7, Section 7.3 and Table 7.2) that the peak
potentials of the upd i vs E profiles for Pb at Au in aqueous HCIO, are shifted to more negative
potentials with temperature rise in the absence of strongly adsorbing anions such as Cl", Bror I-.
Since the experiment was conducted with the reference electrode at the same temperature as the
working electrode, it was concluded that such a shift was due to the negative temperature coefficient
of the H‘z reference electrode. It is, therefore, likely that the observed shift in peak potentials ia the
presence of Cl” or Br with temperature rise is not due to these a.nions. When the effect of Br was
investigated in MeOH at different temperatures, it was found that temperature rise had no significant
effects in the shift of the peak potentials of the first cathodic peak 1o more negative potentials. We,
therefore, conclude that temperature, at least in the present range studied, has no noticeable

significant effect on the upd i vs E profiles of Pb at Au.

5.3 Adsorption of Thiourea (TU)

5.3.1 Introduction and Previous Studies of TU Adsorption

A substantial amount.of work has previously been carried out on TU adsorption, but mainly
at Hg (187-189]. At this metal, the adsorption is very strong, with a substantial degree of
charge-transfer with y = ca. - 0.25[190], corresponding to the well known affinity of S in low
oxidation states for Hg. Some other work has been done at Sn [191] and Pb {192] but this will not be
reviewed here,

TU adsorption at electrodes has attracted attention because its behaviour resembles that of
anions, due to similar electron donicity.

The only study of TU adsorption from aq. solution on Au as a function of potential and

concentradon was that of Wroblowa and Green [193] usin g the radiotracer method.
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In 5.3.2 below, we summarise the principal conclusions regarding TU adsorption and

electrochemical behaviour.

L

5.32 Summary about Thiourea (TU) Adsorption

1. TU is a neutral molecule which behaves like an anion because of its tendency to act as an
electron donor and it has a large dipole moment (4.9 D).

2. The strong interaction (adsorption) of TU with Hg and other metal electrode surfaces is due
to specific interactions of its functional group (the 3s and 3p electrons) with the metal surface
which leads to the formation of a covalent bond with the metal surface via the S atom.

3. The catalygic influence of TU on the rates of electroreduction of certain metal cations, c.g.
Zn™, Sn*" etc., is believed to be due to the formation of mansition complexes with these
metal cations in the double-layer where TU acts as a bridging ligand providing the rﬁost
efficient path for electron transfer from the cathodes to the ions being discharged in the

electrodeposition process.

5.3.3 Effects of Adsorbed Thiourea on the i vs E UPD Profile for Pb at Au

Fig. 5.12 shows the superimposed i vs E profiles, corresponding to incrementally increased
concentrations, following successive additions of TU to aq. HCIO,; the behaviour observed arises
from the progressive competitive adsorption of TU in relation to the formation of the Pb upd
monolayer at Au. The effects are already detectable at a very low concentration of added thiourea,
10® moldm™. Although there is an initial lowering of the first cathodic peak and a subsquent
shift to more ncgati\{c potentials as in the case with Br and I', the competitive adsorption of TU is
stronger than that of the halide ions. For example, the shift of the first cathodic peak (Cpy,;) to more
negatve potentials, due to added TU, is greater than that due to halide ions at a given concentration
before the saturation linit is reached.

This swong adsorbability of TU on Au causes the saturation effect to be attained very

suddenly at a concentration substantially lower than that for any of the halide ions, X".
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Au/1M qaq. HC|O4+TU
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Fig. 5.12  Series of superimposed cyclic-voltammetry i vs E profiles for Pb upd at Au in
aq. IM HCIO, + 10-*M Pb(NO,), with successive additions of TU from 1.25
x10%t0 1.6x 10° mol dm. Arrows show directions of change of curves
with increasing [TU). s = 50 mV 5!,
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Another striking effect due to TU, not observed with any halide ion X, is the greatest shift of
the first cathodic peak to more negative potentials; this results in the completion of the upd
monolayer over a narrowed potential range. Thus, the first cathodic peak becomes merged with the
"spike” to form a single peak. This shows that the strongly adsorbed TU does not become desorbed
from the Au electrode surface until more negative potentals are reached but before bulk Pb
deposition starts. l

As with the effects of I, no extra peak arises at more anodic potentials, as was observed in
the presence of Cl" and Br (cf. Figs. 5.1and 5.2). Also the upd profiles for deposition and
ionization of Pb at Au in the presence of TU do not remain reversible, as they do (more or less) in

the case of co-adsorbed anions (Figs. 5.1, 5.2 and 5.3).

5.3.4 Effects of TU on Double-Laver Charging Behaviour at Au in aq. HC10,

As Fig. 5.13 shows, the effect of addittion of TU to IM ag. HC1Q,, without a Pb salt being
present, is less pronounced than with Br or I', especially at low concentrations. However, with
increasing concentration of added TU, there is a slight decrease of the double-layer capacitance
similar to that observed with I (see Fig. 5.9). This is consistent with increasing concentration of

strongly adsorbed neutral molecules in the double-layer that replace water molecules.

Table 5.2 Maximum Shift of the Peak Potentials of the First Cathodic Peak (Cpy) in the

Presence of Added Anions or Thiourea (TU).

Added Species Shift in Peak Potentials
(mV)
Cr -110
Br -115
I -120

TU -240



I [Tu] : 2-5“0—7'_,3'75‘.‘0—6 mol dm™3
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Fig.

5.13  Series of superimposed cyclic-voltammetry i vs E profiles for Pb upd at Au in
aq. IM HCIO, with successive additions of TU from 2.5 x 107 1o 375x 104
mol dm™3, without a Pb salt being added. Arrows show directions of change
of curves with increasing [TU]. s = S0 mV s-!.
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5.4  Competitive Adsorption Isotherms for Co-adsorption of Halide Ion ( X*) or Thiourea
(TW) with Electresorbed Pb Adatoms

From the individual i vs E profiles corresponding to those of the sets shown in Figs. 5.1 to
3.3, and 5.12 the absolute shifts in pc;k potental of the first cathodic peak, Cpy,;, can be plotted as a
function of the log of the concentration of the halide ion or thiourea. The resulting relations are
shown in Figs. 5.14 to0 5.17. The effects can also be represented in terms of the % surface blocked
by the halide ior} X or TU. The % blocking is calculated by fixing an arbitrary reference point, say
Ey =02, and then comparing the reduced charge for Pb deposition @ue to competitive adsorption of
the halide ion or TU) to that corresponding to'the upd charge in the absence of added halide ion or
TU at the beginning of the experiment.

Figs. 5.18 to 5.20 show such competitive adsorption isotherms for % blocking of Pb upd by
the halide ion X, as a function of log [X"] from measurements in ag. IM HClO,. Fig. 5.21 showsa
comparison of the corresponding data for TU adsorption effects also from mcasurcmcnt;‘in agueous
IM HCIO,.

The competitive adsorption isotherms of Fig. 5.18 t0 5.20, representing the effects of the
halide ions, X, and Fig. 5.21, representing those of TU, show that the behaviour of CI" is different
from that of either Br- or I. The effect of chloride on the peak potential shift does not become
significant until about 3 decades of Cl" concentration are covered and the effect really stretches over
a wide concentration change, about 5 decades, before it reaches a saturation limit, Unlike the
behaviour of Br~ and I, the transition towards saturation is not sudden b:n continuous, and the
saturation effect is reached at a CI" concentration of 102 mol dm™, substantially higher than that for
either Bror I'. The effects of CI- on upd Pb deposition observed here are, however, rather different
from those of CI- at oxidized Pt reported by C_onway and Novak [75]. For Pt surface oxide
formation, the chloride blocking effect in aq. H,50, gave an excellent linear relation with log [Cl'}
over four and a half decades of concentration change, actually somewhat similar to what is observed

in the effect of Cl- on Pb adatom deposition.

With Br and I, the plots are rather similar, although the concentration at which the effects

-
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a
Fig.  5.17  Shift in peak potential of the first cathodic peak (Cpy,) in the i vs E profile for

Pbupd at Auin aq. IMHCIO, + 10 M PK(NO,), 2s a function of log [TU).
(Data from curves shown in Fig. 5.12).
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Percentage blocking of Pb upd on Au in aq. IM HCIO, + 10°M Pb(NO,),,
measured as its charge reduction by Br- ion as a function of log [Br]. (Data
from curves shown in Fig. 5.2).




150

70

W H 4 (o))
O O O o
|

% Blockage by I

ny
O
T

10—

o) 1 | ]
-7 -6 -5 -4

log [NaI/mol dm3]

Fig. 520 Percentage blocking of Pb upd on Au in aq. IM HCIO, + 10°M Pb(NOs),,
measured as its charge reduction by I jon as a function of log [I]. (Data from
curves shown in Fig. 5.3).
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Fig. 521 Percentage blocking of Pb upd on Au in aq. 1M HCIO, + 10°M Pb(NOy),, measured
as its charge reduction by TU as a function of log [TU]. (Data from curves shown in
Fig. 5.12)
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become significant depends on the halide jon. The competitive adsorption isotherms of Figs. 5.15
and 5.16 show that the effect become significant at concentrations of approximately 5x 10 and 5
x 10" mol dm for Br and I, respectively, The striking similarity betw “=: the behaviour of Br- and
I" is manifested in the shape of the log plot: they both give more normal (i.c. Langmuir-type)
adsorption behaviour in an expected S-shaped curve or the log plot, unlike the wide stretch in the
plot for the Cl" effect. With Br- and I" there is , however, a sudden transition to a saturation effect, a
feature not observed in the effects of Cl" ion. This discontinuous transition could be due to a sudden
rearrangement of the adsorbed Br or I" and the electrodeposited Pb adatoms in the upd layer possibly
with change of electron distribution. The difference of shapes of the curves for the log plots is also
probably associated with interactions in the upd layer between the electrodeposited Pb adatoms and
the co-adsorbed halide ions, X", depending on their partial charges in the adsorbed state, a point to
be discussed later in Section 5.5.

The maximum shifts of the first cathodic peak due to compettive adsorption by Br-and I are
-115and -120 mV, respectively, (see Table 5.2). ‘ r~

In the case of TU (Fig. 5.17), the effect is similar to that of Br" and I, although there is a
sudden increase in the effectiveness of compettive adsorption leading to saturation behaviour and a
greater shift in the peak potential of the first cathodic peak compared to that observed with the halide
ions, X",

With TU, the maximum shift in peak potential is -240 mV, although the effects are already
signiicant and observable at a concentration of ca. 3 x 10 mol dm-3, which is close to that for the

limut of detectability of the influence of Br.

5.5 Discussion_and Conclusions on the Effects of Anions

-
The sharpening of the peaks due to co-adsorbed CI' (Fig. 5.1) and the shape of the adsorption
isotherm (Fig. 5.14) for competitive adsorption of Cl° with Pb at Au, suggests that there are strong

repulsive lateral interaction effects in the upd Pb layer when co-adsorbed CI" is present,-leading to

the rather extended shift in peak potential or % blocking with increasing log [Cl'}. However Br-
r/ -
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and I" give a more normal (i.c. *‘Langmuir’’-like) adsorption behaviour, i.c. in an ‘S - shaped”’
curve on the log plot. The plot of the adsorption behaviour of TU is similar to that for Br and I',
although cffects are stronger and more sudden. Therefore with co-adsorbed Br, I' or TU, the
interaction effects in the upd Pb layer are probably attractive (contrary to the situation with CI°) and’
lead to 2-d phase formation in a co-operative phenomenon.

It is well known that I" is adsorbed (at Au) as neutral I atoms [74,75,194] and this is also
indicated indirectly from its effects on the upd i vs E profiies for Pb at Au. Thus, the shifted
cathodic peak (Cpy, ) still resembles the peak in the absence of I* in shape and size. We therefore
conclude that the more cxtc::dcd logarithmic effect of [Cl7] is due to strong lateral interaction effects:
repulsion berween the adsorbed Cl ions themselves and other interactions between adsorbed ClI- and
the electrodeposited Pb adatoms that form a polar bond with surface Au atoms. Since Br and I
differ only from Cl" in their size, donicity, polarizability and interactions with the solvent, it is
suggested that the striking difference in their behaviour vis a vis that of C!" is due to the difference in
the degree of charge-transfer when chemisorption takes place at the Au electrode. This
chemisorption process may be represented as

X+ Au — AuXUME 4 ye, (5.1)
where v is the electwosorption valency factor [22].

With adsorbed Cl, it is evident that ¥ << 1 and thus strong electrostatic interactions arise in
the Pb uﬁ‘d layer due to the retained fractional charge. For Pb chemisorbed at Au in aq. HCIO,,

7 = 1.95[22]). For Br  and I adsorbed at Au, Y - 1 and hence they are adsorbed as almost neutral
adatoms. Therefore Br™ and I', adsorbed at Au among electrodeposited Pb adatoms, will have much
reduced electrostatic interactions with themselves and with neighbouring Pb adatoms in the upd
layer.

The adsorption behaviour observed is competitive rather than simple, so that interactions are
between X ions themselves and between X and Pb,4.. as well as involving pre-adsorbed solvent
molecules. As with Hat Pt [75], the same quantity of Pb is eventually electrodeposited as in the

absence of co-adsorbed ions or TU but over a different range of potentials and in different sub-states.
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It was noted carlier that the upd i vs E profiles for the Pb deposition and ionization at Au
remain more or less reversible in the presence of co-adsorbed anions so that both anion adsorption
and Pb deposition remain essentially reversible. Evidently with Pb at Au, readsorption of CI* ions
occurs rapidly, following ionization desorption of Pb, as indicated by the cathodic shift of the Cpy,
peak on an immediately following anodic sweep,

It is also observed, as noted earlier, that the upd profiles for Pb at Au are most affected over
the low Pb coverage region, as may be expected, since it is for such conditions that more surface is

available for competing adsorption between the added anions or TU, and the upd adatom species.
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CHAPTER 6

KINETICS OF Pb UPD PROCESSES AT Au IN VARIOUS NON-AQUEOUS
SOLVENTS

6.1 Methods used in the Invéstizntion of Kinetics of Electrochemical Surface Processes
Three experimental methods have been widely used in the study of the kinetics of electrode surface
processes or reactions; they are a.c. impedance, galvanostatic and linear potential-sweep
amperometry or cyclic-voltammetry [48].
The a.c. impedance of an electrochemical surface process is represented by a Faradaic reaction
resistance Rg in series with the adsorp'ion pseudocapacitance Cg of the surface reaction in such an
arrangement that both these elements are in parallel with the double-layer capacitance. The
impedance behaviour of the surface process is conveniently described by a complex-plane plot of the
real vs the imaginary component of the impedance or admittance over a range of frequencies.
Determination of Rg enables the exchange current-density, iy, to be evaluated which characterizes
the dynamic reversibility of the reaction. In the region of linear response of the electrode reaction
rate to changing potential, i, is found directly from

Rg = RT/AGF (6.1)
The galvanostatic technique involves recording charging curves for the surface process, givin g nise
to potential-time curves at constant current-densities. At sufficiently large current densities, i.e. for
1 »>» i, for a surface reaction, the formation or desorption of the monolayer proceeds in a kinetically
irreversible manner and the potentials required for attaining a given coverage are then
logarithmically related to the density of the current pulse , i. The charging curves are hence
displaced along the potential axis conéSponding to various overpotentials arising at the various
current-densities, i. The potential, E, corresponding to a given coverage can then be plotied as a
function of log i so that the electrochemical kinetic parameter i, and the Tafel slope

(b = RT/BF) can be obtained for the surface process, as for a regular Faradaic rsaction. Verter and
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co-workers [195,196 ] have used this method to study the kinetics of surface-oxide formation and
reduction processes at noble metals.

The galvanostatic charging method gives rise to an inflected rather than a peaked curve. With
regard to accuracy, the a.c. impedance and the potentiodynamic sweep methods are preferred.

Cyclic-voltammerry, discussed fully in Chapter 3, was the technique employed in the present
work in the characterization of the kinetics of the upd processes of Pb at Au from various
non-aqueous solvents. In this approach, measurements of the peak potentials, E,. are made at
various sweep-rates, s, and E, is then plotted vs log s, from which the required kinetic parameter s,
[127 ] (anologous to i), the sweep-rate at which the process just ceases to be reversible, can be
determined. The advantage of s, over the anologous kinetic parameter, iy, is that the real surface
area of the electrode is not a parameter required for its evaluation.

In aqueous solutiens, each stage of the formation of the upd film of Pb is a fast reaction, with
5o values of about 100 - 200 V 5’1, In non-aqueous solvent media, 5, 1s more difficult to evaluate
owing to ““iR"" drop effects. A.C. impedance measurements have to be employed at
potentiostatically held values of potential individually at the upd pzaks, so that kinetic measurements
can be made with complete separation of the ohmic impedance of the solution. However, in upd
processes, the maximum currents are usually small or the **iR*’ drop effects can be internally
compensated. The maximum currents are typically 1 mA which lead to **iR"’ drops of low values
and hence the effect of uncompensated resistance can be neglected in most of the present results. For
example, a maximum current on the order of s 0.2 mA and a solution resistance of 8.2 Q gives rise
to an iR drop of less than 6.2 mV for an electrode of radius ca. 0.05cm[161].

The kinetic techniques described above should be used in a complementary manner, rather
than independently, for better understanding or characterization of the kinetics of the surface

processes or reactions at the electrode.
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6.2  Distinguishable States of the UPD of Pb at Au in the Monolayer Region

-

As shown ca;iicr in Chapter 4, Section 4.3 (e.g. in Figs. 4.1 to 4.4), the i vs E profiles for Pb
at Au indicate that surface processes involve multiple-state adsorption. Several distinct states of
sub-monolayer quantities of Pb on Au can be resolved in the electrodeposition and ionization i vsE
profiles before a upd monolayer of Pb is completed. Itis to be noted that the number of resolvable
peaks (corresponding to distinct states) and the degree of resolution is found, in the present work, to
be solvent-dependent; for example, on the i vs E for the upd of Pb at Au in aq. HCl1O,, up to seven |

distinct states can be resolved. On the other hand, in AN as a solvent (Fig. 4.1), the upd profile is

least resolved,

6.3  Sweep-rate Dependence of the Anodic and Cathodic Peak Potentials in UPD of Pb at Au

The results to be presented below arise from investigations of the variation of peak potendals,
E,, corresponding to distinct sub-monolayer states in the anodic and cathodic directions of the i vs E
profiles as a function of sweep-rates, s, using cyclic-voltammetry. For slow potential sweeps (S 150
mV s°!), the i vs E profiles were acquired using an X-Y recorder while for higher sweep-rates ( > 150
mV s'!) they were recorded on a Nicolet oscilloscope, as dcscribcﬁ in the Experimental Section.

Since not all peaks remained resolvable over a reasonably wide range of sweep-rates,
especially at sweep-rates greater than 1 V s°! due to peak overlap problems, the sweep-rate
dependence of peak potentials could only be reliably investigated for the two main peaks on each
side of the upd profile: the first cathodic peak (Cpy,) and the "spike” (Cpps), together with the
corresponding peaks on the anodic side, Le. Ap,, and Apys. The degree of resolution depends on
the solvent and the conditions under which the experiment is carried out, e.g. the sweep-rate,
temperature, eic.. These peaks (Cpy,, and Apy,) corrcspoﬁd to the formation and desorption,
respectively, of the most tightly bound sub-monolayer of Pb at Au. The "spike” (Cpys and Apys) is
believed to comrespond to a 2-dimensioral phase transition of the Pb ad-layer on Au, and arises at

ca. 68% coverage in all the solvent systems used.

-
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6.4  Effect of Sweep-rate on the Anodic Peaks

. It was found in this lnSoratory [52] that the elecrodeposition/dissolution process in the upd
of Pb at Au in ag. HCI1O,, which may be represented by the equation : .

2¢ + Pb™(S) + Aulamice » Pb,.(Au) : (6.2)
is a very reversible reaction, more so than most other upd systems. It was, therefore, of interest for us
to investigate the kinetics of this proccss in non-aqueous media and compare the results with those
obtained in aqueous medium. The series of superimposed cyclic-voltammograms obm‘hlec:i. |
corresponding to various sweep-rates recorded on the X-Y recorder for the indicated non-aqueous
solvents, are shown in Figs. 6.1 and 6.2 and are representative of the results found it the study of the
upd bcimviou: in the other hon-aqucous solvents.

’ From the lowest sweep-rate employed in the present study (S or 10 mV s1), increase in the
sweep-rate does not seem to have any marked effects onl the resolvalfle anodic peaks of the i vs E
profile obtained in aqueous or-non-aqueous media, at least for sweep-rates up to 1 Vs-}, The general
observation is that the anodic peak currents increase progressively as the sweep-rate is raised (as is
expected for a surfacg process for which i = Cq, s) and the general resolution (peak muluplicity) is
retained up to a sweep-rate of about 1 V s, Overall, the shapes of the anodic peaks of the upd |
profiles ,obtaincd i aqueous or non-aqueous media are more or less independent of sweep-rate at
these low sweep-rates.

At low sweep-rates (up toca. 1 V s°!), the anodic peak potentials are independent of s,
although it is to be noted that this approximate constancy of the anodic peak potentials with s,
especially in the non-aqueous media, is only over a relatively small range of sweep-rate. The
constancy of the anodic peak potentials with s is an indication that the Pb dissolution process, which
gives rise to these peaks, is a reversible pm{c’g at least at these low sweep-rates.

It is of interest that while the anodic peaks due to Pb oxidation from the Au electrode surface
are evidently not sensitive to s at low sWecp-rates.\'lhis is not always the case for the cathodic peaks,
as will be discussed below. In general, as the swcip-ratc s raised, the anodic peak potentials shift w0

more positive potentials, an indication of ansition from kinetic reversibilityto kinetic

[
' .4(

»
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Fig. 6.1

Series of supcri:i:posed cyclic-voltammetry i vs E profiles for Pb upd at Au from
0.IMNaClO, + 10"2M Pb(CF;S04), solution in AN for variable low swecp-rates.
Sweep-rate varied from 60 to 150 mV s,
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irreversibility, especially at higher s;wecp-ra:cs. Figs. 6.3(a)~(d) and 6.4(a)~d) show a series of upd '
i vs E profiles for Pb at Au obtained in DMF solution of 0.1M NaClO, at various swecﬁ-ra:cs at 298
and 318 X, and serve as representative behaviour of the profiles obtained in the other non-aqueous
solvents used in the present work. As the sweep-rate is increased, the i vs E profile becomes
distorted: peak overlap occur.;», resulting in less resolution of the upd profiley and hysteresis between
the anodic and cathodic peaks becomes si gmﬁta:ft\ since the anodic peaks shift to more positi\;c
pq?cn'tials while the cathodic ones shift to fﬁ'che negative potentials with increasing s, as expected for
onset of kinetc irrcvc-rsibility. Pcak overlap on the cath%c side of the profile is more marked than
on the anodic‘ profile. For example, at s = 20 V 57! (Fig. 6.3(d)), the cathodic side exhibits only one

unresolved peak whereas the anodic side shows two peaks.

6.5 Effect of Sweep-rate on the Processes Associated with the Cathodic Peaks

The cathodic' peaks of the i vs E should be expected to sh'ow more sweep-rate dependence
than that for the anbc}ic peaks because the cathodic process may be diffusion-controlled and also
influenced by anion adsorption; thus thcr'c can be compctiti;fc‘adsorption between the Pb adatoms
and the adsorbing ions and ;olvcnt molecules, as discussed in Chapter 4.

Examination of the cathodic sides of the upd i vs E profiles -shows that, in some solvents,
marked effects on the cathodic p‘acaks already arise at low sweep-rates for which any influence of
“IR™ effects is out of question. For example, for s = 10 mV s, some interesting observations can
be made on the cathodic side of the i ys E profile for Pb upd at Au in the experiment conducted in
aqueous HClO, (see Fig. 6.5). Firstly, as s is diminished, bulk Pb deposition commences at less
negative potentials (a phenomenon not oyscrvcd at higher sweep-rates in the same potential range);
secondly, the "spike”, Cpys, is more pronounced at low sweep-rates, i.c. it increases in height
(current-density) as the sweep-rate is lowered; thirdly, the first cathodic peak becomes sharper,
probably due to anion adscrption effects and, overall, the processes seem to become more reversible.

Since the "spike", as remarked earlier, is believed to due 1o a 2-dimensional phase transtion in the Pb

adlayer on the Au electrode surface, then it is understandable that low sweep-rates provide enough

S
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time for this rearrangement to take place. For the non-aqueous solvents at low sweeps, the "spike” is
not so pronounced and, in generai, the shapes of the cathodic pcaks are not affected by the
sweep-rate. These pronounced differences observed between the cathodic peak behaviour in
experiments conducted in aq. HC1O4 and non-aqueous media are evidently solvent dependent. +
Anion adsorption processes, which are expected to be soIvcnt»dcpcrldcnt, could be responsible for
these dlffcrcnccs '

As observed with the anodic pcak.s the cathodic peak currents also increase progressively
with increasing s, as expected, with the peaks retaining their usual shapes. It low sweep-rates, the
first cathodic peak, Cpy,, corresponding to the most tightly bound states of Pb on Au, is generally
broad but becomes sharpened with increasing s. o

Angersiein-Kozlowska and Conway [127] have discussed the effects of adsorbed anions on H
and O adsorption on, Pt. Anions usualfy block various states of H and of O adsorption, and, in some
cases, this results in a shift of the most positive H peak to more negative potentials. Surprisingly,
Lhrcy found [127] that anion co-adsorption increased the standard rate constant fof the H adsorption
process, presumably due to anion interaction wnh the transition state [197] . In slow sweep-rates,
anions adsorbed in these surface states compete with the deposition of H and shift the H(2) peak to
somewhat more negative potentials. )

In the pr'cscnt work we have found that ar the lowest sweep-rates used (5 or IO mV s'}) Lhcrc
was a small shift of the first cathodic peak (Cpy,) to somewhat more negative potentials in DMF (see
Fig. 6.6) and MeOH (Fig. 6.2) while, in AN and PC, no shift was observed. As is the case with H
deposition, at low sweep-raies, anion adsorption, which is solvent-dependent, competes with the
clectrodeposition of Pb adatoms and shifts the first cathodic peak for Pb deposition to somewhat N
more negative potentials. For the non-aqueous solvents, no shift of the cathodic peaks is osserved,
which is an indication that only weak or neglible adsorption of either ClQO," (as the supporting
electrolyte anion) or CF3805" (as the anion of the Pb salt) arises. It should be noted, however, that

the concentration of C10," in aqueous HCIO, is 10 times that in non-aqueous media.
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6.6 Effect of Temperature ) .

As the temeperarure is raised, tl;:c upd process remains reversible up to higher sweep-rates as
r‘hc upd profiles obtained at 318 K show (Fig. 6.4). The distortion of the upd profile becomes
significant for s 2 50 Vs, compared to s = 20.V s at 298 K. At higher temperatures, the |
solution resistance, of course, becomes diminished and the diffusion—conu'oue;l process of transport.
of Pb** ion is also minimized. ’

6.7  Tafel-type Plots: Evaluation of the s,.-Pg_rameter

The anodic and cathodic peak potentials (E;, and E;c of the cyclic-voltammeny i vs E
profiles obtained in some of the experiments conducted in non-aqueous media are plotted vs log s in
Figs. 6.7t06.9and 6.11t0 6.13 .

'I'hcs:: Tafel-type plots exhibit three regions, viz:a rcgion where E,, or E, . is
independent of log s (characteristic of kinetically reversible behaviour); a{ra.nsition region (changing
from reversible to irreversible kinetic behaviour) and a rcéion where E,, or E, islogarithmic in
s (characteristic of kinetically irreversible behaviour) as the sweep-rate is increased from low to

4 higher values in the range over which the peak potentials can be followed, i.c. peak resolution is
maintained.

Extrapolation of the Tafel-type region for which E.p‘ or E,. is logarithmic in s to the line
where E,, or E,_ is virtually independent of log s, gives the so called S, parameter [128] which
characterizes the kinetics of Pb desorption or adsorption on the Alu electrode surface in the various
non-aqueous solvents used in the present study. In the region where E,. or E, is logarithmic in
s, there is some deviation from linearity in log s at substantially higher sweep-rates (ca. s = 30 - 50
Vsl whiqil is probably due to *iR"" drop effects that begin to become significant at these higher
swccp-mtés.

Stonehart, Angerstein-Kozlowska and Conway [198] made the first calculations on the effect
of “iR"" drop on i vs E profiles for an electrode surface process in LPS experiments. These authors

showed that, depending on the magnitude of R, significant distortions of the i vs E profiles can arise.
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Uncompensated “*iR’’ drop effects have also been discussed by Roullier and Laviron [199] in the
case of quasi-reversible surface process. They showed theoretically that ““iR"’- drop effects can
induce changes in i vs E profiles over a small range of s similar to those due to kinetic
irreversibility. This implies that transition of E; bchavipur to log s.dependence can also apparently
arise from ““iR"* drop effects as well as from change from kinetic reversibility to irreversibility.
More recently Tessier and Conway [200] have discussed, in a more fundamental way, the nature of
the ““iR"’ drop effects on i vs E profiles and the anticipated extent of the *‘iR’" effect in the
evaluation of the kinetic parameter, s,, at variobs arbitrary values of R (sec Fig. 6.10). They showed
that }whcn “iR™" drop effects are significant, the corresponding transition in the value of the
psclrﬁocapacitancc, C¢» with increasing log s can usually allow spurious **iR’"and significant
irreversibility effects to be distinguished. In the present work, we believe that the transition from log
s independence to log s dependence, especially at sweep-rates where E . or E, islinearinlogs,
is due to change from kinetic reversibility to kinetic irreversibility of the surface process since *“iR’’
drop effects could not be very significant because of low currents associated with upd processes.
Examination of the upd i vs E profiles also indicate the absence of any significant “iR"’ drop effects
at these sweep-rates.

The evaluated s, values for the two anodic peaks, Apy,; and Apys, in the experiments
conducted in the various non-aqueous solvents at indicated temperatures are given in Table 6.1. The
S, values obtained from the Tafel-type plots of the anodic peaks are expected to more reliable than
those obtained from the plots using the cathodic peak,potential values since the kinetics of the
processes associated with cathodic peaks can sometimes be complicated by the anion
adsorption/desorption effects which the present work has demonstrated (see Chapter 4, Secton 4.5)
are solvent-dependent. Also as s is raised, diffusion effects can become significant and affect the
kinetics of Pb deposition. The $o values obtained (Table 6.1) for experiments conducted in
non-agueous solvents are generally lower than those found for the aqueous medium. At 298 K, with
AN as solvent, gives the highest s, values for the anodic peaks (6.7 V 57! for Apy; and 6.3 Vst for

Apps). Except for MeOH as solvent, it is to be observed that the $, value for the process associated
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Table 6.1 Estimated s, Parameters for the Deposition and Desorption of Pb at Au in

Various Non-aqueous Solvents and at Different Temperatures

Solvent T/K s(Vsh
(Appy) {Apys) (Cep) (Cpps)
AN 273 42 3.0 1.0 1.8
298 47 6.3 1.8 5.6
McOH 268 2.5 1.6 09
' 298 2.3 38 19 3.6
DMF 278 40 2.1 3.2
298 4.0 22 15 2.6
318 7.1 6.3 72 6.3
PC 298 28 2.4 2.6 1.2

318 5.6 4.0 4.5 2.7
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with peak Apy,, (due to desorption of Pb adatoﬁ:s most tightly bound to Au) is higher than that for the
process Apys (the "spike” which corresponds to a 2-dimensional phase transition). Thus, the proc‘css
associated with Apy,) remains reversible up to higher sweep-rates than for Aps.

Asvould be expected, the s, value for cither of the Apy; or Apys peaks in any givén solvent
is temperature-dependent. In general, except for a fcw- discrepancies, the s, value for any particular
peak increases with temperanure, although for one solvent, DMF, the s, values at 278 K and 298 K
are close for the two anodic peaks. Increease in s, value with rise in temperature is expected as the
solution resistance and diffusion-influence is decreased with increase in temperature., v

At higher sweep-rates where E, becomes dependent on log s, it is observed that E;, for
process Apys is more linearly dependent on log s than for Apy, in the sweep-rate range over which
the two peaks can be followlcd (Figs. 6.7 10 6.9). However, for the range in log s over which App;
can be followed, E, vs log s deviates fromk?incaﬁty at higher sweep-rates probably because of ‘‘iR”’
drop effects which, as we have mentioned, can lead to difficulties in the correct evaluation of the So
value. Transition from independence - f E .2 0nlog s to dependence on log s is solvent-dependent:
in some solvents, e.g. MeOH, the transition is sudden whereas in DMF it is smooth, occurring
almost over 1 decade of log s (Figs. 6.8 and 6.9).

The s, values obtained for the cathodic peaks, Cpy; and Cpys, from the experiments
conducted in non-aqueous media, are summarized in Table 6.1 together with those for the
anodic peaks. In the range of s for which E, . becomes logarithmic in s, the peak potentials
of Cpys are linearly dependent on log s over the whole range of potendals in which the peaks
can be resolved. However, for the peak potentials of Cppy» there is deviaton from linearity in
the Tafel-type plot of E, vs log s (Figs. 6.11 to 6.13), for the same reasons given for anodic
peaks. These effects, coupled with complications due to anion adsorption process, probably
explain why the s, values for the processes associated with the cathodic peaks are generally
smaller than those for the corresponding anodic peaks (Table 6.1).

Inspection of Table 6.1 shows that, for any given solvent, the s, values for the anodic "spike”

(Apys) are approximately equal to those for the coprresponding cathodic "spike” (Cpys), although the
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values for any given pair vary from solvent to solvent. This indicates that the kinetic reversibility of
the 2-dimensional phase-transition, the process commonly attributed to these peaks, is solvent
dependent. It is least affected by anion adsorption processes becuse it comresponds already to a
coverage Op, of ca. 68%. Atthis mveﬁgc. most of the Au surface is already covered by the Pb
adatoms so that most of the anions have already been desorbed during the cathodic sweep up to the
potential of the "spike™. Similarly, on the anodic side, the Au electrode is still extensively covered
by Pb adatoms so that few anions can be re-adsorbed.

As obs‘crvcd for the anodic peaks, except for the results in MeOH, the s, value of the cathodic
peak Cpy,) is larger than that of Cpys. Also the s, values increase with rise in temperature for the

same reasons given for the anodic peaks, although the values obtained at 298 K and the next lower

temperature are comparable in most cases,

6.8 Slopes of the Tafel-tvpe Relations

In the range of s where E,, is linearly logarithmic in s, Tafel-type slopes, dE, /dlog s, were
estimated and the values obtained are summarized in Table 6.2. Because of the uncompensatable
“iR™ drop effects, accurate evaluation of the Tafel-type slopes is difficult and hence the values
obtained are only approximate. However, within the limits of experimental error, most of the values
obtained for the Tafel slopes are actually close to the theoretically expected value, 120 mV/ decade
ofs,i.e. 23 RT/BF with B = 0.5. At298 K, the slopes of the Tafel-type relations for the anodic
Apyy vary from 105 mV/decade in s (in PC) to 170 mV/decade in s in AN and DMF; while for Apys
the slopes range from 115 mV/decade in s in PC to 140 mV/decade in s in AN. In general, the
values obtained in DMF and AN are highc; than the corresponding values obtained in PC and
MeOH. The higher values could be due to *“iR"* drop effects at these higher sweep-rates. In most
cases, the slope of the plot for Apy,; is higher than that for the plot of Apyg and this difference could
not arise from the **iR"’ drop effect. The values obtained for the various Tafel slopes are consistent
with the theoretically expected slope for a surface process, taking 8 = 0.5. Abnormally low Tafel

slopes would conventionally indicate that a multi-step mechanism is involved, which is physically
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Table 6.2 Estimated Slopes from the Tafel-type Plots for the Adsorption/Desorption of Pb

at Au in Various Non-aqueous solvents and at Different Temperatures

;'!
Slovent T/K dE /dlog[s, o/V 5]
(Appy) (Apys) (Cppy) (Cpps)
AN 273 195 140 -130 -50
208 170 140 -115 -120
MeQOH 268 110 80 -125
298 120 140 -125 -115
DMF 278 180 125 =210
298 170 125 -135 -125
318 145 115 -145 -110
v
PC 268 105 115 -140 -120

318 120 115 -110 -110
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unlikely here, although surface diffusion is one possibiliry.

In the case of cathodic peaks, the range of peak potentials for whick E, ; varies linearly in
log s is rather limited and, as wxr.h the anodic peaks, there is some deviation from linearity at the
higher sweep-rates (Figs. 6.10to 6.12). Most of the estimated values of the slopes from the 7
Tafel-type plots are close to the theoretically expected value, -120 mV/decade s,7.e. -23RT/BF
for a cathodic surface process with B = 0.5 again.

It is of interest to note that a process that involves an adsorbed state (of Pb) as reactant or
product of ion (Pb**) discharge the value of B is still near 0.5 as it is for many ionic outer-sphere

redox reactions where neither product nor reactant are chemisorbed.
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CHAPTER 7

TEMPERATURE EFFECTS ON THE UPD OF Pb AT Au

7.1  Entropy of 2-Dimensional Array States of UPD Pb Atoms

One of the principal thermodynamic factors of im_a'cst in the formation of 2- dimensional
(2-d) lattices of adatoms on metal surfaces is the standard entropy, AS°. of formation or desorp_tion of
the adatoms (see Section 4.1). In the case of electrochemically formed adatom arrays, submonolayer
stat€s can be well resolved and the peak potentals of the c:.;clic-voltammograms give the Gibbs |
energies of the distix‘lguishable states, the peak potential, E,,, being a standard potential for
half-coverage of the array when the pseudocapacitance vs potential profile is symmetrical. Normally
the E; values are referred to a reference electrode in the same solution; here Pb /Pb* for the
non-agueous solutions or HyH" in the aqueous solution case. Then from the determinations of the
dependence of the E; values on temperature, we can readily fing the éorrcsponding entropies of the
states, i.c. F.dE,/dT = AS or AS® for some appropriate standard state conditions. o

The AS quantities are of considerable interest because, from their values, it can usually be
indicated what states of mobility and/or vibrations the adatoms arc in, ¢.g. are there arrays of
2-dimensionally mobile or immobile adatoms, for which cases the AS° values are expected to be
substantially different as may be calculated from the respective partition functions.

This part of the work is therefore concerned with the evaluation and interpretation of the

temperature-dependence of E,, values and calculation of the corresponding entropies of

sub-monolayer states of Pb developed at Au in the various solvent systems described earlier in this

thesis.

7.2 Problems in Measurement of dE;./;dI in Relation to Derivation of the ASp, Quantities
A general problem arises with derivation of entropy changes for single electrode processes

from temperatuce-dependence of electrode potentials; here the problem arises with evaluation of
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dE/dT: iprvaluamrefmedmamfmncedecuodeintl?c same given solution, at the same
temperature as the test electrode (the so-called isothermal cell measmcmcnt).' then the recorded cell
potential measurements at various tcnii)mmrcs includes the normally finite absolute variation of the
reference clectrode potential with tcmpcmmrc, hence only apparent dE /AT values resuit.
Alternatively a pon-isothermal cell mcasurcmcnt may be made with the test electrode held at
various temperatures, with the potential being measured against a reference held at constant
temperature. This type of cell involves an unavoidable thermal liquid junction potential, E;, between
two solutions at the different temperatures but can be minimized (to ca. 1 mV) by using a salt-bridge
thermal liquid junction. This arrangement was employed in the present work. The EMF of such
non-isothermal cells also involves a thermoelectric potential difference l‘xrwccn the metal wires at
the two temperatures but this is negligible over the experimental temperature range used here.

The two possible cell arrangements are indicated below:

a) isothermal cell M, M,
ref. electrode test electrode,
T ( varied) T varied (same as at M)
b) non-isothermal cell M, i M
tef. electrode at satd. salt test cfcctrodc,
constant potent- thermal junct- T varied
ial, 298K ion, 298K

with (b) being used in the present work; the reference electrode M, was Pb**/Pb in thc. non-aqueous
solution experiments and PyHy/H* in the aqueous HCIO, experiments. The *‘test electrode, M,
corresponds to adatom states of Pb at Au (almost) in ‘equilibrium with Pb** in solution, giving the E,
potentials which can be recorded on both the cathodic and anodic sweeps.

Non-isothermal cells, such as (b), have been used by Weaver et al. [201] in studies of entropy of

single-electrode redox reactions and by a variety of other workers [202 - 204] for evaluation of

single-ion partial molar entropies.
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73  Temperature Effects on the i vs E UPD Profiles
As discussed carlier in Section 1.5, the upd of H or metal adatoms on foreign metal

substrates gives rise to eiectrochemically distinguishable sub-monolayer states below monolayer
coverage, as is also observed even on single-crystal surfaces [39,47]; these distinguishable
sub-monolayer states have temperature-dependent standard Gibbs energies of deposition and .
ionization corresponding to the standard entropies, AS®, of their formation or desorption. For Pb at
Au it has been found that, dcpcndmg on the *‘cleaniliness’ of the system and, in the present work,
depending on the solvent used (see Chapter 4), up to scven sub-monolayer states can be
distinguished. By conducting experiments at various temperatures, interesting information on the
states of the upd adatoms of Pb at Au can be obtained by evaluating the temperature-dependence of
the peak potentials of the i vs E profiles which leads, as shown below, to information on the
entropies of the Pb adatoms in the various rcsol:cd states, as observed in the several solvents used.

In the present work the experimental study of the dependence of the peak potentials on
témpcramn: required, in most cases, evaluation of the temperature-dependence of the potential of the
Pb**/Pb reference clecrrod: (for measurements in non-aqueous media) or the Pt/H, reference
clectrode (for experiments in aqueous medium) in which the reference electrode is in the same
solution as the working electrode (Au electrode in the case of the present work). An alternative
set-up would involve use of an external reference elecirode maintained at a fixed temperature;
however, this is less desirable because such an arrangement leads to unavoidable
temperature-dependent thermal junction potentials.

A series of potentiodynamic i vs E profiles, rcco\rdcd for the upd of Pb at Au in 0.1M NaClO,
solutions of AN and DMF over a range of temperatures, are showrl as examples in Figs. 7.1 and 7.2,
respectively, and are representative of the results obtained in the othér non-aqueous solvents used.
The corresponding upd profiles obtained in aqueous HCIO, at various temperatures are shown in
Fig, 7.3. ' |

On examining the upd i vs E profiles ogta.incd in 0.IM NaClQj; solution in AN (Fig. 7.1), it

is observed that there are no significant changes in the shape of the cyclic-voltammetry profiles for
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Fig. 7.1 Series of superimposed i vs E upd profiles for Pb upd at Au from 0.IM
NaClO,4 + 10M Pb(CF;S03), solution in AN with increasing temperature
in the range 280 to 340K. s = 50 mV s°!-
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Au/C1 M NaClO4 / DMF ~ EEEEs

(a) Series of superimposed i vs E upd profiles for Pb upd at au from 0.1M

- NaClOQ; + 10M Pb(CF:,SO-_;)z solution in DMF with increasing temperature
in the range 233 to 293 K. Arrows indicate the direction of the shift of the
curves with increasing temperature, s = 50 mV s,
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(b) Series of superimposed i vs E upd profiles for Pb upd at au from 0.1M
NaClQ, + 10M Pb(CF;50;), solution in DMF with increasing temperature
in the range 298 to 333 K. Arrows indicate the direction of the shift of the

curves with increasing temperature. s = 50 mV s'L.
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Fig. 7.3 Series of superimposed 1 vs E upd profiles for Pb upd at Auin aq. IM HCIO,
+ 10°M PB(NO,), solution with increasing temperature in the range 278 to
358 K. Arrows indicate the direction of the shift of the curves with
increasing temperature. s = 50 mV s°l,
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Pb deposition or ionization over a 60 K range of temperature. Even down to & temperature of 236 K .
(the profiles for which are not shown), effects of temperature on the upd profiles are not significant.
However, at temperatures below ca. 273 K, both the anodic and cathodic "spikes”, also observed in
water, become less pronounced. Itis interesting to note that over a temperature range of ca. 100 K
there is no significant shift of the peak potentials of any of the resolvable cathodic and anodic peaks,
in particular the first cathodic peak, in contrast to what is observed in the case of the upd profiles
obtained in aq. HC1O, or in the other non-aqueous solvents used (see, for example, Figs. 7.2 and
7.3). In the emperature range ca. 236 - 340 K, it is also seen that temperature has little effect on the
resolution of the distinguishable peaks in the upd profiles. The fact that there is no systematic shift
of the profiles between the anodic and cou'e.sponding cathodic directions of the sweep is an X
indication that Pb deposition and di;solution processes remain fairly reversible for this solvent (AN)
in the temperature range stated above.

With DMF as the solvent, temperature has significant effects on the shape of the
cyclic-voltammetry upd profiles for the deposition and dissolution of Pb at Au. At the lowest
temperature, 233 K there is a significant shift of the first cathodic peak to more negative potentials.
At this tcmpcmﬁrc the first cathodic peak is also broad and the "spike” is almost unresolved. This
irreversibility at low temperatures could be due to diffusion-limited supply of Pb** ions during the
electrodeposition half-cycle. As the temperature is raised, the first cathodic peak (Cpy,,) shifts to
more positive potentials and, at the same time, becomes sharper. With increase of temperature
above ca. 293 K, the peak potential of the first cathodic peak remains fairly constant but the cathodic
"spikc" (Cpps) increases in height. There are, however, no significant shifts in the peak potentials
with change in temperature.

On tl';c anodic side of the upd profile, the first anodic peak (Apy,), which is low and broad at
low temperatures, becomes sharp and increases in height as the temperature is raised and remains
constant atca. 303 K. The peak potential of the first anodic peak remains constant over a
temperature range of ca. 100 K. Unlike the cathodic "spike", which is not pronounced at low

temperatures, the anodic "spike” is well developed even at the lowest temperature empolyed in this
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‘system. It shifts slightly to more negative potentials and increases in height with rise in temperatore

up toca. 303 K.

The other resolvable peaks on the anodic side of the profile, which are designated as Apy; and
Apy7, shift progressively to less positive potentials with tcmpcra.turc change from ca. 233 w0 283 K.
Above 313 K, the cathodic peaks become distorted with a broad peak appearing close to the potential
of the "spike”.

In McOH, low temperatures have significant effects on the shape and resolution of the upd
profiles. At 219K, the lowest temperature at which the upd profile was recorded for this system, the
upd profile is characterized by one broad cathodic peak (the first cathodic peak and the "spike” have
merged to form one peak) significantly shifted to more cathodic potentials and one broad a_nodic
peak, slightly shifted to less anodic potendals.

As was the case for the upd of Pb in DMEF, the first cathodic peak shifts to more positive
potentials with temperature rise. The usual shape of the peaks and the resolution of the upd profile is
restored atca. 258 K, and further increase in temperature has no significant effects on the shape of
the upd profiles.

In PC, the cffects of temperature of the upd profiles are quite similar to those observed in
MeOH. At low temperatures, there .= a large shift of the first cathodic peak to more negative
potentials and the whole profile is less resolved than at higher temperatures. As usual, the first
cathodic peak shifts to more positive potentials with rise in temperature. From a temperature of 1
ca. 258 K, when the anodic side of the upd profile has regained its usual peak resolution, further
increase in temperature has no effect on the shape of the profile or the potentials of the "spike” and
the first anodic peak (Apy,;). However, the peak Ap,; shifts to more negative potentials with increase
in temperature. Above 318 K, the first cathodic peak becomes broader, as was observed in DMF and
probably for the same reason.

The large negative shift of the first cathodic peak observed in the profiles recorded in MeOH
and PC could arise, as remarked earlier, because of the diffusion-limited supply of Pb** ions during

the cathodic sweep at these low temperatures. Another possibility could be anion adsorption cffects
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if their adsorbability increases with decrease of temperature.

In the case of experiments conducted in aq. HCIO, (Fig. 7.3), it is observed that although
temperature has no significant effects on the shape of the profiles for the upd of Pb at Au, the anodic
and cathodic peaks do shift progressively to more negative potentials with increase of temperature
from 278 to 358 K. This is in contrast to the behaviour in the non-aqueous solvents where the first
cathodic peak shifted to more positive potentials with rise in temperature.

At higber temperatures, bulk Pb deposition commences at less negative potentials relative to
the RHE; a similar effect is observed in non-aqueous solvents. Above ca. 328 K, the first cathodic
peak becomes sharpened and the cathodic "spike" somewhat more pronounced.

Since the total charge within the i vs E envelopes remains almost constant with temperature,
the increase in size of the "spike” and the development of the cathodic peak Cpyy (which is léss
pronounced at low temperatures) with/risc in temperature must be due to the deposition of Pb which

was not accommodated in the state corresponding to the first cathodic peak due to its shift to less

positive potentials.

7.4  Procedure for Evaluation of True dE_/dT Values and the Corresponding AS,'s

The preferred procedure in most of the work was to make the potential-sweep measurements
under isothermal conditions [system (a)] and then correct for the absolute variation of the reference
electrode potential with temperature, using non-isothermal reference electrode cells of the type

) Pb/Pb™(S) /E;/ Pb/Pb™(S)
Tvaried /' Ref. T=298K

for each solvent (S) system, E; being minimized by use of a salt bridge thermal junction, as
mentioned carlier.

In the case of the aqueous solution behaviour, the absolute variation of the Hy/H* electrode
potential with temperature was taken from the calculation of Conway, Kozlowskaand Sharp {127)]
based on the standard entropies of Hy/2 H* ion, taking the entropies of electrons as virtually zero at

298 K. The dEy m*/dT is found tobe 0.84 mV K.




191

The experimentally determined values of the temperanure dependence of the Pb/Pb*
clecuodepomnalm based on the plots in Fig. 7.4 (p. 193) for Epppy++ vs T, evaluated from
measurements on non-isothermal cells of type (c).

Fr;mthercsults of the non-isothermal cell measuremeats oa the Pb/Pb** reference electrode
in the various solvents, the absolute temperature coefficient dEg/dT for this electrode in the various
non-aqueous solvents used is about 1.0 +0.03 mV K-!. Details of actual values are given later in
Table 7.1 (p. 194). A positive value for the temperature coefficient indicates that the Pb reference
electrode potential ificreases positively with rise in temperature relative to the Pb electrode at the
*‘reference temperature’® 298 K.

7.5  Correction of the Observed d_E_'..,[dT Values to Absolute Values Using the
Temperature-Dependence of the Reference Electrode Potential

Lead upd peaks whose potentials, relative to the Pb/Pb** electrode in the same solution,
increase with temperature must have 2 Jarger absolute temperature cocfﬁcicnt.;:. of potential than
does the reference electrode itself (coefficient a) (ﬁs diagramatically illustrated in Fig. (a) below);
then vy = a + B.

a)

EmH (Y=G+B)
A& o /5/ % a+p\Y

T | T T

Non-isothermal PtyPb** Relative to Pb/Pb*
isothermal



On the other hand, for cases where the E,, measured isothermally with the PtvPb** reference
electrode in the same solution, remains independent of T, then the Ep values must have the same
absolute variation of potential as that of the reference electrode (as illustrated in Fig. (b) below),

ie.y=a

b)
Epypyt+ z:
E%... (zero slope) E%u. any
)
T g T T
_ (a=7)
Non-isothermal Pt/Pb+* Relative to Pb/Pb++
isothermal

Conversely, if E; vs T has the opposite sign of slope to that of the reference electrode, then
the dE,/dT values must be subtracted, as illustrated below, giving the absolute dE/dT = y

=q - f.

o)

Epyppt+ j E, Q\E}\ B, YB

(

T T T

Non-isothermal Pb/Pb** Relative to P/Pb**
isothermal
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Table 7.1 Temperature Coeflficients of Non-isothermal Cell Potentials for Pb/Pb** and

H./H* Reference Electrodes at 298 K

Solvent Electrolyte Reference dEp/dT™ £ 0.03
electrode mV K!
(0.1M NaClO,)
AN 0.01M P(CE;S03), Pb/Pb* 1.09
(0.1M NaClO,)
MeOH 0.01M Pb(CF;505), Pb/Pb+ 1.20
(0.IM NaClOy)
DMF 0.01M Pb(CF,S05), Pb/Pb™ 123

(0.IM NaClO,)
PC 0.01M Pb(CF,50;), Pb/Pb™ 0.95

H,0 0.5M H,S0, HyH* 0.84°

* From ref. [127).

# Positive when hot electrode is the positive pole.
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The experimentally determined temperature dependence, dE/T, of peak potentials, E,,
mcasured isothermally w.r.t. the Pt/Pb*™ electrode, is the derivative d(Ej - Epypy++isoterma?dT
= (dE/dDipotherma mV KL ,

Then the absolute value of dE/dT required for calculation of the entropies of the Pb adatom
states is given by

(dE /AT ppe. = (AE/dD)isothermar + (AEprypt++/dT) pon isothermal (7.1)
= ASp/zF

The last derivative is determined from the non-isothermal Pb/Pb** cell (or Hy2H*) cell

measurements; hence ASp, is determinable for each solvent system.

7.6  Temperature Dependence of Peak Potentials ’

7.6.1 General Significance

The potentials (Ep) of peaks for various sub-lattice states of Pb adatoms in the updi vs E
profiles for Pb at Au represent the Gibbs energies of the distinguishable states of adatoms at
half-coverage of a given sub-lattice state (in the case where the peaks are symmetrical). When the
peak potentials are measured with respect to the potential of a Pb/Pb** reference electrode in the
same solution, they correspond to the Gibbs energy of transfer in the process:

Pb(crystal iam’cc) — Pb(adatoms in surface array) (7.2)

If the temperature dependence of Ep values is determined it will therefore give the respective
entropies, ASpy, of the adatom states, relative to the entropy of Pb{crystal lattice):
ASp, =- dAGp, /dT =2F (dE, py/dT). This entropy quantity is of considerable interest as its value
may be employed to determine the state of deposited adatoms in the various distinguishable
sub-lattice arrays corresponding to the peaks of the i vs E profiles. In particular, the ASpy, values
should be able to be associated either with mobile or with immobile states of Pb adatoms on the
surface amongst solvent molecules for conditions where 8, < 1, taking account of a possible
vibrational mode of Pb normal to the surface. (In practice, there will be a complex vibrational

coupling between the Pb adatoms and the surface vibrational modes of the Au surface lattice). The
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distinction between mobile or immobile adsorption states should be fairly easy to establish as the
expected values of AS°p, would be substantially different, as in the case of H at Pt1126] or H,O or
MeOH on Hg [124].

The expected standard entropies of Pb adatoms at Au can be evaluated from the partition
function for an immobile film or for a 2-d mobile film, together with the partition function for a
vibration normal to the surface as referred to above,

Also, as required, the entropies of processes such as

2¢ + Pb*™(S) + Au *— Au/Pb(adatom) + S (7.3)
where S represents solvationally bound solvent molecules, could also be evaluated if the partial
molar entropy, $°p,++, of Pb*™ ions in solution were known. Such a quantity seems only to be
available for Pb** in water [205]. Fortunately, the entropic condition of Pb adatoms can evidently be
cvaluated adequately thrbugh eqn. (7.2) which does not require information on the entropy of
solvated Pb*™* ion in various media.

Earlier, in Section 4.2, it was suggested that Pb adatom deposition at Au is not a simple
process, as it would be from gas phase atoms, but involves displacement of adsorbed solvent .
molecules, S, with development of new interactions between S and the deposited adatoms (Fig. 4.9,
p. 94). This, then, will somewhat complicate the interpretation of evaluated ASp, values.

A further complication, to be discussed later, would arise if the Pb adatom deposition
required desorption of a previously adsorbed anion (e.g. CI°) or neutral molecule (e.g. thiourea, see
Chapter 5). This can arise especially in the process corrcsponding to the first peak of the cathodic
sweep, Cpy,, in certain solvents with added surface-active anions or molecules present. However,
the T-dependence of peak potentials under such conditions was not investigated, as the interpretation

of the anticipated complex behaviour would probably be unproductive.

7.6.2 Experimental Behaviour of Ep Values with Temperature

It was found that various types of behaviour arose in the dependence of the various peak

potentials, Ep, for the several solvent systems used. In most cases, Ep values referred to the
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T or remained approximately constant (ie., in the latter case, the Epvalucsvmiedinthcsaﬁwayas
" the reference electrode potential, with T). In some cases an initial increase of Ep with T was
observed.

In order to avoid repetitive description, a tabular summary of the directions of the Ep changes
with T is given in Appendix L. The actual experimental plots art shown in Figs. 7.5 to 7.9 and the
corresponding entropy changes, 4S, for the process Pboysal tatice — PO (adatoms in surface
array) (reaction eqn. 7.2) are shown later in Table 7.2 (p. 206). A variety of tehaviours is seen,
depending on the electrolyte/solvent systems. )

7.7 Evaluation of Entropy Changes in the Electrodeposition and Desorption of Pb at Au

In order to obtain the real variation with terperature of the experimentally measured peak

potentials, the experimentally determined dE/dT is corrected according tc; the procedure in 7.4 using
the experimentally determined dE_;/ dT for the reference electrode used (Section 7.3).
The experimentally determined peak potential as a function of temperature can be written as
Exn = Exqag) 2T (7.4)
and the potential of the Pb reference electrode from the non-isothermal measurements can be written

similarly as

Epwery = Epragy £ BT (7.5)
where a and b are empirical coefficients. Then the real variation of peak potential with temperature
will be given by

Epmrea = Epmy + Epn (7.6)

The entropy changes of the distinguishable states of Pb at Au referred to bulk Pb must be
evaluated using the corrected temperature coefficient of the peak potential, i.e. |
nF(dE,m rea/dT) = nFIdE, ) + dEp,ydT] = AS_ . 7.7

For the evaluation of entropy changes in aqueous HCIOy, Epyyy in the above equations is replaced
by Eyty, the potential of the H, reference electrode used. |
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» The values of dE,/dT, dE (rye/dT and the evaluated estimates of entropy changes for the
ﬁqus Pb adstates on Au in the various non-aqueous solvents and aqueous HCIO,, relative o Pb in
the bulk, are given in Table 7.2. The general observations to be made are: (i) the estimated eatropy
values are solvent-dependent, i.e. they differ significantly for the several solvents used in the present
work; thus a given ad-state of Pb at Au, for cxample the one corresponding to the peak Apy,, bas a
different entropy value in different solvcnfs (Table 7.2); (ii) for a given solvent, all the resolvable
ad-states of Pbdo not necessarily have the same value of the entropy change; (iii) the lowest enropy
values are obtained in PC followed by AN, while in DMF, some of the highest values arise; (iv) the
entropy values obtained far the aqueous medium seem anomalously small compared to those
obtained for the non-aqueous media. The data, as remarked in the footenote (p. 207), are to be
experimentally rechecked under different experimental conditons. -

The estimated entropy changes corresponding to the various states of adsorbed Pb at Au will
be discussed in relation to the standard entropy of Pb in the bulk which, for the crystalline solid (298
K)is 64.85 mol! K, while that of Pb in water is 21.3 Jmol ' K. |

By referring the E; values to the potential of the bulk Pb/Pb* ion electrode, the requirement
of information on the standard partial molar entropy of the Pb** ion in the non-aqueous solvents used
is avoided, as mentioned earlier. This is useful since S°p,++ for such solvents is not available in the
literature. Thus, this procedure of measurement gives the AS® value for the hypothetical wansfer
process represented in eqn. 7.2, i.e.

AS°

Pb(crystal lattice) — Pb(adatom in surface array)
ar 298K

Hence the standard entropy of the Pb adatoms” relative to the standard entropy of Pb in bulk
crystalline lead can be evaluated without ambiguity, knowing to 2 good approximation the absolute

“The standard states for the Pb adatom arrays are to be taken as half-coverage of each armay, i.e.
corresponding to the peak potential of reversible surface processes. With the upd profile for Pb at
Au, some of the states are not completely resolved from others due to polycrystallinity.
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Table 7.2 dg,[d'!‘, ngF[dT + dE . /dT) and Estimated AS® Values for Pb Adatom

States on Au in Various Solvents

/
Solvent State dE/dT dg,fdn;lz+ dE_,,/dT AS°
@mVKD VKD (J mol! K1)
(Isothermal)
H,0° Apy; - 0.86 -0.02 -4
Apy - 1.05 -0.21 -41
Apps -0.67 0.17 33
Cpyy  -0.45t0-0.80 0.39to 0.04 7510 8
Cpus -0.65 0.19 37
AN Apy; 0 1.09 210
Apys 0 to -0.38 1.09 to 0.71 210 to 137
Corg 0t -075 1.09t0 0.34 210 o 66
Cpus 0 1.09 210
MeOH Apyy 0 to 3.26 1.20 10 4.46 232 10 861
Aps 0 1.20 232
Apyr 0 1.20 232
Cpy1 0 to 4.20 12010 5.4 232 to 1,042

Cpus 0o 1.20 1.20t0 2.4 232 to 463




Solvent State dE /dT dE/dT + dE ,/dT 48°
(mV K1) (mV K'Y (J mol* K1)
(Isothermal) - i
DMF Apy, 0 1.23 237
Aps -031t0-103 0.92to0 0.20 178 to 39
Apys 0 t0-0.50 1.23t0 0.73 237 1w 141
Apy; 0 t0-0.33 1.23 to 0.90 237 o 174
Cpu; 0to 2.43 1.23to 3.66 237 to 706
Cps -10to 05 02310 1.73 44 to 334
PC App1 0 0.95 183
Apys 0 0.95 183
Apy7 - 0.43 0.52 100
Cpy; 0 0.95 183
Chus 0.59 1.54 297

Reference value for Pb(bulk crystal) = 64.5 J mol! K-! at 298 K. Standard states: Pb
crystal at 298 K; adatom states at 8y, = 0.5 for each sub-lattice array at 298 K.

4 " In relation to the results for AS® for the Pb adatom states generated in the non-aqueous
media, the data for aqueous solution seem anomalously small. They were based on potential
measurements vs the H; electrode in 1M ag. HCIO, as reference, the temperature coefficient of
which, vs Pb/Pb*™, is taken into account in the calculation of AS°®. Before publication of those
results for the aq. solution, the data are to be experimentally rechecked due to the possibility of

contamination of the Pt/H, reference electrode by Pb. ~
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temperature coefficient of the Pb/Pb** electrode potential in each solvent, as measured in the present
work. :

The estimated entropy values in Table 7.2 are all higher than the standard entropy value of Pb
in the bulk, which indicates that the Pb adatoms on the Au surface are more mobile than the Pb
atoms in the bulk. For Pb in the bulk (i.c. in the crystalline solid), the only conwribution to the’
entropy is the vibrational entropy (the electronic contribution is negligible at ordinary temperatures)
and it should be more than zero (positive value) since it is only at the absolute zero that a perfect
crystalline solid may have zero entropy.

For the chemisorbed Pb adatoms at a Au electrode surface, their total entropy will be made
up of the vibrational entropy (which will depend on the strength of the Au-Pb bond) and the
contribution from the 2-dimensional translational entropy (if the ad-layer is mobile). Usually
vibrational entropies are much smaller than translational entropies because of the large differences in
the respective partition functigus or quanta that are involved (the ratio of the translational partiion
function to that for vibration is of the order 10°?: 10). Itis probable, therefore, that much of the
contribution to the estimated entropy changes of the Pb ad-states is from the 2-dimensional
translational mode. The large (positive) values indicate that the Pb ad-layer is mobile on the surface
of the Au electrode. However, as indicated earlier, the entropy changes are found to be

solvent-dependent; this is probably due to Au-Pb-solvent interactions which should be different for

different solvents. It is also possible that these differences could arise from the anion adsorption
cffects which are also solvent-dependent.

The large positive values of entropy changes associated with the state Cpy, in MeOH and
DMF which arise from the high positive values of dE_/dT observed at low temperatures (shift of the
peak potential to more negative values with lowering of temperature) seem rather unexpected.
A large positive value of entropy change would imply a more mobile ad-layer of Pb on the Au
surface at these low temperatures. This implies that the entropy of the ad-layer increases with
lowering of temperature, an unexpected observation since entropy should increase with temperature

rise. These values should be omitted on the grounds that the large shift to more negative potentials
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at low temperatures must probably be due to anion adsorption effects and/or limited supply of Pb**
ions at low temperatures and not due directly to the lowering of temperature, as discussed earlier.
The entropy values estimated using the potentials of the peaks observed on the anodic sweep should
therefore be more reliable than those on the cathodic sweep, especially the values for the state Cpy,
at low temperatures.

In PC, for which low entropy values are observed, the state Ap,; has a AS® value of 100J
mol! K-! which implies that it is the least mobile state of adsorbed Pb on Au. This is inconsistent
with the earlier assertion that this state corresponds to the most loosely bound adstate of Pb at Au
since it is the state which is desorbed first at the lowest positve potential on the anodic sweep. In
MeOH and DMF, where this state is also identifiable, its entropy value is also equal to those of the
other states.

For the sttes the peak potentials of which are independent of temperature, i.c. dE/dT is
small or zero, the derived values of AS® are numerically determined by the temperature coefficients
of the reference electrode potentials, which are different for different solvents. Ii has the lowest value
in PC, and hence correspongingly, the lowest AS® values (Table 7.2) arise in this solvent.

Th estimated AS® changes for Pb states at Au in various solvents used in the present study
are significantly higher than those calculated for the H at Pt [127] in alkaline and acidic solutions.

The entropy change associated with fusion (i.e. Py, — Pby,) is 7.9 J mol™! K1, while that for
vapourization is 87.9 J mol! K'!. These values are lower than the derived entropy values for the Pb
adstates on Au associated with the process of reaction eqn. 7.2 especially for the experiments
conducted in non-aqueous media. These high values are probably, as remarked earlier, due to

solvent and/or anion effects especially at low temperatures since anion effects are solvent dependent.



SUMMARY OF HOW THE INDIVIDUAL PEAK POTENTIALS CHANGE WITH
TEMPERATURE IN VARIOUS SOLVENT SYSTEMS

System Peak Direction of dE_/dT
Au/ aq. M HC104 APbl
- ve slope
Ep \
T
- lope
Apmg E, *
T
Zero to - ve
) E; slope
Apys '
T
Crta -ve slope
L] EP \
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+ veto -lVC
slo
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Au/0.IM NaCl0,/PC

Au/0.IM NaCl10, / AN
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Apyy

Apy;

Direction of d EFMI‘

zero slope

zero slope

T

- ve to zero

E; [~ slope
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System " Peak Direction of dE,/dT

+ve tc;l zero
Au/0.1M NaCl0,/ AN Cpmy E, ope



[E°

215

CONTRIBUTIONS TO ORIGINAL RESEARCH

The underpotential deposition (upd) of Pb at polycrystalline Au was studied from various
protic and aprotic non-aqueous solvents (H,0, MeOH, AN, Dl\g:. PC) using ,
cyclic-voltammeny. The results from aqueous medium are used for reference purposes. Itis
demonstrated that regardless of the solvent used (aqueous or non-aqueous), thei vs E
cyclic-voltammograms upd profiles are all characterized by five or six (and in some cases up
to seven) distinct cathodic and anodic peaks occuring at different potentals as the monolayer
of the underpotential-deposited Pb is laid down, as is also found in aqueous medium. This
phenomenon, referred to as multiple-state adsorption which corresponds to distinquis;hablc
states of adsorbed Pb adatoms on Au, is found to arise over a wide range (ca. 0.6 V) of
potentials, although this range is found to be solvent-dependent. Another important and
experimentally significant aspect of the result of the present work is that good i vs E profiles
are obtained which demonstrate in, most cases, good reversibility in the absence of strongly

adsorbing anions.

It is demoanstrated that the i vs E upd profiles indicate that peak shapes, peak potentials and
the overall resolution of the peaks is solvent-dependent, a result which is discussed in terms

of the anion adsorption/desorption which is also a solvent dependent precess.

The solvent effect is most pronounced in the initial stages of Pb adatom deposition. This is to
be expected because, before Pb adatom electrodeposition commences, the electrode surface

(Au in the present work) is fully covered by the solvent molecules with different Au/solvent

molecule interactions for the various solvents.

Tisere are also some systematic but significant differences between the peak potentials for

corresponding sub-monolayer states as revealed on the cathodic sweeps in comparisof with
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the anodic sweeps. This is explained as prooably being due to some irreversibility in anion
adsorption/desorption which is solvent dependent.

TEA" and NOj5’, as ions of the supporting clectrolyte, are shown to have marked effects on
the upd i vs E profiles for Pb at Au. They cause the first cathodic peak to be shifted .to more
negative pofcntials. leading to irreversibility between the deposition and the corresponding
desorption process, because of their tendency to adsorb strongly on Au. CF380," and C10,",
as anifpns of the supporting elecuolyte or Pb salt, are found to have little or no effects on the

upd i vs E upd profile, an indication that they are weakly or non-adsorbing.

it is demonstrated that added strongly adsorbing anions (CI', Br, I') or thiourea (TU) have
marked and significant effect on the upd i vs E profiles of Pb at Au starting from very low
concentratons (107 to 10°M). The general observation is that with increasing concentration
of added X" or thiourea, the peak potental of the first cathodic peak is shifted to more
cathodic potendals. The magnitude in shift depends on the species added. The effects are
discussed in terms of the extent of charge transfer that arises when the anion or TU
chemisorption takes place at the Au electrode surface. However, the most striking result is
demonstrated with Cl: an extra anodic peak, at potentials more positive than the potentials of
the usual first anodic peak is observed. The most interesting thing is that thcrc:‘ no
corresponding peak on the cathodic sweep. It is found that the same quantity of Pb is
eventually electrodeposited as in the absence of co-adsorbed ions or thiourea, but over a

different range of potentials and in different sub-states.

The kinetic parameter, s,, which characterizes the kinetics of Pb desorption or adsorption on
the Au electrode surface is evaluated from the plots of shift in peak potential vs log s for the
various distinquishable peaks corresponding to various distinguishable states of Pb adatoms.

In general, the values of s, the sweep-rate at which the Eurfacc process just begins to be

[
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kinetically irreversible, obtained in various non-agueous solvents is about 10Vsliobe
compared with 100 t0 200 V s*! obtained in aq. medium. The low values of s, in
non-agueous media demonstrate transition from kinetic reversibility to irreversibility at lower
sweep-rates in non-aqueous than in aqueous media. The s, values for the cathodic peaks are
found to be lower than the ~orresponding values for the anodic peaks, possibly due to
complications from anion adsorption/desorption and diffusion effects and probably "iR" drop
effects also. From tI-'lc Tafel-type plots, the Tafel-slopes are close to the actually expected
value, 120 mV/decade of s, i.e. 2.3RT/BF with B = 0.5. It is of interest to note that a process
that involves an adsorbed state (of Pb) as reactant or product of ion (Pb**) discharge, the
value of (B is still near 0.5 as it is for many ionic outer-sphere redox reactions where neither

product nor reactant are chemisorbed.

Temperature dependences of E,, values were evaluated and gave the corresponding entropies
of sub-monolayer states of Pb developed at Au in the various solvent systems used in the
present work. In order to obtain the real variation with temperature of the experimentally
measured peak potentials, the experimentally determined dE /dT data were corrected using
the experimentally determined dE__/dT for the reference electrode used as evaluated from
non-isothermal reference cell measurements under conditions where the thermal junction

potential is obtained for the various distinguishable states of Pb adatoms.
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