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ABSTRACT

N

A number of species begin to ei;cfrodépoait'on-Pt and Au in
. the range of potentials in which H 0 is thermodynamically stable, i.e.,"
between the electrode potentiala at which Hz and 02 are evolve;? The
resulting surface bonding energies may be accurately detetmined as s
' function of coverage. Critical literature surveys of six such systems
(H on‘ét, O species on Pt, O Bpecies on Au, Cu on Pt, Cu on Au.and‘Pb
on Au) aho;'that although multiple bonding eneréies are a genergl
feature of the electrodeposition of sub-monolayers of foreigg species,
no satisfactory explanation of their origin has been proposed.
Experimental studies p'f these six electrodeposition aystems-_
 were carried out by the potentiodynamic sweep method using solutions
of highly purified salts in water purified by a new catalytic pyro-
distillation method. In each system, a more detailed resolution of the
sub-monolaye¥ bonding states was achieved than in any previouslj reported
work. About six distinct sub~-monolayer.bonding energiles were usually
observed, each exceeding tﬁat for the subsequent bulk deposition. The
kinetic reversibility of the ele;trodeposition was 1imited in most
systems by ;;;ps in the reaction other than the Faradaic electgon—
transfer itself.
In particular, the hysteresis arising in the cyclic oxidation/
reduction of‘ﬂoblé metal surfaces is associatedﬁwith the Aevelopment of
a stable surface "oxide" by a place~exchange mechanism. The bqnding of

the electrodeposited OH species is somewhat polar, and the resulting ‘\

dipole~dipdle repulsions are relieved by the figld-assisted place~



san - e
exchange of some of the OH'groupa with che metal-atoma to which they
are bound, in such a way as to form a stable, "ionically bound“; two-

dimensional surface "oxide".
. Data obtained from the individual electrodeposition syatema
~"
have been _used to develop a general classification of the nature of

electrodeposita as a function of coverage according to various-pgra-

meters of the species involved. A detailed discuasion of “sur :

bonding in-cerma of the.transfer_of charge at electrode/solution inter-
faces leads to a precise distinction between Faradaic electrodeposition
(UPD and OPD), specific adsorption‘of ions and phyaical adaotption of
ions, | .

The localized (non-metallic) bonding at the substrate surface,
which givéa ¥ise to tne,general feacure of multiple states of surface
bonding, does not'normally persist as the deposit thickens to more tnan
one or two ftomic layers. Thus, in general, the bonding of subsequently
deposited atoms will be essencially metallic. On the other hand,'when

lthe deposit and. substrate have wideiy differing electronegativities
bulk surface compounds may be formed, e.g., oxidea, internetallic
compounds.

It appears that the distinct stateé of snrface bonding observed
in the early stages of electrodeposition are generally related to the
bonding of the deposited Speciea in a successidn of different bonding
configurations stabilized by the influence of the appiied metal/solutton
£ield on the surface electronic states of the substrate. Although j

I

present theoretical wave-mechanical treatments of surface bonding do ‘not
predict disconmtinuous changes in bond energy with increasing coverage,

\
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therle is much evidenc;: that gases chemisorb in a series of geometr}cally '
different surface arrays which probably i;volve rearrangement of the
surface atoms of the aubstrate, and it is thought that similar mechanisms
apply in electro'deposition systems.
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' PREFACE
. N s

The pﬁrpose of sclentific rgaearch‘an@ thé nature of its~‘ -
benefits are much misunderstood. I therefore wish to preface this
_‘theaia by echoing some remarks of Michael Farﬁday to é'meefing of the
‘Royal Instifitution, Londor on 6th May lBSA*:

| "Before entering the.subject, I must.make one distinction .- =
which, however it may appear to others, is to me of the utmost importance.
High as man is placed above'the creatures aroﬁnd him, there is a higher
and far more exaited position within his view; and the ways are infig}te:
in which he occupies his thoughts about the fears, or hopes, or expecta-
ticns ﬁf g future life. I believe that the truth of the future camnot be
. brought to‘h;s knowledge by any exertion of his mental poﬁers, however
exalted they may be; that it is made known to him by teaching other than
his own, and iéxreceived through §imple belief of the testimony given.
Let noione suppose for an instgnt that the self-education I am about to.
‘commend in respe?} of the things of this life, extends to any considera-
tion of the hoPe set before us, as if man. by reasoning could find out Godh
it would be improper here éo enter upoﬁ this subject further tham to claim
an absolute distinction betwéen religious and ordinary belief. I shall
be reproached with the weakness of refusing to apply those mental
operatio;; which I think good in respect of high things to the very

highest.. I am content to bear the reproach. Yet in earthly matters I

believe that 'since the creation of the woxld His invisible attributes,

. .
M. Faraday, "Researches in Chemistry and Physics", Taylor and Francis,
London (1859). '

b



His eternal power and divine ﬁature, h een clearly seen, baiﬂg

: : : * - ‘
,uqderstood;through what has been made' ; and that I have never seen °

‘anything incompatible between those things of min which can be known
by the spirit of man which is within him, and those higher things

" concerning his future which he cannot know by that Spirit."

* .
St. Paul, Letter to the Romans, chapter 1, verse 20, (0057).
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v CHAPTER 1
ELECTROCHEMICAL STUDIES IN THE SURFACE SCIENCE OF MONOLAYERS

1.1 Pﬁenomenology.and menhnds ’ - | N

This thesis is concerned with thg resolution and nignificance
of multiple states of chemisorption which are‘observe& wﬁen ﬁf, 0,'and
metal specles are electrodenosited on metal subBtrnQeB; A fundnmentai
understanding of the adsorntion* mechanisms involved 1s of immediéte
relevance in electrnchemiqtry and surface chemist%y, ang may be applied
*in catal?sis,.électrodeposition and corrosion—resistance:

The nature of A metal surface immersed in an electrolyte
depends crictically on its ‘electric potential and the solution com-
position. Under. almost all conditions;‘éhé elentrode has residing on
it;‘;ntface Q layer of species from the solution, which may be physically
adsorbed or cbemisnrbed. Chemisorption can lead to the formation of a
surface phase either chemically or electrochemically; in the lanter case
electrons are produced or consumed in the reaction. The development
of i&étrumentation, particularly in the last 20 yearsl, has allowed
much greater understanding of the thermodynamics, kinetics and |

mechanisms of electrode reactions, especially those reactions producing

fcﬁemical symbols will be used in this thesis simply as abbreviations,
with no implication that the species is in an atomic state.

*The word "adsorbed" will be used to describe particles which are in
any way bound to a surface without causing a disruption of the sub-
strate lattice to form ordered structures with properties analogous to
those of bulk compounds of the adsorbate and substrate elements. We
shall be much concerned with the various mechanisms which can glve
rise to adsorption, and how adsorption can ultimately lead to the
formation of ordered surface structures.

™~



veryfthin.surface leyera.

The earliest electrochemical atudie32’3'were‘made by con-

. necting two eleetrodes to the terminals of a battery and studying the
effect of the passage of current on the solution, Althdhgh the charge
¥ 3

passed could be measured with considerable accuracy4 by means of

coulometry, the lack of contrel of either potential or current at the

(working) electrode. prevented .a thorough understandieg of t e pro esees
taking place. Studies in which the reaction current was controlle
were first carried out by Bowden-and Rideal in 19285, using the sofcalled
galvanostatictxethod. In its siﬁzplest form the galvanoatat is a werfu;L
battery connected to the electrodes through a. resistance suhstantia ly
greater than the cell resistance. The discharge of the battery is thus
cqntrolled by the external resistance, and the current is not affected
by processes going on in the celi. The characteristic free energy of
each reaction occurring at the electrode hasla correatonding reversible
electrode potential. Thus the shape.of-the potential-time curve from
a galvanostatic experiment gives an indication of the suceesaion of
reactions occurring as the potential changes. Partial arrests in the -
curves correspond to the predominance of single reactions and/or a non-
- uniform double-layer_capacitaneel.

Considerably hetter resolution of multiple electrode pro-
cesses is possible by coatrolling the electrode poten.t:ialﬁ_g rather

than the cell current, e.g., as in the case of passivation procesaealo.
In many cases, surface reactions involve the formation of adsorbed
1ntermediatea which stifle the reaction after only very small amounts of

charge have been passed, 80 that the steady-state currents are zero.



Such reactions are most conveniently studied by the potentiodynamic

sweep method 1,12 where a controlling potentiostat sweeps the potential

of the working electrode throngh a prearranged time—dependent pro-
gramme, and the resulting time- {and hence potential—) dependent currents
‘are followed as a function of potential. Under conditions where con-
tinvous Faradafc surface reactions do not occur,.diffusion—controlied<
currents, identified by their sensitivity to solution stirring, may
generally be attributed to the reaction of solution impurities at the‘
electrode surface. In the study of adsorption processes at electrodes,
the concentration of reactante 1s usually kept sufficiently high to

avold the complications which-arise from diffusion-controlled reaction

rates.

Having ohos n the exnerimental conditions to avoid bulk
Faradaic processes, it ually found that the electrode current passes
through a series of maxima during a potential sweep. These current peaks
show that the number of particlles which may be adsorbed or desorbed in a
reaction Is limited; otherwise jthe current would increase exponentially
with potential. The number of adsorption sites may be limited e{ther
by the available area of the electrode surface or bec;use of electronic
factors which‘ldmit the aveilability of bonding states. Both types of
limitation will be discussed in detail as this thesis proceeds.

The sweeo rate dependence of the curren; peak potentials gives
a measure of tne reversibility of the reactions, which may also be in-
veseigated by a.c. pseduocapacitance studiesl?.tf”it may be asaumed that
the reactions occur uniformly across the electrode surface, the amount

of charge passed will give a measure of the surface coverage by the

reacting speciles.
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The relative merits of potenﬁiostatic and galvangétatic-méthods
in the ;tqu ;f surface reactions haﬁe been widely discussede'g"l’14.?
The pofenfiostat is particq}ar;y ugeful in tﬁat it'éliows the selective.
study, of individual sdrfacelreéctiona-acchding either to their. reversible

potentials, or to the ovefpotentials required for the paésage of signifi-

cant currents (10-5——-].0"3 A cm-z),.and in that it can be used dynamically

1

to give information about reaction kinetic315 by means of relaxation

“vgtudies.

The form in which potentiodynamic data are obtained is
i%lustfated by Fig, 1 which_{s the current—potential profile for a Pt
foil electrode cycled between 0.02 and 1.57 V* at 2 uniform rate of
0.05 v s-l. Within the potential range 0,05 to 1.4 the currents decay

rapidly to zero if the electrode potential 1s held éonstant, i.e., no

continuous Faradaic surface processes occur.’ The currents observed are

" the sum of components from the Faradaic electrodeposition or electro-

dissolution of surface species (self-stifling reactions in this system)
and the non-Faradaic double-layer charging currents which rearrange the
ioné‘and molecules in the interphase adjacent to the electrode surface so
as to achieve the equilibrium configuration at the ‘potential concerned.

As the electrode potential moves cathodically from 0.5 vV, H

is electrodeposited on the Pt with several distinct adsorption energies.

As the sweep reaches potentials less positive than about 0.07 V,

Faradaic currents (non-zero at constant potential) due to the
LY

electrolysis of the solution to form molecular H. are

2

*
Unless otherwise stated, all potentials in this thesis are quoted in
‘the European convention with respect to a reversible H+/H2 electrode
in the same solution. '
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obserﬁed. Aftér the po:éntial sweép h#s reverééd iés directioﬁ, thg‘
‘hdsorbed ﬁ‘is onized .from the surface, again in a series of'diéﬁinct
energies. There folloqg a poténtial region in which only the double-
‘layer charging currents are seen, before the elegtrodeposition-of 0-
containing apécies at a sgriea bf'gistinguishabie energles, and th§
evélution of.Oz; The electrodeposited Ouspécies are all reduced from
an apparently singlg:bonding state after the reversal of the pd;ghtiaL
sweep at 1.537 V, leAving the Pt surface free éf‘Faradaicélly adsorbed
surface specles before the commencement of Ehe'nexﬁ_potentiodjnﬁmic.
cycle.

. The existence of multiplg states of adsorption, such as those
in Fig., 1, is now established in many systems. Early studies in tﬁis
field wéré freéuently irreproduciblé and‘confliqting, but the application
of cqnsistent high purity experimental conditions has produced major
advandes in the knowledge of the "spectra" of surface reaction energies.
The type of iﬁformafion availablé from potentlodynamic sweep data will
now be discussed“as an intﬁsfﬁction to revieﬁs of the predent state of
knowledge in the adsorption systems chgsen for study in this work. -«
These detailled reviews will provide a basis for diséussing the results
obtained, and subsequently developing a more general model of adsorptiom

on noble metal surfaces.

1.2 Infofﬁation avallable from potentiodynamic current-voltage profiles
The numBer, size and shape of the peaks in current density-
potential profiles obtained in potentlodynamic sweeps provide important

information about the nature of the adsorption-desorption reactions

occurring. If the supply of reactants is diffusion-limited the peak
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cur;épts wili vai? with. the aquare.roog.gf the sweep raﬁe; if there is
no diffusion limitation the peak curren;a will be directly proﬁoftional
to the sweep rate. This linear relaﬁionship is"§hus an identifiégtion
of réveraibie Fara;aic'surface réactions.
" A number of authors have calculated éhe cﬁrrent—pétential
profileslwhich would arise iﬁ_sf&ple reversible and irfeveraible'sﬁrface

oo ]
reactions, and investigated the effects of varlous thermodynamic para-

meters‘of.tﬁe systems coucérnedl6_23; Unfortuﬁately the main effort has
been put into theoretical'analyses of singleuelectréﬁ discharge pro-
ceases leading to the fpfmation of‘a'éingle‘monolayér* of adsorbed séecies
at the electrode. The electrochemical'su:face reactions of particular
interest however generally exhibit séﬁéral peaks in the current-potential
profile at sub-monolayer coverages, and these qshally overlap too much

to allow accurate separation of the individual isotherms corresponding

to the component adsorption. processes. Current-potential profiles

9

showing two peaks have been derived theoretically by Hale and GrP;ef1
but the empiricai polynomial relating adsorption energy to coverage
required to obtain the double peak 1s not based on any experimental
parameters of adsorptlon systems.

Thg experiments described later in this thesis will show that
when a curreﬁt-poteutial profile can‘be separated into a ;equence 6f
ddsorption isotherms, the reversibility of the successive processes may

be judged fram the shapes of the componeht peaks, and the extent of

interactions between the adsorbed species fer the half-widths of the

*

The coverage of an adsorbed species will be expressed in this thesis in

terms-of the ratio of the number of adsorbed particles to the number of

atoms_in the electrode surface. Thus a coverage of 6 = 1 represents one
monolayer of adsorbed speciles. . :

(.

"
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introduction of a parameter, g, in the adsorption equationl6

i

*,peaks. Ieotherms inwolving interactions have been computed by the

iy
' 8 VF
T1-6) xp(g) = Ke exp (
In the absence of interactions (i.e. under Langmuir conditions) the

half-width corresponding to a reversible reaction is 90.6 mV16’23; 1f

the reaction is irreversible it is 126 mv23'24. Repulsive interactions

. (gtve) increase_the half-width and attractive interactions deereaaelit,

Ies

as shown in Fig. 2.

1.3 Adsorption of H

1.3.1 Adsorption of H on Pt TEL A ngggw - A
. o5 B
. The first studies on the mechanisms of the eleetrodeposition

-~

of metals raieed the question about a century ago of whether H at the
metal surface, evidenced by the H2 evolution reaction, was playing some
part in the electrodepoeition proeese. With the.development of the
galvanos;ggic method Bowden end Rideal followed up earlier'studiee'
showing the electrodeposition began at potentials anodic to the bulk
metal deposition potential4 25, and began a series of studies on t?in
film electrodeposition with a study of H adsorptieeZG. It is Qﬁﬁjé
matter of hietory that the reactions of H at metal surfaee&,/iﬁ/;articu-
lar the Hz-evolution reaction, turned out to be of such interest to
electrochemists that the mechanisﬁs of thin film metal depositioﬁ wefe

e

almost completely neglected for nearly 40 years, with the consequence

that the technology of electroplating has developed largely on an

empirical basis. ’ '””’F—>

Knobel concluded in 1924 from the results of studies using

galvanostatic pulses that adsorbed H on Pt was in an atomic state27.

-

Do
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. _ adsorption of H on Pt

>F ' -~
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B i ' T 5
(This has more recently been confirmed by calorimetric studies of partial

. 0 . |
- molar enthalpynsl Bowden then suggested29 and later p;ovedso’see als? 31

that on this Basis\qhé nutber of H atoms depositéd at pﬁderpotential
compared to the Hz-evolﬁtion pqteﬁiial would equal the number. of Pt
- atoms in the surface of the eﬁjptrode. His result has been verified
by the use of BET techﬁiques32.f Thus the total charge passed in the
underpotentiél depoéition of H gives & useful in situ measurement of
. 33,34
the actual surface area of a Pt electrode .
There is conflicting evidence as to whether the amount of H

underpofentially deposifed on Pt increases35'36, decrease537, or ,remains

:constant38’39

with temperature. Dacreases m;y‘simpiy be associated %ith
the'increase& diffusion and adsorption of solutiﬁn impurities at higher
temperatures, while increases on Pt platiﬁized at low tempeéaﬁure have
been;relaped to the existence of.surface cracks and pores which would
onl§ become avaiiable for H adsorption at high teﬁperatures.and/or

35,39

higher'potentials . Wbod340 has pointed out that lowerihg the

temperature increases the potential range of underpotential éeposition
(UPD), allowing a.more éccur;te meésurement of the UPD charge indepen-
dently of change arising from H2 evolﬁtion. His results agree well with
surface area data obta;ned by pseudocapacitance measufements4l—43,

The increasing.availabiligyiof sophisticated instrumentation
in recent years has led to a flood of publicationé dealing with 'the
e.g.44-55_ The results obtained are h?wever, fre-
quently conflicting, largely because of,insufficient.control-of thel.

-59, although it wés noted as early as 1895 that

purlty of the‘reagents56
"the amount of H absorbed (sic) by Pt is very largely influenced by

slight traces of impurity, probably grease and other matter”Go.
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-

" A.c., studies of the.pseudocapacitance associated with the

61,62

déposition3and removal of H » involving the method of Dolin and

- ow hes

Ershlerlg,-show two maxima over:a wide range:of frequenéies. In fact,

. | . v
even the early charging curves of Frumkin and §lygin63'suggested that
i - . i ' -

adsorbed H was ilonized from Pt electrodes in two or three stages, but

this aspect of the data was not discussed at the time. Polarogréphicea

12,38,65

and potentiodynamic studies have since confirmed that H is

adsorbed and desorbed very rapidly with (at least) two distinct bonding

L]
r

energles, both in aqueous solutions and in molten.saltSGG. These

eléctrochgmical data are confirmed by work function measurement867 and
~~— _field emissién microscopy68’6g showing (at léaét) two distinct adsorp-

tion states. Temperature-controlled desofption has resolved four states

of adsorbed H on Pt, but two of these were reported to be molecu}ar70.

The results Qf Kubokawa, Takéshiqa ‘and prama7l suggest that desorption
- from these two main bdnding states into the gas phase reqpifes activation
energies of about 10 and 23 keal mole-l, respectivelﬁ. The energ§ for
the strongly bound sfate agrees well with the value obtained by U.H.V.
calorimetry72'(24.7 kcal mole-l) and Trasatti's73 theoretical value of
26 kcal mqle-l.

Two othér adsorption states for H on Pt have been found in

addition to the twe dominant ones. Loudka and Weber74 and subsequently

52,75

other workers noted the presence of a separate strong%ﬁ:bound state

at the lowest coverages, with a corresponding reversible potential of
)

about 0.31 V. The existence of this peak.is in fact visible in the

earliest potentiodynamlc sweep datalz. There 1s also a small anodic

peak with an energy between those of the main states, agaln visible in

Will and Knorr's early data12 but not discussed at that stage;.

-
1
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The finest resolution of‘multiple states of H adsorption has

:béen obtained in gas phase adsorption studies on W76. Equilibrium iso-

therm measureménts, flash desorpticn and LEED studies from a number.of
laboratories show a multiplicity of reproducible surface bonding energies.
The selection of these energies observed varies slighﬁly according to
the crystallography of the substrate W, possibly because the adsorptioﬁ e
energy depends on the local coordination of adsorbate particles by -
surface atoms.

The lack of reaolution.of the compoﬁent states in H adsorption

on Pt obtainable by galvanostatic methods hampered early attempts to fit

‘the data to established isotherms. Bowden and Ride3126, attempting to

interpret tﬂe adsorption as a single process, suggéstéd that the fall in
heat of adsorption with coverage could be accounted for by the adsorbed
species having a net dipole moment. When potentiostatic methods showed
that two adsorpt’lon states were predominant in strong acid solugions,

Breiter reported that both could be represented by Langmuir isotherms77

c'f'ﬁl. His subsequent work showed that the Frumkin-isotherm78 would be

79

a better fit for the data in the wider temperature range.273-343 K
since the heat of adsorption in both states fell more rapidly with in-
creasing coverage than would be predicted by the Langmuir isotherm, i.e.,
there was an attractive interaction between adsorbate particles
occupying the same state. More recently Bonnemay et 31.8q concluded

that neither isotherm gave a satisfactory fit and that only an intrimsic

heterogeneity model involving different adsorption enmergies at different

crystal sites could explain the data.
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-1.3.1.1 Causes of multiple bonding states

" The foug‘types'of mecﬁanisms which have beeﬁ suggested to
. aécount for multiple bonding‘states of H onjgt will now be revieﬁed.
\ (1) Adsorption of other species \
\ Bagotskii et 31,81 concluded froﬁ the abseﬁce of the smail
peak between the two predominant H adsorptiqn‘states in fast potentio-
dyﬁamic sweeps that it appeared in' the results of other workers as i
result of the adsorption of "anlons and other microimpurities'. Theée
is no doubt that competing adsorbates can change the adsorption
characteristics of H on Pt, and the associlated thermodynamic relation-
ships have been developed by Frumkin and his co—workerssz—ss. To answer
the question of whether competing adsorbates can create new adsorﬁtion

states, the effects of anlons, cations, neutral species and solution pH

will now be discussed in turn. o~

.

(a) Effects of anions

The potential of zero charge of Pt 1lies within the ﬁotential
reglon of H adsorption in acid solution, and depends not only on the pH
but also on the anions present, changing from 0,18 V with (Na+)50§d and

F to 0.14 V with C1~, 0.04 V with Br~ and~ —0.5 V with I~ 50, The

bonding of H at a given coverage 1s weakened by anions in the order

2—

I > Br > Cl > SO4 > CIOZ> 0H65. Early results suggested that

halide ions could completely prevent the underpotential deposition of
H87’88, but careful experimentation by Bagotskii et 81-89 showed that
only I decreases the amount of H deposited at underpotential. The

other anions only decrease the bonding energy for H and its distribution
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aﬁong the various stgtessg'go, since tﬁe§ reaéh‘zero coverage at
potentials above'0.0 v91,92- . In aikaliné solutipns huwéver, where the
potentials for H adsorptioﬁ are more negative with réspect to the p.z.c.,
even I is fq}ly desorbed before the H2 evolution potential is reached,

so that a full monolayer of H may be deposited at uhderpotentialgz.

‘Balashova and Kazarinov suggest‘that the state of adsorbed anions be-

comes more atomic and less lonic after lang adsorption times.or at
higher potehtialssﬁ. This is believed to be a result of chemisorption
involving partial charge transfersﬁ; a matter which will be discussed

further later in the thesis. ‘ ¢

(b) Effects of_cations

Cations decrease the amount of H adsorbed on Pt at potentials

2+ > Caz+l> Cd2+, and this appears

near the p.z.c. in the order 11" > Ba
as a redistribution of bonding energles among the adsofbed H species.
Higher concentratioﬁs of Tl+'speciES however, reduce the total amount
0

of H deposited- at underpotential, and remove the resolution of the com
ponent energy statesga. The T1 is thought to be adsorbed in a state
"close to atomic"94, and presumably acts simply by“blocking the access
of H species to the electrode. Matsuda and Notoya have sugges;ed that
alkali metal ions can also be adsorbed in the atomlc state-on Ptgs, and
there 1s some evidgpcege that adsorbed cations are displaced by H at
rates which increase with the bonding enérgy of the cation.

An intriguing practical application of the modification of

the adsorption states of H on Pt by added ca;ioﬁs has recently been

reported by Sokoloskii and Anchevskayag7. These authors noted that the
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triple bond in dimethylethynylcarbinol or the double bond in its
reduction product could:be selectivélj'hydrogenatéd.acbording to the
proportion of "weakly' and “strongly" bound H on the Pt black cataljét,

this nag&g being controlled by the addition of alkali metal cations.

(c) Effects of pH.

Breiter and Kennel65 noted that the heat of adsorption of H
af a gilven coverage increases with pH. This observation has been
quantified by proton NMR felaxation studies showing that the H~Pt bond
energy increases from about 4 kecal mc:tlae:_1 in 0.5 M HZSQA to about 9 kcal

mc:le-l in 0.5 M NaOHgBJ The only mechanistic interpretations of pH

effectsgz’gg

have been in terms of the Frumkin model of H adsorption in
two staﬁes of opposite dipele momentsz. Increasing the pH was saild to
stabilize the strongly bound state (negative charge of H dipoles facing
solution) in prefefence to the ®dakly bound state (positive charge
outward). . - ] |

The "spectrum" of bonding energies of H on Pt revealed by
potentiodynamic studies is quiée different in alkaline solutions to
that in acids. Vielstichloo was apparently the first to observe the

decreased reversibility of H adsorption in.the two predominant states

observed in alkaline solutions. This irreversibility was confirmed by other
101-103

. _data obtained at faster sweep rates . At sweep rates of several

volts per second and above the H is apparently deposited in a single

energy state but desorbed in two distinct peaks.
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(d). Effects of adsorbed ﬁeﬁtrql species

. The amount of H which can be deposited at under?dtential falls
below a monolayer in the most.cohcentrated HZSOA solut#ons,_probably‘
because of surface blocking by adsorbed H2804 moleculesys. Che@isorbed
organic molehuleaiéan also reduée the UP D of H as well as change the

distribution of bonding energies among the adsorbed gpecieleA’los.

(e) Summary

There is no doubt that the coadsorption of other species can
alter the.bonding states avallable to H on Pt and in some cases reduce
the amount' that can be boﬁnd at underﬁotential. Although the adsorption
of anions at potentials above the p.z.c. and cations beiow it could
conceivably account for.the twé predominaﬁt adsorption states, there is
no evidence of discontinuous desorption of competing adsorbéfes which
could account for discontinuous adsorption of H in a series of distinct

gtates,

(ii) Molecular H2

The appe#rance of the small peak between the two predominant
H desorption peaks in acid so}ution was ascribed by Breiterlo6 partly
to the oxidation of molecular HZ’ as well as to the lonization of H
diffusing up to the substrate surface after previous dissolution.
Other authors have identified a very cathodic peak in the potentio-
dynamic profile with the oxidation of adsorbed molecular H 107,108

2
although the H, is more likel§® arriving at the electrode surface by

66,109

diffusion from the solution. In molten salt solutions the
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formation and oxidatiop of molecular H2 gpe thought to make majcr cop-
“tributions to the currents in the H adsorptioﬁ'peaks. Although thé
cathodic evolution of molecular H will clearly cause associated anodic
_currents from the’ oxidation of molecular H, diffusing back’ from-the
solution, forping new Faradaic current peaks or adding to those from

the adsorption states; there is no real evidence that H adsorption states
obserpéd in the absence of ‘continuous Faradaic currents owe their .
existence to the presence of moleculaf Hz.
(iii) Intrinsic heterogeneity:adsorptiop on different -

single-crystal planes

The idea that the multiple bonding states of H on Pt mighc
simply arise from adsorption on a multiplicity of crystal planes lead
Will 110 to compare the potentiodynamic current-potential profiles of
the three principal index:planes of Pt single~crystals, Although each
crystal exhibitcd both main peaks and the smal] peak between them, Will
maintaiped that each pcﬁk was associated ﬁith adsorption on one principal
index plane. Bagotakii, Vassiliev and Pyshnograeva repeated and ex-
tended this warksl. Evaluating similar data, they concluded that
although the potentiodynamic sweep profile was slightly mpdified by the
surface crystallography, the latter did not give rise to individual
peaks.

The validity of all results obtained on "single-crystal"
surfaces has been questioned by Bieglerlll. He suggested that the
experimental method used.(potentiodynamic sweeps) would itself dissolve

and rearrange the surface (see Section 1.4,1), producing facets of other
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-cfystallinities than that for which the cryagsl was cut. This may relate

to Will's obsserv.sn::lcnnl]'('J that both the apparent electrode area and the
relative peak heights changed as a fresﬁly cut Pt face underwent cyclic

voltammetry, although such an effect could also have‘béen caused” by the

removal of impurities. )

(1v) Intrinsic heterogeneityfother surface structural factors

Bieglerlll has suggested that the most sfronglylbound gtate of
H adsorption, first reported by Loudka and Weber74,arises from unidenti-~
fied surface structural factors. He showed that the charge distéibution
amongst the other péaks was sensitive to the electrode pretreatment even
under apparently "clean" conditions. There were significant differences

between the current-potential profiles obtained on Pt wires and folls

which he attributed to crystallographic differences arising from the

metal-fofmihg proceéses. Effects from cold-working the electrode, how-
evef, only persisted for three potentiodynamic cycles and were thought
to relate to a crystallographically disturbed surface layer, removed

by potential cyeling. This confirmed the eariier work of Bagotskiil,
Vassiliev and Pyshnograeva81 ghowing that neither preliminary cold work
nor lattice defects developed during the experiment by twisting or
stretching the Pt affect its adsorption properties. Thus although un-
saturated wvalencies at surface defects may éffectladéorption processes
and may indeed create surface bonding sites of new energles, they exist
in such relg}ively small numbers as to have a negligible effect on the

overall process. Bagotskidl et al.81 concluded that the distribution of

adsorption energies is determined not primarily by-surface structural

factors, but by the "electronic properties” of Pt.
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(v) Intrinsic heterogeneity:local coordination of the adsorbate’

. | 5
Thare is a widespread assumption that the bond strength avail-
able at an adsorption site will increase with the number of unsaturated

68'76. Thus adsorption between a

bonds in the surfacé of the substrate
group of.éurface atoms would be expected to be stronger than on tdp of
a single-atom. (The basié of such theories will be examined critically
in Section 2.3).l Thiﬁ model.has been used to explain the strongly

und'lO,ll?_ 70,112,113

bo and weakly bound H specles found in temperature -~

controlled desorption of H70 and in IR studiesllz’ll3.

Bond has proposed a model of adsorption om group VIII metalsllq,
based on the assumption that the positions of surface atomic orbitals
may be calculated from bulk crystal theory, and that adsorption sites
will oceur where these orbitals overlap. The model has siﬁge been
115

developed by Shopov et al.” ~. Bond pointed'oﬁt the applic

bility of
his model to the adsorption of H on Pt116, and Weinberg and Merrill
found that it would predict two chemisorbed and one physically adsorbed
state for H on Pt(lll)llT. They concluded that the more weakly bound
chemisorbed state co&regponded to the adsorption of molecular H2'
Bronoé&l and Pesant tested Bond's theory by eléctrochemical experiments

108. Measuring adsorbed atomic H by a potentio-

on single-crystal Pt
dynamic sweep and supposedly "adsorbed molecular H2" by a sweep after
strong cathodic polarization they found reasonable agreement with the
predicted values, and concluded that the adsorption of molecular H2 was
much glower than that of atomié H. These conclusions on the mechanism
of H adsorption are probably erroneous, as the authors were almost

certainly measuring the diffusion-controlled oxidation of cathodically-

generated HZ' rather than the desorption of H2°
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The validity of Bond's and Shopov's assumption that eﬁerging\eg

orbitals provide adsorption sites is questioned by the work of Fassaert,

118. Their calculations, which involve all

Verbeek and Van der Avolrd
the 3d orbitals on a 13-atom clustef, show no indication that thgse
particular orbitals piay an important part:in the boﬁdiﬁg.z'On the
contrary, the most impo;tant orbital for surface bonding was found to be
that pointing perpendiculary out of the surface, which would not appear
at all if Bond's model for the (lllzmplane. Howevexr, Fassaert et al.118
retum'ed to the general conclusion ‘tlhat the adsorption energy is pri-
marily debenden ~6n the locai coordination of the adsorbate.

.A variant on this-type of mechanism suggésts that the adsorbed
specles may move physically from one adsorption site to another of a
different energy. For example, Podlovéh?nkb and Pefukhovall9 observed
the small H desorption peak between the ﬁredominant states using smooth
Pt electrodes, although their c‘lléagﬁes using platinized Pt did not,
and - conclﬁded that the appeararke of the peak was determined by
structural factors in the electrode which controlled either the surface
diffusion and "reorientation"” of ‘adsorbed H, or the partial dissolution
of adsorbed E into the crystailzo. There is conflicting evidence about
the possibiiity of surface migration from one state to amother. Norton
and Richardslzl describe the weakly-bound state as a necessary precursor
to the strongly-bound state, but Tsuchiya et al.70 concluded from
temperature—controlled desorption that the different states did not
arise from surface migration of previously adsorbed species. Mechanisﬁs

involving the physical movement of adsorbed species between sites are

difficult to justify thermodynamically, since the supply of increasing
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"driving force", e.g., during a.cathodic gweep, results in thé adsorbate

moving to a more weskly .bound state.

Such direct experiméntﬁl“evidence as 1s avallable dces not
confirm the importance of local coordination. "LEED studies of adsorption
of H from the gas phase show that ordered structures only appear at high

122,123

temperatures . Direct observation by field desoxrption spectrometry

suggests that H is adsorbed at random interstitial siteslzh. Similar
results have been published very recently for the adsorption .of W atoms
on single crystal les, showing by FIM that the adsorbate at&ms occupy

the surface cavities above second- (normal lattice site) or third-layer

atoms.

(vi) Induced heterogeﬁeity:quantum—mechanical interactions

via the electronic properties of the substrate

Stoneha;&;ZG has proposed that the small H desorption peak
between the two main states in acid solution arises from some unspecified
interaction related to the coexistence of -the two major specles.. It
is difficult to see how such a state could arise from physical forces
between the adsorbate particles, e,g., dipole-dipole attraction or
repulsion, but quantum—mechauical-treatments of H adsorption allow tﬁis
possibility when the adsorption process itself modifies the substrate
wave functions (Section 2.3). |

yé127’128 has derived a simplified quantum-mechanical model

To
which shows two stable adsorption states, but does not suggest that their
stability will be restricted to certain ranges of coverage. The first,\

o
known as r-type adsorption, represents an adsorbed atom about 2.5 A
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adsorption, was called s-type. Here the H is treated as a prdton lying

e i BT O

. o~

above a substrate atom and having a negative polariigtion of about 27

of an electronic charge. The polar bond would account for the in— .
. ‘ .

égrea§ing work function at low adsorption coverage567;'and'would lead to

E

féﬁulsive forces between nearby adsorbate sPeQQes.' The second, stronger

P

in a crevice between surface metal atoms with.its electron deldcalized

into the Pt conduction band. The associated dipole moment was calcq—'

4
lated as 0.06 D, so s-type adsorption would decrease the Pt work

f“HCtﬂg?Ez' Toya's calculations are frequently regarded as furthér
confirmation of the mechanism of H adsorption proposed by Frumkin and
Slyginss. These authors made a thermodynamic analysis of the contri-
bétions of bo?h the adsorbed H dipoles and the ions in the double-layer
‘to the potential drop at the electrode surface. . The ioni; concentrations

63,129,130 and 1t was concluded that the adsorbed

were measured directly
H must increase the potential across the interface at low é%verages‘and
decrease 1t at high cqveragesGB. This was thought to occur by the Pt-H
dipoles having their negative ends face the solution at low coverage and
face.into the metal at high coverage., Frumkin and Slygin63 also con-
sidered the two adsorption sites gimilar to those in Toya's model.
Another type of quantum-mechanical approach, derived by
Zakharov et al.131 showed four stzble states of H adsorption, two atomic

and two molecular. Although Tsuchiya et 31.70 found two atomlec and two

molecular adsorption states in gas phase adsorption experiments, their

atomic states had dipoles of opposite sign as in Toya's mode1127’128,

while in Zakharov's treatment both atomic states are negatively. charged,
. . )

and no stable states exist above surface atoms. "3
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';;_tw - Bewlck and Tuxfordl3g'have dsed modulated specular reflectanée

‘b "
- Bpectroscopy within an elactrochemical cell to measure the electrical

changes in the surface accompanying adsorption. They concluded that
the strongly-bound H was deep in crevices between sﬁrfaﬁe Pt atoms

127,12 8) with its electron in the conduction bhnd while

(Toya's s-tfpe
the weaklf-adsbrbed H behaved more like an atom chemisorbed on top of
{he surface. . If. the strongly-adsorbed -H does indeed inject its electron
into the metal conduction band, induéed hé%erogeneity could arise frcm

the consequent changes in the electronic structure of the substrate

,.1' ti 213 " . ~
?gec on ) .

(vii) Induced heterogeneity:restructuring of the substrate

Althﬁugﬁ it is only changes in the distribution of tﬁe various
adsorption states, rather than their creation, that have been related
éq}the adsorption—induced restruct;;ing of Pt surfaces, it seems
apﬁroﬁriate to discuss restructuéing at thils stage.

| SmaiInchanges in the chliarge distribution between the bonding
states opccur as the potential of a Pt electrode is cjcledlgB.‘ Furuya and
Motoo hav;;interpreted this effect in terms of both the transfer of H
atoms between ponding states and the rearrangement of the surface T
atomsl34, alﬁhgggh similar effects were attributed to changes in HSOZ
adsorption by Eagotskii et al.89. There ishnow direct evidence of Pt
dissolution and re-precipitation during potential cycling from the

135

work of Untereker and Bruckenstein but no suggestion that the re-

deposited atoms would form a new structure.
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;——ltself may be observed.
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ContinuOus poténtial cycling has been found to alter both the

appearance of the small anodic peak between the two major desorption

peak540 }34, and the distribution of adsorption energiea on electrodes'

platinfzed at rather cathodic potentialslll‘136. Both have- been related

to a slow (logarithmic with timel ) restructuring of the surface and
" in support of such mechaniéms is the surprising result from LEED studies
of gas phase adsbrption, that adsorption can itself recomstruct the sur-
. . . : AL
123,137 .=

face of a Pt single-crystal . Iﬁjéhch a process were involved'in

-

-+

electrochemical H adsorption, it would have to be entirel} reversible,
since the "spectrum" of bonding emergies in successive allsorption-

desorption cycles 1is exactly reproducible.

1.3.2 Adsorption of H on Au

Al;hougﬁ_mq;tiple states of adsorptioﬁ of H have been

observed on Pt, Ir46’138, and Rh465138’139, H does not adsorb on Au to
g

“any significant extent;Bg. Thls_makeé it possible to characterize the

surface composition of Pt-Au alloys by the amount of UPD of H on

theml40_142.. Although the exchange current of the H-"-/H2 reaction is

much lower- an Au than on Pt, the'couple remains reversible on Au

electrodes at partial pressures from 1 down to 6 x 10—'4 gtmoéphereslés.

e . ‘h‘:-a absence of UPD of H on Au suggests that the discharge

and. recombination processes involved in molecular HZ evolution on Au do

not occur on top of a Faradaically-discharged layer of H atoms, as seems

3 -

to be the case on Pt. Grunebei‘gl44 has guggested that at the potentials

4
of H2 evolution on Au in 0.5 M HZSOA,_reduction products of the HZSO4
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1.4 Adsorpti‘n of 0 species

1.4.1 Ad orpfion of 0 species on Pt
1.4.1.1 Introduction: nature of the "oxide" layer

dqestiqns d8 to the nature and bonding energy of.anodicaily
forﬁed Oespgéié§jon Ptlare more complex fhan ﬁhose about H on Pt. Although
ghe cathodic dep;sition of adsorbed H gi§es way to H2 evolution after the
transfer of one electron per surface metal atom, the anodic deposition‘
of 0 species can continue until at least two or three elecgrons have

been.transferred to each surface atom. Lack of agreement about the
el ‘

mechanism of oxidation has tended to preciude discussion of inftial

bonding states of O~species.

Two schools of thought have emerged conégtning the nature

of oxidized Pt surfaces. The first 1Fintains'that the Pt surface is

oy .
covered by adsorbed¥0-containing speciesls’as’63’130’145_161,_rather than

13,151-153

any definite oxide stiucture. Ershler suggested that it was

63,130

phe syrface field arising from this adsorbed O which gave rise to
N ,

the.pasé}vity of the Pt, and this theory has recentltibeen taken up
A
162

+

again by Burke and 0'Meara It 15 based on work such as that of

Nesterova ana Frumkinl55 who found that polarization of Pt electrodes,
or their prolonged contact with molecular‘dz,_formed less than a’
monolayer of adsorbed 6.

The second school of thought proposes that electrochemicallyidized Pt
Suréacés are cdbered by a definite, chemically-bonded oxide structure47’l63_%79.
Varlous oxides have been identified, usually by comparison with the bulk

180

synthetic Pt oxides produced by Wohler and Martin and the equilibrium
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3
related to

poténtiai measurements of Grﬁbe167 (Pt0:0.9V; Ptozzl.OGV; PtO
166,168,169

:1.5V;
I;t04_> 1.6V) which Lorentz and his co-workers

the lag points in their polarization discharge curves.: The protéctive
L

surface oxide has been reported as Pt(OH)2304-3Pt(°H)4'Pt02164;
Pt0;73’176’178’181; thought by some authm:sr.]'%'1778 to be formed from
unstable precursors; Pt02165’171’182’183, identified by chemical anal&sis

by Altmann and Busph;71, and by reflection electron diffraction by

Shibatals4 as being "poorly crysta;line"; a mixture of Pt0 + Pt02,

" identified by film stripping and chemical analysis by Anson and Linganel74

Pt0, later oxidized to“Ptozlzz’l?S; and Pt(Osz, later oxldized to
P;02177. Other workers merely suggested that a "solid film" was pro-
duced44’185 more thén one monblayer thickéé.

It has been emphasized by Giner45 and by Gilroy and Conway186
that the identification of surface oxide structures by equating plateaux
in charging curves with thermodynamic standard potentials requires the
doubtful assumption that extremely thin layers on metal surfaces will
have the same electrochemical properties as bulk oxlde electrodes.

7 has shown that the'initial oxidation of Fe cannot be described

Weil18
in terms of a thickening bulk oxide, since the surface. propertles depend
on the film thickness up to values of several tems of K. Giner45 argued
fhat'it would be more reasonﬁble to regard the establishment of a
"surface film of Pt0" as the completion of a monolayer of PtO species,
and Gllroy and Conway186 suggested that since the stability range of
oxides corresponding to PtOH, PtO0 and P.tO2 merged into one another,
tﬂe%e was 1itﬁle value in relating formal mean valence states to bulk

”

chemical compounds of these structures.
4
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1.4,1.2 Reversible adsorption at low coverages ' . )

The initial adsorption of O species on to Pt from acid ' -

solutions (at potentials below about 0.9.V) has been shown By potentio-

188,189_to be very reversible. Since these species could

dynamic studies
not be detected in eﬁrly ellipsometric studies, Reddy, Genshaw and
Bockrisl90 conélud;d that the surface .was covered by a chemisorbed layer
of 0. Although it has since beenshowm that elliésometry can detect this

191

type of film ™™, it cannot be denied that many surface chemical properties

of Pt change abruptly at about 0.95 V, e.g. the oxidation kinetics of
H2192, C2H4193 and other 'nydrcu:«';l;‘bcn:u;lg4 on Pt, the rate of Increase of

potential of Pt electrodes immersed in O,-stirred HClO4 solutionslsz, and

2
the coefficient of friction between two Pt electrodes.. The latter de-

creases rapidly in the potential range 0.3-0.9 V, but begins to increase

again at potentials above 1.0 V}QS. }rﬁ‘\
1.4.1.3 Irreversible adsorption states: characteristics

and kinetics

When the ancdic . end-potential of a potentiodynamic sweep is in-
creased to 1.1-1.2 V,the adsorption becomes irreversible, so the O species
cannot be reduced from the Pt surface until the botential is substantially

more cathodie than that at which adsorption occurred. Thia~§%re cathodic
. ’ g

‘_ reduction peak beging to dominate the cathodic sweep at higher coverages

(see e.g. Fig. 1). The irreversibility of adsorption has often been

1nferpretéd as .a time-dependent strengthening of the 0-Pt bouleI’lsa’

155,196 101,187

, which can occur‘very rapidly (e.g. in 10"3 8) This

"strengthening" is time-dependent, while the rate of discharge of 0~
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197,198

species:ia potential-dependent + It will be shoﬁn below that the

.irreversibility probably relates to the stabilization of surface adsor-

bate structures by place-éxchange processes rather than to the strengthen-
ing of individual Pt-0 bonds facing outward from the metal surface. The

inhibition of O species discharge increases with time at a g;ven cdverage,

97

and this has been attributedl to either a fall in the surface potential

or a ﬁischarge mechanism occurring on newly-produced active sites.

The ellipsometric pafameters:of Pt surfaces begin to change at

199

potentials of about 1.1 v » 1.2, when a cha:ge has been passed equiva-

lent to the discharge of one singly-charged anion per surface Pt atom.
Continued oxidation of the surface can occur by a place-exchange mechaﬁism,
or further oxidation of the adsorbed specles, or both. Schuldiner et al.

have investigated the effects of the inaccessibility of the place-

1200-202

exchanged 0 species, which they refer to as "dermasorption (c.f.

203

a similar earlier mechanism proposed by Kalish and Burshtein™ 7).

The same essential features of the potentiodynamic oxidation
and reduction of Pt surfaces (i.e. film formation and removal, stabili—

zation of Pt-0 structures) found in simple acid solutions are also

observed in KHSOa-NaZSO& melt5204?205,606.

With increasing temperature, the amount of oxide formation
206

detected by charging curves increases by 25% in the ;ange 273-368 X~ .
The reduction potential sometimes moves cathodically with increasing
temperature; gince, although the higher temperatures accelerate the
reduction process, they also accelerate the "bénd strengthening” pro-
cesse5206. The earliest potentiodynamié studies of the Initiation of

188,189

irreversible oxidation behaviour showed not only the reduction



- 27 -

peaks correspoﬁding to the low-coverage, reversibly-adsorbed species

and the more irreversible phase, but a third peak associated with fhe
reduction of oxides formed at about 1.25 V (on which the authors did not

comment).
The irreversibility of Pt oxidation also has other comsequences.

Hoar suggested in 1933207 that it was this irreversibility which made it

208,602

so difficult to achieve the theoretical potential of the reversible.

0 electrode (1.229 v) except at high temperatures in molten salt9209

where Pt oxides are unstable. Effects of Pt dissolution and impurity
adsorption on the mixed potential observed have been reviewed by Rand

210. The theoretical O electrode‘potentialzll_ZIB and the

and Woods
open-circuit potential of Pt (0.46 V)zl4 have recently béen measured
under unusually pure conditions. |

| thematical models of the incorporation of O into a Pt lattice
have been reviewed recently by Stonehart et a120 and Nadebaum and
Fahidy215.\.Visscher apd Devanathanl79 discussed the kinetics in terms
of the thickening of Pt(OHiiﬂfilms. The concluded that the Cabrera-
 Mott theo#yZlG, involving the entry of metal ions into the film as the
rate-determining step, provided a satisfactory quantitative explanmation

of the data. The oxidation rate.is in fact logarithmic wiﬁh time at

constant . potentials of up to 2.0 V217. Ord and H0218 and recently

593,603,604 have prOpOEEd Bimilar "high“'fiﬂéld"

Damjanovic and co-workers
mechanisms. The similarity in plots of reduction peak potential versus
oxidation charge for Pt, platinized Pt and Rh, ‘led Stonehart, Kozlowska
and Conway20 to suggest that a common oxidation mechanism may cperate

for all the noble metals although the kinetic parameiers would differ

from metal to metal.



- 28 -~

1.4,1.4 Oxidation mechanisms proposed

Schuldinér etial214 made ste&ﬂy-state potentiostatic measure-

‘ments under conditions of extreme puﬂ&ty (impurity currents below about
-9 22 ‘

10 7 A cm ), and concluded that the reactions
: +
Pt + H,0 - H + Pt-0OH + e
2 ads
and - Pt-0H <+ Pt-0 + e + H+ .

ads ads

b

were predominant in the potential ranges 0.5-0,75 V and 1.0-1;1 V res-
pectively. Tarasevich and Bogdanovskayazlg, on the other hand, con-
cluded that Pt0 was formed by tﬁe disproportionation of Pt-OH atl
potentials above 0.7 V, i.e. 2 PtOH + Pt0 + Pt + HZO' This would
account for the formation of new adsorption siteslg7 when electrodes are
maintained at oxidizing potentials.

Vetter and Schultze220 have proposed, on the basis of the pH

dependence of oxidation current dengities, that the first step 1in

oxidation would be

2- +
B)0sq * Oads® 2 Fog
or HO +0H , +2 H +e
27aq ads aq

The rate-determining step at all coverages would then £e the plaée
exchange of these adsorbed ions*.with metal ions at the Pt surface.
Tarasevich and Radyushkinal6l also proposed an oxidation mechanism in-
volving the discharge of adsorbed OH radicals which were later oxidized

to form a.chemisorbed layer of 0. 1In evaluating their results, they

*
The postulation of 02 or OH adsorbed ions seems unreasonable since

the pH of the solution studied was <O.
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assumed that the. heat of adsorption of each species would change linearﬁ;7

224 " y1ak, Angerstein-

~with its coverage in ﬁ Temkin-type isotherm

| Kozldwska and_Conway_later showed that anodié current-potential profiles -
showiné'fodr predominant peaks could be reproduced by the summation of
foﬁr compuéer—gengrated Temkin isotherms, The speices adsorbed at the
'lovest coveyéges ﬁéd_a negligibly small interaction parameter, while
those of the épecies adsorbed in succéssiyely higher ranges of coverage
were successively higher. This work incidentally disproves both the

mechanism of Vetter and Schultzezzo, since the adsorption of O énions

would involve a”gubstantial‘interaction energy, and the models of Bold

and Breiter38’158 and Gilmanzzg, which fitted the data to a single
ElovichZZB—Temkinz24 isotherm with an interactlon parameter varying with potential
‘ : L}

because of supposed concurrent changes in the stoichiometry of the oxide.
The interactioﬁ parameter decreases with time at éopstant

potential and Yuzhanina et a1198 haf:\suggested that this indicates an
increase in the degree of charge transfer from the chemisorbed species

to the electrode "as the a&sorption bond becomes stronger'. Other in-
dications that the interaction energy arises from surface dipoles are
found in the work of Llopis and Colum225 where, an Increase in the capaci-
 tance of Pt electrodes with oxidation is related to the existence of polar
- surface groups, and also in the increased work function of Pt203’226
asaqciated with surface oxldation, a;ising from the same negative
ldipoles of the adsorbed O specieq.

The results of Bagotskii and his co--workerslas’l89

, which f£irst
demonstrated the existence of three reduction peaks during the reduction
of 0 species deposited at potentials up to about 1.3 V, were interpreted
in terms of the adsorption.ef "at least two types of adsorbele", .

" ’

{ S~



altheugh the interaction parameter was thought to arise from intrinsic

heterogeneity in the Pt aurface227’228'rather than induced heterogeneity

caused by interactions between adsorbate gpeciés,

' Other studies in this laboratory associated with the present
WOrk229’230 have recently characterlzed these three states of O specles.
Kozlowska, Conway and Sharp229 assoeiated the initial reversible state

of adsorption with the discharge‘of OH speciles at coverages too low for dipole—'
dipole'interactiong'among the adsorbates to be significant. The two foiizaing
states of electrodeposited gpecles (not resclved separately in the
-.reduction sweep), associated with increased interaction parameterSZZl

>

'were related'to the fillfng-ofisuecessive arrays of mutua&ly—repelling

'Pt—OH species concurrent with piace=exchange23l »232 in the surface to

relax the - dtpole-dipole interactiona by, forming rearranged OHPt s .
atructureslgo. The most- atrongly bound form, shown by the most cathodic
reduction peak, was aseociated with a two-dimensional Pt0 structure.

The .rapid processes which cause irie;ersibility 1ater give way to much
slower changea in the nature of tge ?t-o“apecies bond, which occur over

mich longer time periodslSS’ISGi Bowden, in fact, wrote in 1929 that

"the formation of Pt oxide from adsorbed 0 18 ..... . a comparatively

slow process compares with the rate at which 0 is being deposited"”, 182
and the recent studi&s of Stonehart, Kozlowska and Conway20 confirm
that the rate of discharge of the O species is greater than the rate of
surface rearrangemeat untll a full monolayer has been deposited. The
place-exchange mechanism ﬁill of course consume no CUrrentzzo, and
accounts for the hysteresi9233_235 observed in the potentiodynamic -

resultszo. - )
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1,4.1.5 Effects of added anions and redeposition

82

- Bowden suggésted in 1929l that 0 adéorbed on Pt would have

-

a dipole moment contributing to the interfacial potential difference.

He calculated the dipole moment aé 0.78 D, Frﬁmkin236

Petril and Kotlov®®

, and more recently
, have confirmed that Pt-0 dipoles contribute to the

potential at the electrode surface. The ionic charge in the double-layer ‘fﬂ
tﬁus.decreases with increasing po;enti81236, i.e, the negative charge on o
adsorbed O species is sufficlent to expel anlons from the double—layer;

The ionic double-layer charge does not increasé until much higher anodic

potentials are reached. Strongly bound anions increase

the potentials at which 0 species begin to discharge on Ptg?.‘ In

15

addition the adsorption of other species (e.g. c1 9) may produce

soluble products, thereby attacking the anode surface.

2- 237,238 . .. - 239 -
il *®, clo, “7, m,p0, 7,

increase theilr coverage on Pt with positive potential until

240 - 261,242

Most anions, e.g. SO cl

Br 241,243
sAhey are displaced by adsorbed 0 species. The more strongly adsorbed is

the anion (the above list is in order of increasing bond strength), the

smaller the interaction parameter is in its isotherm, i.e., the more

_"fully discharged" is its state on Ptag. The most strongly adsorbed

specles, e.g. 1 241

remaln on the Pt surface, blocking oxide formationm,
until their reversible oxidation poteqtial is reached. Many gﬁions show
increased adsorption on Pt at potentials above 1.5 V, possibly as a
re;ult of their incorporation into the surface oxide fi1m91’244.
Khazova et al.228 have shown that competition with other adsorbates can
alter the distribution of the three distinguishable O species present

on Pt electrodes.
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1.4.1.6 Effects of pH

Butler and ArmstronglAG, and later Vetter and Berndtlsj, noted.
that the ﬁotential range of oxide formation moved cathodically by 0.0

per pH unit increase. This was generally confirmed by potentiod

158,217

sweep data , although Tarasevich and Bogdanovskaya219 showe

the main oxidation peak potential mgved cathodically only to pH 7 and was
then pH-independent. In basic solutions, a new oxidation peak was

observed at potentials below 0.7 V. It moved cathodically with increasing

100,102,219

pH in the range 7-14 and was quite reversible » moving only

0.03-0.04 V per decade of sweep rate in the range 0.05-10 V s-l 219,

Potentiodynamic sweep data at higher pH's have also been recorded by other
12,100,103

authors The increased coverage by O specles at potentials be-

low 0.8 V in basic solution351’102’129’219’245 246

51

was ascribed by Gilman
and Icenhower et al™~ to the adsorp?iontlfcoz from impurities in the
" reagent~-grade KOH used to make up ﬁhe solutions. Tye broadening and
flattening of the redugtion peak with increasiﬁg pH was relaﬁedSl to a

catalytic reduction of PEO2 to PtOH occurring only In acild solutions.

The reversible initial'discharge of 0 speciles in KOH solutioms

100,102 102

occurs with anodic end-potentials of up to 0.8V ® =0.137"7),

but becomes increasingly irreversible with higher anodic end-potentials.
Holding the potential of Pt at 0.8 V in 0.1 M NaOH increases the oxide
coverage and moves 1ts reduction potential cathodic to such aﬁjextent
that the reduction of the initial reversible species is no longer
apparent247. In acid solutions, the limiting coverage of the reversible

species has been reported as o = 0.1510-2 and 0.27229.
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1.4.1.7 Effects of crystallography of the Pt surface

o ) , \ . 9
. Bagotskii and his"co—worker3248’249 studled the oxidation of |

single~crystal Pt éurfaceS'in 0.5 M HZEOA' lAlthough 0 specles began
t& adsorb on (111) surfaces at lowef-potentials than on the other low-
index planes, the rates of the oxidation and reduction processes became
identical on all the substrates when referredxto the unit atomic density in
the electrode surface. The rate of anodit 02 evalution, however, was
higher on the more closely#packed planes,even when corrected for their highef
atomic densityZAS. Bagotskil et 31.248’249 concluded that the crygtal—
1ographf, geometry, aﬁ@ defect concentration of the. electrode surface
did not éffect its oxidation, This experimental evidencé rules out
egrlier speculationsthat surface reactions on Pt occur preferentially
aE‘"active sites", and shows rathef that the distribution of adsorption
energies is go%erned not primarily by surface structural factors, but
by "the electronic properties of Pt"249.

ﬁieglerlll disputes the wvalidity of electrochemical data
obtained on single~crystals since (é) atomically smooth Pt surfaces are
known to facet in air due é; the volatility of Pt oxideszso; (b)
potentiodynamic cycling causes Pt dissolution and sﬁrface fbughening

’

as discussed below and (¢) various extremes of adsorption behaviour

produced on polycrystalline Pt by different surface treatmentslll are
not found in the ainglg-crystél data. Cert#hly the optical micrographs
assoclated with some single-crystal work251 ghow that irregular, pitted
and etched surfaces have béen used. Biegler suggested tha; until new

methods for surface preparation are devised, so-called "single-crystals'

should at best be regarded as showing different distributions of low=-
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-index planes, glthougﬁ he did céqcludglfhat.the'adsorptipn of OH';ﬁd d
species on Pt was ; structure—;eﬁsitivg pfﬁcess.

Since it h;s been established that Pt oxides formed by reaction
with gas-phase 02 are not electrochemically different from those formed

245,252

anodically » some consideration will now be given to electron-

253,254 has observed (2x2)

optical studies of O adsorption om Pt. Tucker
and (3x3) two-dimeﬁsional 0 structures on Pt using LEED,_with stable
struqturés being formed the following coverages: (111), 0.25 and
0.33, or possibly 0.5 and.0.67; (110), possibly 0.125; 65553}30.25, 0.33
and 0.5. The transformation from a (2x2) to a (3x3) surface structure
genq;ally requires surface/mobility of the adsorbate. This mobiliﬁy has
bgen confirmed by coulometrie spudiés of O adsorption from the gas phase

253’2?§‘pn the basis

.;t ToOom températurezss. Tucker explained his data
that the adsprbates would not necessarily be held in_tﬁe‘deepest parts
of the crevices between surface Pt atoms.

There is conflicting evidencé122’256 on whether 0 chemisorbs
on ft- ) ‘erystals. O has been found to chemisorb on stépped surfaces
of Pt257, although not ont plane (ill) surfaces, and Lang, Joyner and
Somorjaizs7 concluded that adsorption was favoured at step sites because
of the increased coordination of atomlc O available there. Somorjai
has recently suggested that the adsorption process can itself lead to
reconstruction of the c¢rystal éurface258 S0 a8 to move Pt atoms from

their initial sites to new positions stabllized as a result of inter—

actions with the adsorbent.
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1.4.1.8 _Aésorption in excess of monolayer coverage

~The Ehickeniﬁg of "oxide monolayers" on Pt is thought to occur

"“'by the migration of fons in the surface layer under the inf}uenée of a

179,218

high electric field It has become clear from a number of recent

- studies ﬁsing a wide variety of.techniquga that the oxide formed on Pt

at above 1.5-1.6 V (i.e. in excess of a monolayér of "Pt0")259 is

es;entially different from that formed at lower potentialslsa'lss’ZAA'_

260-271 272-275

.l A further new type of oxide appears at above 2.1-2,2 V
. - ¥ .

(cf. data on the oxldation of Pd276 where reduction from 3 V shows two

distinct peaks). O in oxides formed at 2.0 V exchanges very slowly, if

277,278

at all, with the solution » but oxides formed at 1.8 V can be

partially removed during washin3278. ESCA analyses of Pt electrode

279

surfaces anodized at various potentials y showed a predominance of

N

cbemisorbe& 0 at 0.7 V. At l.Z,V: spectral pesks similar to those of

PtO appeared, and at 2.2 V both PtO and Pt0, were identified, in

2
addition to the chemisorbed 0. Evidence for the stabilit; of Pt oxides

in higﬁ-vacuum eledtron~optical equipment is found in recent Auger’

spectroscopy which showed that Pt ancdized for 16h at about 80 mA cm-z

retained a stable PtO surface oxlde under high vacﬁumzso.

Strong anodizing of Pt cauges the evolution of molecular'o2

at the electrode surface. This reaction depends much more on the oxide

coverage than the potentialzzo, and will not commence until the .surface

281 18

is covered by a monolayer of O species « 0 tracer Btudies282 have

shown that the O adsorbed on Pt at above 1.2 V (i.e. éhatrin excess of

monolayer coverage) is directly involved in the anodic evolution of 0,5

whereas the in&E}al material adsorbed at 0.8 to 1.2 V 1is not. ~

b
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Bleijlevens have reported that#%hg limiting coverage i1s decreased by

-oxides y ldentified by X-ray diffraction291 as well as by ESCA™' 7,

The 0 species on Pt have beenlieﬁorted to reach limiting

-

coverages measﬁreq as 2.66 electrons per atom283 (e/a) (this value. was

284

later revised to 2,05 é/a) and 2.68 e/azss‘on smooth Pt, and 2,08

4

e/a”" ", 2.56 e/é269 and 2,20 e/a75 on platinized Pt., Visscher and

”

very high concentrations of HZSOQ,.pfobably because the PtQ layer is

74,286

then covered by.a stronglxhbound layer’ of stOA'molecules De-

creasing limiting coverages at'lower.temperatures may also arise from

anion adsorption. The formation of multllayers of oxide can be enhanced

287 but does not normally accur

below 295 K, even with long anodizations at 0.2 A curz 288. Some authors,
. . &
however, have found no limiting oxide coverage217, and this may relate to

L)
by mechanical roughening of the electrode

the contingous dissolution of 0 in Pt suggested by Hoare's bielectrode

experimentszsg.

Although the Pt0 layer itself reaches a iimiting thickness,
™
269

as shown rather conclusively by Tyurin and Volodin , who anodized

specimens for over 5 weeks, higher potentials will producé Pt (IV)
290 | 279

These arise at 2 V and above, coexisting with the Pt(II) oxid33292’293,

and give a maximum thickness (measured by ellipsometry275) at 2.3 V.
Pretreatment and memory effects have been investigated by Visscher
Bleijlevenszgo. At potentials above 1.8 V the electrode Pseudocapaci-

tance change5294 and anions become strongly adsorbed. At the highest

current densities.in H2504 solutions the process .goes over to sulphate

oxidationzgs, which impedesqfurther oxide formationz?o, and makes the
state of the electrode ve pendent on the composition of the
295

solution .



.t

" 1.4.1.9 Pt dissolution and precipitation éuring cyclic
adsorption—-desorption
The oxidation of Pt surfaces causes a slighf dissolution of !
pp 157,296

~4§

oxidized and reduced, The dissolution of Pt at constant potential was -

» Which 1s considerably increased 1f the electrode is cyplically

noted 70 years 330297. It occurs even with'polarizing currents as low

as 1-2x107’ A cm-z at 1.4 to 1.55 V298. The amount of Pt dissolved has

been measured by rad;Lometric299 and colorimetric300 analysis, and is
consistent with the small excess 6f anodic over cathodic charge in

potential cycling experiments to oxide~forming potentia}sBoo. It was

" known s&s early as 1839 that a.c. currents caused attack of the surface

of Ptﬁelectrodes301_303. %ﬁe excess charge required to oxidize a Pt

surface, over that to reduce it was ascribed in many early experiments to

the proéﬁction of & soluble O~containing speciesl76 304, often specifi-

g
cally to 1-12021l7 157'(as produced in the reduction of 02305). In most

cases, however, the real cause of ‘the charge excess was the oxldation of

impurities from the solutionzas, as the equality of q, and q, in pure

solutions is well established12’158’160. Ring—disé experiménts have

306,307

- established that no H 02 is produced : , and Johnson, Napp and

Bruc}censteing'o7 have identified Pt(II) as a product ¢f the reduction

(probably arising frém reduction of Pt 277\\‘

This dissolution increases the area of the electrodeslsﬁﬁios’3o?

"y
as well as-their."activity"182’310h(i.e. thelr ability to pass high

currents in surface reactions). The increase in fJactivity" was as-

" 12,65,149

cribed by some authors to a rearrangement of "the.surface layers

of the electrode, and by others to the removal.of sufface impurities

246,311-313

.
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Shibata? 0»314

308

and Biegler™ = have concluded that the surface attack on

'_f(' Pt is not due to the alternate digsolution and deposition of Pt metal

but to the formation and reduction of surface oxides which weakens the

surface bonding and rearranges‘or recrystallizes the surface structurezss.

-Biegler250 and Chao et 31.315 have demonstrated by electron micrographs
that microroughéning occurs when the anodic end-potential is sufficient
to form more than the equivalent of one monolayer of PtO. At lower

. . !

anédic'end-potentials the cycling can in fact smoothen the electrode.

Shibét:al84 has used reflection electron diffraction to show that the
reduction of multilayer Pt oxides.causes ﬁiatinizatién of the electrode
surfacg, but with finer crystals ﬁhan those found in conventional
p}atinizing procedures. Finallfrthe elegant experimenfs of Untereker
:and Bruckenstein135 with a ring-disc electrode have confirmed that the

roughening arises by a dissolution—redepositioﬁ mechanism (mainly in-

volving Pt(II) species) cdugsed by the potentiodynamic cycling.

1.4.2 VAdsorption of 0 specles on Au

1.4,2.1 Introduction: nature of the oxide layer

Most early studies of the anodic béh{fiqu; of Au were under-
taken to answer the general question whether passivity arose from the

formation of a2 crystalline barrier of reaction product or simply from

och

the adsorption of a complete layer of polar species whose field prevented

the access of further reactants. Au was a sultable metal for such

studles, since the onset of passlvation was obvious (particularly in

. ™ . .
HCl), and yet strong QEEEffftion produced visible surface films.

BN

-
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The passivating film was analyzed by a number of workers, and

316'317, (an extremely insolub1e317, n-type lonic
318

conductor );AAu20§ cOntaining anlittié Au20319 (ﬁuzo is unstable with

2 3 ) Au2032%, oné%zz or perhaps tw0323 moiecules\

322,

reported ‘as: Au(OH)3

respect to Au + Au,0

thick in acid solutions but probably only one molecule thick in alkali

323, Auy0,.3H, 03%4:325, 4, 204326, produced from Au,0 and awot79:3%7,

7. which then breaks down to Au203 and 02

"adsorption" school of thought postulated that passivation arose from
328 o

318

'Au(OH) leading to Au The

- the fleld oﬁla sub-monolayer of adsorbed 0 atoms

Over the years it has become accepted that Au203 is the

rpassivating film: results such as the negative temperature coefficient

of its formation329 (the pre-passive species has a positive temperature

coefficient), the fact that oxidized Au electrodes come to the equili-

325,330,331 332,333

brium Au-Au 03 potential (L.362 v ), and radiotracer

studies showing that the oxide is nc;t‘hydrated_334 in acid solu;ions may

be cited. The‘mechénism.whereby the Au203his formed is far less well

"

understood.

1.4.2.2 Reversible adsorption of O species

Sirohi and Genshaw3§5 showed by ellipscmetry that only adsorbed

et

species and not structured oxldes were present on Au at potentials below
1,33 Vin 0.5 M H2504 (below 0.2 V to S.C.E.- in an NaOH solution of un-"

specified concentration). The first Faradaically-discharged deﬁosits

appear at about 1.27 Vlaa,'althougp the doﬁble—layer capacitance begins

. { .
to increase at about 0.8 V331. Potentiodynamic studies show that the
first deposits are formed reversibly at low coverages at sweep rates of

up to 10 V s-l 336. Thelr optical parameters are reversible with respect‘

-
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7. The initially-deposited species has been

148,339,340

to.coverage_up to & -\0.4433
330,338

F

or atoﬁic 0

reported as OH in’ acid solutions, and as

55
of340

5

ag higher ﬁH;

1.4.2.3 Irreversible adsorption states: characteristics

and kinetics

The initial oxidation of Au becomes irreversible even at low

v

cov;;ages.if the adsorbed O species are left on the surface befofe the
surgace is reduced. As é result, the reduction peak potential in a
potentiodynamic sweep 18 often several hundreds of millivolts more
catﬁodic than the deposition potential. This hyéteresié ﬁaé been known
for many years and was originally interpreted as a strengéhening of the
adsorption bond ﬁith time. Brumﬁer341 found that the "oxide"‘was much
more difficult to reduce when the potential was held anodic before the
reduction, particularly at lower anodic potentials, and that the extra
oxlde formed during holding increased with the holding potential. Whén
more O species had been deposited at constant potential, the profile of

the reduction sweep became taller and narrower, and its peak moved to a

more 'cathodic potential.

[

The hysteresis in the oxidation of Au does not simply reflect

an increase in the "bond strength" to the adsorbate, but rather a funda-
meatal change in the state of the adsorbed layer. This 1s shown by thé
fact-that anodes reduced from low oxidation potentials in fast potentio-—
dynamic sweeps show a serlies of oxide-reduction regetions occuriing at
different potentials.

.The earliest reports of ﬁultiple_stagea in reduction of O

327,329

specles on Au probably relate only to the reduction of impurities

A
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in addition to currents from phe‘main'reduction peak characterized by - :
Brummersﬁl.\ More reééqtly Gfuneéérgl4a used poténtiodynamic“sweeps
over a restricted potential fange, and found-that' the oxidg was reduced
in two distinct peaks. The reduction profile was later resolved into
three distinct‘peaks by Goldstein, Zalkind and VEBeIOVBkii342, when
stripping oxldes formed at up ?o 1.?5-1.45 V in HClOé solutions potentio-
dynamically at 100 V‘s-l after <100 ms.anodic holding. The reversibly
adsorbed 0 species was reduced at 1,2-1,25 V in amounts which first
increased with anodic holding and then decreased as ‘adsorbates were
simuléapeously reduced from other bonding states., The second peak.to
appear was that of the "most strongly bound"* O‘speciés, reduced at 0.8~
0.85 V. The "most;strongly bound" form was produced from the "most
weakly bound" form, since at the maximum rate of formation of the "most
weakly bound" form (when its rate of formation was equél to its rate of
disappearance)thi§r§a%}1was the same as the rate of production of the
"most strongly bound" farm. The coverage by the most strongly bouﬁd
form increased rapidly with time to a maximum of about 0.1 monolayer,
"which was almost: inde;endent Af the adsorption pofential. With adsorption
times 1ongér than 10 ms, the main redudfion'peak appeared at 0,9-1.0 v,
and quickly grew to dominate the reduction profile. With adsorption

"!-. - :
times >100 m ; at 1,45 V only the main reduction peak appeared and the

forms with weaker and stronger'bonds-could not be distinguiéhed.

*"Weaker and stronger bonding" of O species and "time dependence of the
bond strength" are frequently referred to in the literature. It seems
preferable, however, to describe these effects in terms of increased
or reduced stability of two-dimensional phases as the extent of place-
exchange varies with time and potential.
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Ferro, Calandra and Arvia336 later cobtained similar results

in H2504-solutions but: in addition resolved the reduction of the "most -

strongly bound" form (produced from the initial, reversibly-adsorbed

species) Into two peaks in 1 M HClOa,- These two peaks were still
M :
observed when the main reduction peak dominated the current-potential

profile.

Multiple states are resolved in the adsorption of O species on
Au138’337 as well as in their desorption when fast potentiodynamic sweeps
are used, but the corresponding arrests have not been observed in ancodic

charging curve5330’343.

The similarities in both the potentiodynamic
sﬁeep@profiles and the optical.properties_of Au and Pt anodes led
Conway ‘et al.337 to propose that the mechaniém causing iyreversibility
in Au ogidation was a physical surface rearrangement following the initial
electrochemical oxidgﬁion step, It was suggested that place-exchange and
lateral rearrangement occurred progressively during thg formation of
surface oxide. A slow “unrearraggément" step, perhaps y%f&dé,limiting
rate, would then be rfduired before the O species could be reduced at
‘vthe electrode surffsy. Optical data collected in this study337 ghowed that
although the oxidation.charge was reversible with respecflto'film'thickness,
the electrical properties of the film were not, confirming the existence
of time-dependent rearrangement processes.

fﬁq.oxidation rate of Au 1s experimentally logqrithmic with

335,341,344
me

ti » with no discontinuity corresponding to monolayer

coverage., It has been described in terms of Elovich223 kinetics. The.
-

equilibrium film thickness increases linearly with poteht131344'

-

#1
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1.4.2.4 Oxidation mechanisms proposed

Gruneber31443 who was the first to observe twin desorption
peaks, concluded that‘after oxidation to low coverages only, the surface -
species would be Au(OH), reduced in the more cathodic peak in the

o«

cathodic sweep. Higher adsorbate coverages were thought to be in a

13

higher oxidation state and to be reduced in a two—sfgge mechanism, viz.

Au(OH) 5 + 9HT + 2e -+ AuOH + 21,0

or AuO(OH) % 2H' + 2e + AuOH + 2H,0

 followed by Au(OH) + B + e + Au + H0.

Goldstein et al.-342 suggested that the“bond st:I'E'.ngthen:i.nglr

showed a further oxidation of the adsorbate, 1i.e.

/ . .
Au + H20 -+ Au( )ads H + e . (fast)

reversibly adsorbed speciés
+
Au(OH)ads > Au(O)ads +H + e (?1ow)

"most strongiy bound" species

They concluded that other forms of adsorbed 0 and surface oxides
might be present at higher potentials. Laitinen and Chao330 had pre-
viouély suggested a similar mechanism scheme but with different kinetié;'

and an explicit third stage:

Au + H20 + Au{OH) + H+ + e
Au(OH) -+ Au0O + H+ + e - (fast)
"chemlgorbed"

AuO + H,0 + AwO(OH) + H + e ' .
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The AuO(0H) speciés proposed has the same Kuzoé.Héd formula suggested

for the end product ﬁy other authors326’343. The fact that the multiple

‘oxidation states of Au all merge*into the state giving the main feduction

peak even after short anodic holding times {(which prevented many workers
330,337

detecting the multiplicity of states )} suggests that the change in

v

state of the first (Au(OH)) sﬁecies is rapid, as proposed by Laitinen

and Chéo330 .

Some authors have proposed O%_ specles as adsorbed intermediates

345 343

in the oxidation and reduction of Au surfaces. (See footnote on

34

page 28). According to Schultze and Vetter 3 the rate-determining

step in Au oxidation is the incerporation of 02_ into the Au, 0, lattice

273
{a "rearrangement" process). The main cathodic reduction peak is then
attributed to reduction at the edges of patchesszs’gzq of Au203345.

The early suggesi}}n that the excess of Au oxidation charge over its

reduction chargeds due to H,0, formation has been ruled out by

272
Gruneberglaa, who studied the effects of added H202 on the potentio-

dynamic sweep profile. In pure solutions, the anodic and cathodic

144,337

charges are equal » except for very small dissolution currents

which will be discussed later.

'1.4,2.5 Effects of added anions

Although the adsorption of caticns on Au can be neglected346’347

since the p.z.c. ig at about 0.3 V348, speclfically adsorbed anions can

have a major influence on the é}ectrodeposition of 0 specles. The

specific adsorption of anions decreases in the order I > Br > QOH >

c1 > soz' > ClOZ >F 347. Thus for example O species begin to dis-
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]

\ .
charge on Au about 0.1 V more anodically in H,SOA-Bolutions than in

Y

L=
)

HC1O0 éolutionsséz, probably because of the difficulty of displacing
the strongly adsorbed soi' from the Au.aufface; The same effect is |
342 '

observed when Na,S0, is added to HC10, solutions™ . This strong -

specific adsorption of SO4 prevents the resolution of the multiple

states of O species desorption337’342

which may be seen-in HC104'

solutions. 7

Hamelin and-Bellier349 have studied the specific adsorption
of €1~ on Au single-crystal faces in the zome [1f0];using a slow
potentiodynamic sweep modulated by a supe:imposed a.c. signal to measure
the diﬁferential capacity of the electrode in unbuffered-KiSO4 solutions., ~
The current-potential and capacity-potential curves were not affected by ///
the restructuring of the crystal surfacessso arising from the sweeps, /
and the Cl~ adsorption was apparently sensitive to tﬁe crystallinity of
the substrate. However,'other'WArkeré3Sl using polycrystalline Au
electrodes have not observed the fine structure of Clﬁ adsorption states
reported, and have a;cribed capacitanée maxima in tﬁe game potential

region to the adsorption of O specles.

.

1.4.2.6 Effects of pH

J The potentials of Au oxlidation move cathodically by 0.059 V.
\m-é

unit in beth SOim solutions of comnstant fonic concentfation157,

and in HClO4 solutionsBsO’Ssz.
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1.4.2.7  Effects of crystailography of the Au surface.

~

Early suggestions that adsorption on specific surface aite314§

would lead to the formation of an oxide continuoue with the crystal

338

lattice of the Au™"", have recently been investigated on single—crystal

Au substratesg. Sotto353 showed that all three oxide reduction states

. could be resolved on each of the principal single-cryetal Ehcés, although

in neutral solutions the resolation was improved at lower temperatures.
She concluded that the three states represented Au(I), Au(II) and Au(III)
oxides, ‘ could ﬁndergo traneforﬁations from state to state rather
easily. Dickertmann, Schultze acd Vetter354, on the other hand, found

.

only one potentiodynamic peak on the anodic side and one on the cathodic

side at (100) and (111) electrodes, and concluded that Sotto's erystals

were cut. Since the difference according to crystallogr P y‘i% Dickert-
mann’s work was only in oxidation and not reduction, the authors concluded
that the oxide was not formed ecitaxially and that its. thickness was -
independent of the substrate lattice. The difference in oxidation rate
of the different planes was therefore ascribed to elther a difference in
"electrosorptidn valence" (see Discussion in Section 1.5.1.3)-or. the
éifference in potential distribution at the crystal surfaces on account
of thelr differént p.z.c.355. Dickertmann et 51.354 concluded thac a
polycrystdlline Au electrode would complete a monolayer of oxide on its
(100) faces before the (111) faces vwere oxidized. Their results could
alternatively be explained by the (111) crystal being dirty. The'crystal

surfaces were prepared by electropolishing in eyanide solutions, and an

Hg/HgSO4_reference electrode was apparently connected directly to the
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small. volume of solution on the workiﬁg élecﬁ ade surface by a capillary.
Thus,the selective adsorption of CN™. or Hg could also have affected the

resul;é. Experience gained in the present wo Buggestswthis may have

been the case..

1.4.2.8 Adsorption in excess of monoiayer coverage

Early workers suggested that 02 evolution began as soon as a

monolayer of univalent ions had been discharged on the surface148’150’322.

This charge is passed at a potential of 1.45 Vlin 1M HClO4343 and "

H2304356. The mechanism of Au oxidation changes as the coverage exceeds

that corresponding to a monolayer353. Ellipsometric357 and reflectivity358
data have shown that the surface films formed in excess of a monolayer

344,357

differ from those formed in the potential range 1.2-1.4 V The

"thicker” Au oxides are thought to have a definite phase structure335
i.e. the adsorbed species and tRe surface Au atoms have rearranged .

148

themselves to form an interpenetrating crystal lattice. This re-

arrangehent may be facilitated by wgeﬁfzzij;f Au-Au bonds resulting
1

from the formdatlon of adsorption bonds .

1.4.2.9 Au dissolution and redeposition during cyclic
adsorption-degorption

359,360 .

Anodic dissolution of Au hés been known since 1806
early WOkaGl showed thatlAu could be plated from an Au anode to a Pt
cathode in H2804 solutions. Lehner362 confirmed thishwork, and found
that the process was rapid in concentrated acld or alkali and at high

temperatures. . - e

The current-potential profile on Au is changed in the oxidation

\\a__,,:> | - o
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region when the ancdic end-potential is raised to 2.0V, " although the
original profile is recovered after several hours at lower potential354~

The recryatallization of the electrode surfgce suggested by such

résultsss4 has been studied by Chao,‘Costa and Tadjeddine35q. Sétting

the current—reversal potentials to 0.4 and 1.9 Vin 0.5 M H,80,, they

observed progressive surface facetting and grain-boundary attack, and

concluded that the periodic oxidation weakened the bonding forces locating .

the surface atoms, so'that they could diffuse to "lower energy.sites.

Electron microscopic studies by Laitinen and Ch30330 showed that these

surface chanées do not occur at potentials below 1.65 V: '

Rand and Woods300 have.analyzedfsolutiona from potentiodynamic
studies by atomic’absorption spectroscopy and found that Au digsolves at
a rate of 3.6 uc cm-2 per porentiodynamic cycle oetween 0.6 and 1.54-v,
This dissolution has recently been characterized by Cadle and Brucken-
steinss.3 using the ring—disc method They showed that Au dissolves in
0.2 M H2804 at potentials above 1.35'v during both oxidation and re-
\ﬁuction sweeps. The amount of cathodically deposited Au was diffusion-
controlled, and a function of the amount of Au oxlde reduced. At
poﬁentials below 1.45 V (one monolayer), the predominapt soluble Au
species was Au(III), but beyond 1.45 V a significant amount of Au(I) was

also produced. The ratio of soluble Au produced to surface oxide formed,

decreased with increasingly anodic end-potentials. So also did the dis-

solution rate under potentiostatic conditions, particularly above 1.7 V363,

which corresponds closely to the potential at which the second monolayer

of oxlide is completed357
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364

- Moslavac, 1 efek and Radeka ~ have recently madeaan

analysis of the kinetics of Au oxidation based on a model with simul-

taneous formation and diesolution,of oxide.

1.5 Adsorption of Cu

1.5.1 Adsorption of Cu on Pt

i .
WhiTe studying the nature of bonding, Oberbeck noted neatrly-90

years ago that the surface properties of Cu deposits on Pt were indepen-

\
. L o
dent of their thickness providing they wen:\more than sbout 7 A thick

see also‘365
N

4,

+ Thinner layers, however, were found to be more st%bngly
boundi ' The importahce of this transition in the nature of the electro-.
deposition bond has been vety largely‘neglected iﬁ"subsequent,work, |
Despite the consequent lack of understanding of the nature of .the surface’
-bond on metals; much ueeful data on metal deposition syetems has
accumulated in. the intervening years, particularly as a reeult ‘of the

development of stripping voltammetry366'37l for trace element analysis,

and the use of galvanostatic and potentiodynamic methods (see Section 1.1).°
) : / .

1.5.1.1 Resolution of component processes | .
Early galvanostatic work by Bowles, in which thesﬁmountfof Cu

on the electrode_snrface could be independently measured by fadiotraoere,
showed the existence of two predominant surface_bonding energiea in U?b}

s

The lack of control of the electrode potential caused some problems

?

.ariaing.from the production of cu’ lons, a matter which will be discussed

separately in Section 1,5.1.8.

¢

Tindall and Bruckenatein372 subsequently used ring-disc electrodes
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+

and the potentiodynamic sweep technique to.improve the resolution of

‘o

" the comp; ent processes. OCu deposition occurred in three stages, which

the potential was held at less than 0.18 V (in 10 M,Cu504—0.2 M H,50

@ - - - .

appeared in the reverse order in electrodissolution. If the potential

was held ‘constant at values corresponding to one of the first two pro-—

cesses (0.3 to 0.6 V), the current decayed rapidly ‘to a residual value

(presumably corresponding to’ the d1ffusion-controlled,reduction of

1

impurities). The authors concluded that these depogition processes:. .

corresponded only to the formation of Cu-Pt bonds. In cpntrast, when

-3

-

25040

the currents increased to a limiting value, and visible deposits of Cu
L

appeared on-the cathode. As thicker and thicker Cu layers were removed
potj

eontinued to increase. Cathodic processes occurring below/b i8 v, and
/"“\

}
the mest cathodic peak on the anodic sweep, were ascribed to the forma—

tion and breaking of bulk Cu-C The other two anodic peaks

corresponded to the oxidative dissgfution of adsoroed Cu to Cu2+.ions,
breaking Cu-Pt bonds. ‘ ‘ !

A careful examination of the potentiodynamic current-potential
profiles given by Tindall and Bruckenstein372 and by Yoshida and co-
worker5373’374 shows, that the more anodic of the peaks assoclated nith
Cu-Pt bonds is resolved into two components, although this feature was
not discussed by either group of authors. A gimilar current-potential
profile was also obtalned by Vassos and Mark3 in studies of the t

electrodeposition of Cu on pyrolytic graphite. (cf. the much poorer .

resglution of comiponent processes on glassy carbon electroﬁes376).

*

iodynamically, only the most cathodic peak on the snod}cusweeg_‘_/,////‘\\‘



- 1.5, 1. ? Causes of multiple states of adsorption

The cause of the multiple peaks in the potentiodynamic electro-

dissolution of Cu monolayers has been discussed only in general and

speculative terms . Tindall and Bruckenstein 2 excluded the possibility .
of their corresponding to a series of Cu—Pt intermetallics because of Ji _
the similar spectrum of bonding states reported for Cu ‘on pyrolytic |

graphite375 where intermetallics ttannot exist.

4
Several other groups of workers have simply speculated that

the multiple‘bonding energles arise from Cu depdsition at sites of -
n372,377,378

-

375

"varying activity , e.g. lattice defects, ' ‘erevasses' etc. .

AIhe concept of "active sites" has however been fully investigated by

“Bagotskii and his co—workerszz‘s’249 and ruled out as a possible cause T

of multiple bonding energies. in favour of factors :related to "the

electrical properties of Pt" (see fuller discussion in Sectiom 1.4.1.7)..

. 3

Breiter379, whose use of unpurified A.R. grade Cu salts was
' [

' ‘ ' N\
the probable cause of his only resolving two states in the desorption of
a monolayer of Cu, noted that these two peaks were spread over a similar

potential range to that for the desorption of a monolayer of H from Pt. o,

*

'He therefore concluded that the ' was bonded at sites where the bonding —

wasg either Y"weak" or strong as ip his model for the bonding of H on

Pt380. This explanation was later‘taken up by other workefs in

Japan373’374.. However, since the ratio of "wes "aand "strong" bonding

sites fqr Cu electrodeposited on. Pt was different to that for H on Pt, -

Breiter suggested that the honded specles would have .a specific effect

on the surface Bonding states in the sense of an indyged effect37%.

Bowles, on the other hand, suggested that different bonding energies

v

A
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would exist on the different crystal faces exposed by a Pt electrode '

_an explanation ‘previously suggeated by Will on the basis of an- inter—
pretation of potentiodynamic studies of the deposition of.H on Pt
singlé—crystéls.

. L~]
1.5.1.3 +The state of the electrodeposited Cu
In' view of the present controversy as’to whether electro-
- : . 382-385
deposited metal species may be only partially discharged™ ~ , the

rélévant data for the Cu eon Pt‘system will now be reviewed in some

detail. -

arguments that Cu would be discharged to the elemental state. An early
exception to this hgs.the suggestion by Degeiso and Rogerssss, on the °~
basis of crystal lattice mismatch, that the initial deposits from
halide solutions would be in the-fofm of halide salts. Howéver, ring-
" disc studiéé £§ Nekrasov and Berezina>’' showed eipérimentally that
although Cu+ ions could be detected as an intermediate species in the

‘ . -
reduction of Cu2+, the deposit was in the form of Cu metal, in a

“slightiy activated state", 9 )

In 1970 Schultze publishéﬂ a paper386 which' introduced a new.
type of iﬁtgrpretation;Pf eledtrodeposition data. Using rather poorly
resolved,galvan;static data, he drew straight lines through plots of
the chérge passed at various potentials against log[Cu2+]; and derived
the values of the potential by which certain charges had passed as a

function of_log[Cu2+]. Drawing straight lines through these graphs

at constant cHarge (i.e..constant coverage), and overlooking the
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systematic variation of ‘the slopes with coverage, Schyltze Qoncluded
that on the average the Cu surface specles would be 73Z% digcharged at
coverages between 8 = 0;3 and 1, 6 He then made a mathematicel treat- .

- —Tment of the kinetics and thermodynamics of Cu deposition based on the

Temkin-type isotherm:

N Y

- ‘
.+ B8 = RT In a, 2+ - zYFE + constant

. C ...
where B = 11.3 kcal mole . ’

6 = surface coverage by Cu species

z-= 2 electrons per atom 4

Y ='the'frac£ion of the’ charge of an ion which is discharged

as it adsorbs on the electrode surface, i.e. 0.73,

-

- Schultze's conclusion that the desorption step is {tself rate-
determining is at variance with the accepted mechanism of the deposition ;y

of Cu metal on Cu (see Section 1.4.1,.8) where the rateﬁdeteimining step .

in dissolution is not the formation of Cu' ions but the oxidation of °

Cu+ to Cu2+ ions. r
Ny .

L

-

Plots comparable to Schultze's, showing the poteni als of the
two main Cu desorption peaks (monolayer remoﬁai) and the sm¥ ¥ more

cathodic peak (partial second layer) as a function of log[Cu2+], were

' subsequently published by Yoshida et 31.373’374. Apart from the data

A . . .
corresponding to the removal of the lasf:ialf~monolayer (wvhere the Cu

peaks overlap cqneiderabl& and are di¥fichit to regolve), it may be
seen from Yoshida's data that the copfponent peaks remain at constaﬁt

overpotential to the reversible Cu/Cu2+ redox reaction with changing

[Cu+]. Schultze's plots,however, showed these everpotentials varying

-
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‘with both 1og[Cu2+] and_covgrggeBBP Yoskda et al. recorded their doubt
that the Temkin isotherm proposed by Schultzé could apply to coverages

in excess of a monolayer.

In any case, direct %fggtimentél'data is now ;vailable to
ghbw.that the Cu deposit is fully dischadged. Bowles reporﬁed this by
comparing the depositionHCharge with the ountlof radiocactive Cu
depositedaal, Cadle and Bruckepstgin387 correcting the earlier work of
Napp and ﬁruckenstein388, by ring—disc-charge—baiance studies. 1Imn
addition, Vassos and MarkBJS showed that Cu deposition on graphite in-
volving a charge corresponding toltie complete discharge of a moholayer ,j

-

of Cuz+ ilons, formed a uniform layer of Cu metal.
/

The reduction in the UPD of H onm Pt corresponds teo exactly half

the charge involved in Cu deposition o%er a wide Tange of covérage5373’374

3§9’390. This result cannot be explained in terms of a partially-
_ discharged layér of Cu ions, since it is known that the saturation charge
for H bonded to Pt corresponds closely to one electron passed per Pt

surface atom30_32. ) {:\\

\ Having”establishéd that the elécE;;deposited Cu is in a fully
’ discharged';tate,iit follows immediately that the charge measured in the
. tﬁo'most anodic UPD peaké corresponds closely to the coﬁpletiog of a
monolayer of deposited Cu372_374’3812389’390:

The misleading results obtained by Schultze appear to have
arisen for two reasons. Firstly he chos; an experimental method (slow
charging curves) which was insufficiently sensitive to resolve the

component processes, and secondly he neglected to evaluate the effects

ofétha dissolution of Cu as Cu+ ions by side reactions.
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Horanyisgl has very recentiy shown that the electrodqueition :
of Cu on Pt éurfaces increasés the Adsorptionaof HSOZ ions., Hg expiained
this result in terms of the cﬁ-adso;ption of specifically adsorbed HSOZ‘
ions and partially discharged Cu2+ ions, but ﬁbted that the preferential
adsorption of HSOZ on Cu metal'rather'than Pt metal would provide an -

.

' alternative explanation.

-,
~.

1.5,1.4 Kinetics and reversibility

L]
A

Byrnes and Rogeré392 suggested that Cu deposits on Pt at
under%otential because of the contribution of the excess heﬁt of adsorp-
tion of Cu on Pt (compared to Cu on Cu)} to the activation energy of thé
diﬁsparge reéctioq. However; ;ithough the rate-determining step in the
discharge reaction is known to be the reduction of Cu2+ to Cd+'(see: .
Section 1.5.1.8), there is no such agreement over the rate—defermining..
step in the UPD of Cu on. Pt, Rotéting ring—d}sc studies have shown that
the deposition rate 1s "almost entirely éiffusion—controlled" when the ‘
Pt potential is stepped to‘0.0 V in solutions containing 2 x 10"5 M

Cu2+ 387 and 2 x 10_6 M Cuz+ 390. Breiter389 varied the stirring rate

in i0_3 M Cu2+ solutions and foupd gﬁat the increase in depositioi‘:ate
caﬁsed by sfiriing was less than tould be accounted for by the consequent
thinning of the diffusion layer. He concluded th;t both mass—transport
and a slow discharge step were involved in the rate control. Schultze,
as we have already discussed (Séction 1.5.1.3),concluded from adsorption
isotherms derived from charging curves that the rate was controlled by

-an adsorption reaction leading to a partially~discharged surface speciles.

Noting that the charge required to remove the "stfongly bound"
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Cu was indeﬁendent of the galvanostatic current used to remove it in
the range 20 mA to 24, Breiter389 concluded that the dissolution of Cu
in Pt (alloying) is negligible when the Cu is déﬁosited from 1073 ﬂ

CuSO4 - 0, 5 M. sto4 solutions by holding the potential at 0.3 V for up

372, 393 v also fa:{_led to find any

to 2400 s. Tindall and Bruckenstein
evidence for solid solution or alloy formation between Cu and Pt,
although they noted that the electrodeposition of Cu on Pt from HClO4

solutions was highly irreversible393.‘

1.5.1.5 The transition from UPD to bulk Cu deposition

Some fine electron microprobe analysis by Vgssos and Mark375

ﬁyowed that when the equivalent of one monolayer of Cu had begn deposited.
on a graphite surface,.the,Cu was uwniformly diétributed across the sur-
face. Deposits thick enough to show the bulk‘Cu dissolution.peak when
anodically desorbed were associated with the appearance of local
aggreggtes of Cu up to severél Hm thick. These érow;hs were far apart
and lay on top of a Cu film one or two-monolayers thick, when the total
Cu deposit woulq have been sufficient to fbrm a film 5-6 layers thick
had it been unifgém. Since the Cu did not accumulate iﬁ'ﬁufface imr
perfections such as scratches, this work gives additional proof that
large bonding energy differences do not exist between surface sites.

-

The mechanism of bulk growth via local thickening was also

deduced by Breiter379 ag an explanation of the small peak in. the anodic

potentiodynamic swéep occurring after the- removal of the bulk Cu layers
but before the oxidation of the remaining monolayer of Cu373’374’379.

First the local overgrowths would be oxidativély dissolved, then the
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remaining few‘local paﬁcﬁes of Cu with properties intermediate between
" the buiﬁ and the monolayer, and theﬁlfinally the monﬁlayer qf the most
strongly bound Cu. B:.'eiterB79 éuggested that an 31t§rnative mechanism,
of "weak adsorption of Cu atoms in a second iayer on top of the monqlayer",
would be exﬁgcted to make the height of the "seeond layexr" peak more
concentrat#pn-dependent than was observed. .

Direct experimental evidence of the transition from monolayer
tolbulk deposition is also a&ailable from the recent In situ RHEED‘studies

394

of Horng and Vook™ ', Using very smooth Ag(11l) substrates, they found

that at room temperature Cu formed very . uniform deposité. up to thicknesses
of about two monolayers, beyond which discontinuous and loeal Cu ovéQ:
growths were formed (cf. Oberbeck's';qéﬁlt in 1887 that films thicker

than 6.9-7.3 R béhéved as bulk Cua). The lattice parameters of Cu over-

o]
growths of less than 6 A thick were larger than that of bulk Cu, -pro-

bably because t were strained by the larger lattice of the Pt substrate.

1.5.1.6 Effeéts of added cations

The influence of foreign ions in the electrolyte has received
1ittle attention, despite its fundameﬂfal importance with regard to
electroplating technology. The effects of various added cations during
galvanostatic electroplating were studled by Mikhailongs. His observa-
tion that the plating potentials at first fell relative to a Cu metal
reference electrode for about a minute and then rose to an equilibrium
value several minutes later, is direct evidence of the transition from

bonding influenced by the substrate (UPD) to bulk electrodeposition,

although the author did not apparently understand it as such. The
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-added cafi;ns affeéted.Fhis equilibrium plating potentiél by tens of
miilivolts, although the effects decreased with incfeasing temperature

so that at 348 X Cu deposited from all tﬁe solution§ at about 0.07 V.~ ~
It waﬁ assumed:that thé eieqtrodeposition eqefgy would include that

spent on desorbing competing cations to make way for Cu, and this de-
éorption enefgy was found to ingfease with the charge/radius ratio of
metal cations in the series K+ to Bé++. The mechanism was thought to
involve either thé displacément of specifiéally adsorbed foreign cations
or an interaction of the hydration shells of these cations with

"polarized Cu atoms" (see Section 1.5.1.3).

1.5.1.7 Effects of aniqgf and pH

Degelso and Roger3368 ugsed stripping voltammetry to study the

equilibrium underpotential coverage of Cu on Pt cathodes ag a function of

-

the anions present and the pH., The underpotential for Cu depdsition was

reduced by anion's in the order C1~ > Br > soi' > ClOZ, although the
s .
anion effects were found to be much smaller than those of pH. Increasing

the pH in HC10, solutions reduced the underpotential for Cu deposition,

4
and also increased the production of Cu+, described by the authors as a

- "sorption loss".

1.7/1.8 Production of Cu+ during cyclic adsorption—-desorption
‘ .
- Cu+ ions prodhced during the electrodeposition of Cu will not

all be reoxidized during the next anodic sweep, as some will héyé diffused
away from the electrode in the meéﬁ?tge. In this case,the anodic charge

will be less than the corresponding cathodic charge in cyclic voltammetry




measurements. ' Experimental evidence of the production of soluble species

was. first recofded in‘1903 when LeBlanc and Schick396 found that the

application of a slowlyaalternating potential to two Cu electrodes in a
solution of a Cu.salt caused both. electrodes to lose weight céntinuously.

Since the production of soluble specles can complicate the

understanding of the bonding processes between Cu and Pt,a brief review
of the processes involved will now be given.
. The electrodeposition of Cu from Cu2+ solutions is one of the

most widely studied metal discharge reactions. Early data on the

equilibria involved sre summarized by Pourbaix397. More recently, studies

398 399-401 402

have been made by Hillson , Bertoccl s

"

, Bockris and co4workers

403,404
]

Eichkorn, Fischer and co-workers and Albaya and Lorenzaosn The

minimum ratio of the exchange current densities for the Cu2+/Cu and

Cd+/Cu couples is alwéjs less than 0.001, so the species normally in

equilibrium with_tﬁe surface will‘Be Cﬁ+ 399’405.' If the electrode

surface has an umusually low dislocation density, the surface diffusion

of adsorbed species may take over as the rate-determining stepaoo.

The Cu+ + e & Cu reaction has an increasing influence on the rate at

400,401

high Cu concentrations The deposition characteristiecs depend

on the surfice crystal}bgraphy of single-crystal Cu subst;gtesaoa, and

crystallizatidp overpo entials have been measuredaOB.

L -

than the amount of metal dgﬁpaited.was interpreted in early cyclic

e,g.396

voltammetry experiments as "sorption losses" (irreversible

377

alloying) or "varying current efficiencies". Nekrasov and Berezina

using a ring-disc electrode system, detected small amounts of an

» . ‘. Ay
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electrons transferred in electrodeposition .ig not one but two. Such

- 6° -

oxidizable species (Cu+) dufing the electrodeposition ‘of Cu on amal-

‘gamated Au, which were too large to be simply the products of soletion

. equilibria between Cu2+,_Cd+'and'Cu. This confirmed the two—sﬁage

reduction model for Cu deposition found in"the work of Stackelberg and

Freyholdaos. Nekrasov and Berezina found that the reduction of Cu was -

!

reversible, as repo}ted by Mattson and Bockr13399 but that the Cu metal

was deposited in a slightly activated state, because of crystallization

overpetentials?77

The controversy about whether Faraday s laws wer
obeyed" was not finally resolved until quantitative data’ on the pxo-
duction of Cu 1lons was published by Tindall and Bruckenstein in 196837
393. The potential range\in which\Cu was produced by reduction was .
gbout 0.25 to 0.1 V372’377. ‘Tindall and Br;ckenstein concluded that the
amount of Cu+ formed in reduction was neither controlled solely by the

thermodynamics of the Cuzt/ Cu// Cu equilibr1337z nor solely by the

slowness of reducing Cu’ . The amount oﬁ\gu depended in a complex

fashion on the electrode history, the potential and the thickness of Cu
elecprodeposited. Cu+ was not detected as a stable ietermediate in
electroréﬁuction unless more than 500 ﬁchcm_z of Cu had been deposited
(about one monolayer) and appreciable amounts of cut were not foendu
until twice this much had been depogited. The conclusione of earlier
work by Johnson, Napp and Bruckenatein407, in which i€ was suggested
that Cu® specles were adsorbed during the reduction of Cu2+ in HC1
solutioﬁs, were later revised by Cadle and Bruckenetéin387. The latter

authors used a ring-disc electrode system to show that the number of

N, . - -
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Cd+_ions as - are producéd - are notJdeposited and Cu is only bénded to

. the Pt in a fully diacharged state.
SRS ‘

BowlesBal.made elegant demonstration of the formation of cu’

by using.radioqracgr‘measurgmenﬁs of:the amowunt of Cu deposited to calculate
- charge—potential curve, on the assumption that two electrons were.

aiways bassed'in.electrodeposition, and then subtracting these charges
.frsm those derivgd.from his experimental psgudocaﬁacitance‘data.' The
resulting peak was related to the one-electron proceéé. Indeed it had

a half-width of aﬁout 0.094 V, close to the theoretical value of 0.091
V16’23 for a reveraible,‘ong—eléctroh process (Fig. 2). |

Cu+ ions may also be produced in the chemical-stripping of

Cu from Pt electrodes by an open-circuit reaction with Cu2+ ion8408,409-

The equilibration of this process was found to take about 30 min in a
solution of 4 x 10_4 M CuSO, + 0.2 M H,50,, although ;he.rate‘of cu’

formation depended on the thickness of the Cu metal deposit unless the

1atter was more tham about 100 atoms thickaos.

s ey

~
1.5.2 Adsorption ofKGuxon Au
~

/ ™~y
T

1.5.2.1 'The extent of UPD

Cu deposits from concentrated solutioné (Lor 2 M CuSOk - 0.5 M

410,411

H2504) in a single broad UPD peak The subsequent electrodeposition

is'according to a Tafel relationship similar to that obtained on a Cu
410 2

metal electrode in the same solution ~ . In dilute solutions of Cu,

however, the potential range of UFD is apparently gensitive to the

potentiodynamic sweep rate. Takamura, Sato and Takamura412 found a

broad constant-current plateau at potentials cathodic to the initial

§

z

Fl
. .
. 7
.



deposition peak when using a sweep fate'of 0.114 V's_l in 3'11:-10-3 M

Cu(C104)2.— 1M HClO4 solutions. At a sweep rate of only 2 mV s },

Fa

Schmidt, Beutler and Lo:"enz413 found bulk Cu deposition initiated at
more anodic potentials in both HClOAKand Na SO4 solutions. A second
broad current peak was observed, more cathodic than the first, and the
-tqtal UPD charge was abéﬁt 450 ucC qmﬁz, i.e. approximately one mono-
layer. It may be that the Nernst potential wés depressed in the work
of Takamura et al.l? because of a partial diffusion~control ofythe
reéction rate at the sweep rate and Cu concentration investiéatl

Schmidt et al 413 used a four-electrode cell in which Cu precipitated

dl

from the small volume of solution was.immediately made up by a generator
electrode system., Bulk deposition of Cu was,however, almost eliminated

when the Cu concentration was reduced from 3.6 x 10"6 Mto 2.7 x 10"6

1.5.2.2 Regolution of component'procesées
Less resolution of component processes has been'prbviouély\
[

achleved in-the adsorption of Cu on Au than in any other system involved
in the présént'studiesl The  two. adsorption peaks found by Schmidt, Beutier
and Lgrenzﬁ13 in slow potentiodynam%S/;;;EpséggtigyfCu2+ concentration
show. no substructure in HCth solutions, although their préfiles are
not typlcal of single-process isotherms’, with or without interaction

forces. 1Imn Na Soa,however, there is some evldencethat both the pre-

dominant deposition peaks may be the sum .of two components.
. p -
In the experiments of Takamura et 31.412, the anodic current-

potential prbfile showed a tall and narrow peak apparently superimposed

on the more reversible low-coverage deposition process. The corresponding

€2
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measﬁretﬁents of surface reflectivity were ciefin:i.‘tely irreversible with
respect to potential although their reversibility with respegtlto
‘.c'har‘ge (coverage) was not ‘discussed, Some substructure u}s evi:dent im,
the reflectivity-potential plbts but this may simply sh;w the \non-
1ine;rity ‘of | cﬁarg:e with p;fehti;-l..

It should be notéd that no previous workers studying the
adsorption of Cu on Au have described any puyrification techniques-used
to ensure the absence of impurities added with the Cu salts:

1.5.2.3 \State.of the ;lepos'it | x iy
Schmidt, Beutler and Lc.:':cenzz'l3 used the foqr—e_i[,le-act_rodg chamber
‘cell developed by Schmidt and Gygax414 to compare the amount of Cu .
deposited out of the solution with the charge passed at the Au electrode.
Thié showed that the adsorbed Cu was in a fully-discharged state since

. . - . .
an average of 2.05 * 0.1 electrons were supplied to deposit each Cu & .

" atom. Takamira et 31.412 also concluded that the Cu deposit was fully
' b
discharged from a qualitative assessment of their specular reflectivity-

data.
A

Raducanu and Loreﬁ2410 concluded from ,the sweep-rate

1.5.2.4 Reaction mechanisms proposed

" dependence of the Cu deposition rate that the discharge occurred in .

two consecutive onme-electron stages, as in the model proposed by :

Bockris and co—workers399-401, i.e.
Cu2+ + e Cu+ 1 ,_'\(slow)
- .Cu+ + a & Cu " (£ast) -

'a . ) j s
Lorenz, Moumtzis and Schmidt have suggested that UPD occurs



X ) the Au offer a wide range of bonding energie3412. They qudteﬂ‘studies
-of H deposition on Pt by Will and Knorrlz‘and Breiterioﬁ;as evidence .
for the same feature. ) oo, ’
Lo .In later work415 416 Lorenz -and his co~workers describe the
= UPD peak observed at high'Cu2+ concentrations ag_ 4 "sorption peak of
N ions" y and relate their findings to the partial discharge mechanism
. of Schultze discussed dn Section {0% 1.3, This is quite unwarranted hRﬁ.
- v
in view of.the quantigsfi%e proof by Schmidt and G:,'g.r.a:w.“"4 that the Cu //(ﬁ\\\y
‘ on the Au surface is %n a fully discharged state. o o " ‘
%\\\ ) Lorenz Moumtzis and Schmithll,made a potentiodynamit‘study \

*%i

«

of Cu ehectrodeposition on Au in a potential range involving considerable

.

bulk Cu deposition. They ‘found that-the anodic charge always exceeded
. - &

the cathodic charge be e o ofradditional'c&rrents arising‘from.the

oxidation of Cu+ produ 2 by chemical stripping of bulk Cu depositsm8

&

" at potentials cathodic to the Cu/Cu+ redox equilibrium (see Section

¥

1.5. l 8? The difference between the anodic and cathodic charge was

greater at, slow sweep rates, eince bulk Cu then remained.on the electrode
+ %

a
‘longer, allowing mpre Cu ions to be: produced in -the chemical stripping

reaction. The c rge passed in the UPD peak at low coverage was in
)

excegs of that required to deposit‘a/monolayer oﬁ\Cu from Cug+, parti-

cularly during the agodic sweep, and this discfepancy was related to
Q\\\ P .

L ‘.\"-.

the formation of'Cu+ as a‘Ttable intesmediate iﬂ7fhe reductidn process.
- . B R I o
. S S '- ; ,
1.5.2.5 _ Kineties and reversibility*‘ . . 7
3 vers | '
.wz+  The kinetics. and revetsibility of Cu deposition on Au have

apparently never been studied sys}ematically: .The‘synnetry of ‘the

- ' » ° : . . ’ :
. . . - o )
o _ , . a
' ‘ - e : ] _ g o
\) : - ' oL e .
r - .
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anodic and cathodic potentiodynamic cddrent-voltage profiles at sweep
rates below about 1 ve L All_suggeats that. the processes involved are

*ﬁoderateiy reversible provided that thick deposits of bulk Cu are not
, . _ -, '

laid down. o -

The most recent publication of Lorenz et al.Als.contains the

L)
-

» .
puzzling statement that.'a mathematical treatment of the experimental

~ results obtailned by cyclic,voltammetry}undef sqmi—infinite‘diffusion

. i

) ) d
17 (relatively high Cu2+ concentration in the electrolyte .

y !

conditioﬁs4

and low scanning rates) showed that the diffusion of 9u+ iods from the

electrode surface into the bulk of the solution can be considered.as

the rate-determining step'. ‘ _ ‘ o,

.’f A . o . ) )
' 1.5,2,6 Effects of competing adsorbates

S
oY

Raducanu and Loreﬁéelo studied the effects of»Fddiﬁg sufface—
acéive molecules (B-naphthoquinoline and dibenzyl sulphoxide) to the
electrolyte. The amount of.Cﬂ depogited at“underpotential'was re&ucgd
by these additions and the degpsition'bécame more irreversible. This

was, explained in terms of a simple surface-blocking mechanism where the

o

. &
presence of the surfactant prevented access of Cu to the adsorption

-
.

sités.,fjﬂ’f’\\ : . .

i ' ' - .o
J

Y

i
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1.6 ".Adsorption of Pb
1.6.1 Adsorpticn of ,Pb on Au .

ST TR ‘ . :
éb 1.6.1.1 The extent of underpotential deposition

Pring reported in 191325 that the rates of electrochemical

L]

surface reactions on thin' Pb electrédeposits‘differed from those on \

! - v ' .
thick deposits and Pb metal electrodes. The existence of such effects
- . ’ ' ' - *

(1




R _
in the electrodeposition of Pb itself was shown when CocheAIB”found

that measurable amounts of Pb could be—deposited on Au. at potentials

anodic\fo the Nernst pofential of Pb. i@ﬁ‘

The first systematic study of the initial electrod osition -

of Pb was made by Milis and-Willisé 19 in 1953, Making slow charging

-curves in alkaline Pb(Ac) solutions, they found that 500 uC cm -2 of
P was deposited, inptwo distinct waves, beforne the reversible deposition

potential was reached. 1In view of the roughening of their electrodes

.caused by a preparative etch they concluded that\tﬁié‘;;F-bulk deposit

was rather less than a coﬂﬁlete-monolayer. After the formation of the

S

initial underpotential deposit, the potential rose briefiy as bulk
deposition commenced and then fell Dback to a constant value as vigibly .

thick Pb deposits were laid dowm., This evidence of a crystallization

-
overvoltage prompted the authors' to suggest that the UPD would form a
L4 "\

-deposit of uniform thickness, But that at the Nernst potential, deposition

v

would only ocecur at discrete Pb crystallites,

Schmidt, Moser and Riesen42 investigated the adsorption of
Pb on Au by means of slow potentiodynamic sweeps. The amount of UPD in
10_3 M Pb2+ solutions was thought to represent a coverage of more tha R
one monolayer. _ : ¥

- 421 , ' - 414
Schmidt and Gygax used a new type of four-electrode cell

Y

- . f '
in later investigations. A generator electrodz)made of the metal to be

deposited was potentiostatted so as to continuqusly replenish the
solution to a preset concentration as the depos:}n I eded. The
current in this generator circuit gave a contindous n:jajjé\afrthexgis_
cipitation rate, which could be compsred with the discharge rate.

=y

expressed by the curgent at the working electrode. The charge in the

™~

! : g \

B
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Nippe and Yeagerass, 400 uG cmfzg Sehmidt'and Withrich » 374 1C cmm2

- §7 - . T < ‘

[

underpotential deposit varied from 0.42 to 0.465 nC tm’z according to
the pH of the solution and the other ions present. |

In summary, éetimatee of the charge involved in the p@D of

.~ Pb on Au are as follows, in order ef‘publicatiOn: Mills and'WillisAlg,

421,'420—465 uc cm—2; Takamura, kakamura,

422

500 puC cmﬂz; Schmidt and Gygax

.
3
/

423 424

» 300 pc cmhz; and Takamura and Sakamoto

450 uC Em-z. \yalues obtained with single—crystal substrate5423 were

lower, 225-250 uC cm 2, peé;eps because the surfaces were smoother.

i S

Adzic, Yeager and Cahan

-
r

-

1.6.1.2 Resolution of.EGmpoﬁent processes

The current-potential profiles of Schmidt and Gygax421 showed

two UPD peaks. The more cathodic of these had a much narrower half-

width than thé other. More recently,several groups of workerslhave

resolved the UPD into four or five distinet peak5412’422-424¢ One of

£Y

these peaks, at about 0.05 V, corresponds to a eharge—passage of about ‘

-2 423 423 422

80 uC cm yet has ‘a hal¥-width of only 0.01 or 0.02 V' °°, 1t

will be referred t0423 as the “sPike" peak.
Schmidt and wﬁthrich4 suggested that the thermodynamics of |

Pb deposftion corresponded to Langmuir— or Freundlich—type isotherms.

423

Adzié&, Yeager and Cahan however, noted that the "first deposition

.

peak' was too wide to correspond to a Langmuir isotherm; and the "gpike"

peak too narrow. It has since been shown424'that the "first deposition

423 is the sum of two component~peaks.

peak" considered by Adzic et al.
. Vi cente and Bruckensteinazs.observed‘that plots of the

amount of Pb deposited .as a function of time at constant potential

-
,

N\

~



consisted of two linear sections separatéd:by a dis ontinuity occhrfing
2.0 412 605
after the passage of about 247 uC cm “, Ellipgsom and" registivity

studies show lecontinuities in the electrical properties of the Pb film

2412

at similar coverages (230.uc cm and w200 uc cm“26qs, respectivély).

1.6.1.3 The state ofhthe deposit
Schmidt and Wﬁthrich422 used thelr four-electrode cell to com-

pare the charge Eonsumed in ﬁeﬁosition at the workingrﬂlectrode with
that produced by Pb_dlséolution at the éenerat&f electrode. They con-
cluded‘that the electrodeposited Pb could retain no‘more than 5% of its
;harge in the ioﬁic state, Vi cente and.Bruckenstein425 cénfirmgd the
metallic nature of the underpotential deposit uQing,a ring—disc.electrode
system. By compari&g the ring and disc_curﬁents in-a desorption sweep
they showed that 1f sz were adsorbed on the electrode, it could cover
no more than 3% of the surface.

] - P
" Despite the experimental evidence that the Pb deposits are

in a fully discharged condition, Adzic, Yeager and Cahan423 intefpreted

B 1//\
the deposition at potentials ano%ic to the "spike" in terms of specific |

- adsorptlion of partially dischargedPb 2+ ions, and the spike itself as

an abrupt surface phase—transition 1eading to,the formation of a

metallic layer.

¢ -
4 -

1.6.1.4 Reaction mechan¥ms proposed «
Because of the evidence for the metallic nature of Pb electro-

deposita, the chemical reaction is not in question However, asszjth H,

the cause of the multiple adsorption states of Pb has mot beea e ablished
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. o o ~  Schmfdt and dthrich422 fitted the data to various isotherms.

Unfé;tunately they worked from charge-potential plots rather than their ]
well~resol§ed current-potential data. Isotherms were congffucted»onl f
the erroneous assumption that only two consecutive deposition waveéf

occurred, and are therefore of no consequence.
iy

! The potentiodyna“g\c data of Vi cente -and B::uckenst:.c.'in‘f*25 also \

o

resolved the UPD into only two component processes., The guthors suggested
that the low-coverage peak (occurring at potentials anodic to the "spike")
represented the coﬁbletion of a close-~packed square lattice monolayer of

Pb having the same area as the electrode, since the experimental

~

charge involved (247 uC cmrz) was close to the theoretical wvalue for

-

such a model (260 uC cmiéb.' This would iwmply an absence of localized

bonding fo§cgs, since the adsorbed Pb atoms would be in very many
differenf geometrical relatiqnshipé wi&h substréte atoms. ﬁ&; would

’_ also imply that bulk Pb is not formed (i.e., the qgrnst potential is
nbt rea&hed) until the average deposit thiékﬁess reaches 1,5 atomg, a ~
similar value to that found for Cu on‘Pti} Takamura, Watanabe and
Takamura426 have extended this theory by}sqggesting that every peak on
theLgurrent—potential profile indicates Jthe existence of a different

type of adsorbed phase. The factors accounting for the differences

.
ey

were not discussed.
'

423

AdZic, Yeager and Cahan ~~, on the éther.hénd, suggested that

the different peaks arise from the different crystallographic faces
exposed hy'the electrode, Potential-cycling of single-crystal Au
\

hd

electrodes was thought to cause the development of other low-index

planes on the surface, and an evaporated polycrys?plline surface was

thought to characterize the equilibrium diatribufion\pf’crYStal faces

. . |
. in the surﬁ%‘ o .



-no information about the n%ture of the .Fb-Au bond
C

5 ‘_ ol "

The specular reflectance of an Au electrode changes con-

58

siderab}y'as small quantities of Pb are deposited on g, although the
cident I§§Et3 "

sign of tﬁg‘change‘defénds on the wavelength of the
The -xeflectance chahge 1s 1inéar with the deposition charg3412 except

for a discontinuity at the "spike"-peak423, which led Takamura, Sato

. and T.=.1k:aml.rr:e.xl"l'2 to suggest that the "spike" pehk'porreéponded to the

adsorption and.desorptioﬁ of a different type of adsorbed Pb from that

deposited at higher poteﬁtials, Unfortunately reflectance data.éive

412,423 although it

i{s possible to conclude that the electronic properties of the Pb

change abruptly at the ‘potential of the "spike". Preliminary ESCA

~ studies of the Pb monolayer423 gshowed that its pro%erties were different

-

from those of bulk Pb (ef. Pring's observation in 191325), but similar

tp.tsése of bulk Pb having an oxidized sufface. 1

1.6.1.5 Kinetics and reversibility
The similarity between the anodlc and cathodic current-

potential profilsghin Pb deposition makes it quite clear that the

e Y
adsorption and‘sgﬁorption reactions are rapidaza. Lorenz, Hermann,

416

Wiithrich and Hilbert fitted the adsorption data to a kinetic model

-where surface diffusion to various types of adsorption sites was rate-

controlling, and charge-transfer only occurred at steps on the electrode
surface. Using curve-fitting methods, they found that the exchénge—

-2
current' density of the adsorption process was several A cm ~, i.e.,
P

. \, about four orders of magnitude higher than for Cu on Au.

»



increasing with the number of C atoms in primary amines

P —— e e T cie e s

1.6.1.6 Effects of crystallograpﬁy_qf_thefAu surface-

AdZ1E, Yeager and Cah;piz?“+4 studied the UPD of Pb on
single-crystal Au aebstrates. 'Theloccurrence and potentials of varieps
current peaks were dependent on the surface crystallography and,on the
(110) and (111) surfaces, the potentioﬂynamic profile was dominated by
[} single,peak. The authors suggested that an'anodic pretreatment pro-
cess ‘might have exposed other surface cryatallographies by micro-
roug?ening the electrodes (see also Section 1.4,2,9) and in- -addition,
the. current—potential profiles published showed overall residual currents,
difiering from crystal to erystal,which east some doubt‘%n the reliability

of the work.

\ ,
1.6.1.7 Effects of competing adsorbates j

.

The UPD of Pb is shifted to moPs cathodic pptentials by anions

in the order Br > C1~ » CHBCOO- > No; 420.

HClO4 solutions also displaced the Pb deposition reaction to more-

cathodic.potentials4 5. In Cl- and CH,C00~ solutions, the PbCl+ 425

3
and (CH3C00)be2-x 422 species will first undergo decomplexation Before

The addition of NaCl to

deposition occurs. The addition of aliphatic amines to the solutiou

'

once again moved the deposition potentials catﬁ/dically, the effect
fzﬁ\\\This

specific adsorption of amines redistributed the Pb amongst the spectrum
of bonding states, although the total UPD charge was hérdly altered
The solution pH does not affect the UPD charge42 s but the

pH~dependence of the individu?l-peak potentials cannot be gaﬁgeétfrom

—) -

the data available,
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1.6.1.8 Surface rearrangement processes (alloy formation)

The unusual rever;ibility of the adsorption of Pt on Au shows

_ that irreversible surface rearrangement processés, such as thoge- found

in the adsorption of O species on Pt and Au, do not normally occur. e /_”/j

The existence of much slower rearrangement processes has,however,been

established by the detection of surface alloy formation.

Conrad reported in 1903:427 that the rest potentials of noble

metal electrodes covered by thin layers of Pb became gradually more
anodic with time' of immersion in an electrolyte. He explained this

effect in terms éf a slow reaction forming surface alloygi Schmidt
and GygaxAzl observed new an;ﬂic desorpﬁ%on peaks in potentiodynamic
stuaies when gulkﬁ%b deposit; wére left on Au, They sug;equently

correlated the appearance of these Lew peaks :ith the detection of

f.
the intermetallic compounds AuPb and AuPb3 by X~ray diffrac_}zion428 ¢ 605

=
Schmidt and Wuthrich{'2 later’ showed that alloy formation
. " - ‘_\

did not occur as long as the coverage of Pb was kept below a monolayer.

Afte; holdin thé potential of an Au electrode jﬁst anodic £o the

Hernst poterttial for 199, only the dissolution peaks corresponding to

the monolayer\were sé' ed in an anodic sweep. The Pb deposition

current decayed.rapi&l to zéro if the potential sweep was atopped

‘ abové the Nernst potential. Thus it was establish &-that the UPD ié
.reversible ééd that alloying does not occur without the presence of ‘\‘

-

Pb phase nucleii.
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Ly . . CHAPTER 2 ' A «

THE NATURE OF CHEMISORPTION ON METALS

v
-

2.1 Distinction befweep chemisorption and physical adsorption

Chemisorption occurs when a species interacts sufficiently

strongly with a substrate to cause its electronic orbitals to overlap

+

thpsé of the surface and form a chemical bond. In physical adsorption

the iﬁteraction is so wegk that the electronic structure of neither
phase 18 appreclably altered. -‘Although theoretical models of phys{éal

adsBrption treat the -adsorbate and adsorbent as thermodynamically
| ' &
separate phases, experimental results suggest that adsorption always

causes some electronic perturbation. T =
The attractive forces in physical adsorption can arise from
interactions between dipoles, or between dipoles and induced dipoles,

or from quantum-mechanical London dispersion forces produced by the

response of polarizable electrons to the instantaneous dipoles created

the-distinct bonding energies occurring in chemisorption|systems over

limited ranges of coverage.are not observed.

In the simplegt model of physical adsorptibn, the adsorﬁate
particles are assumed to be mobile on the surface'iﬁ tﬁé“sub-monolayer
range of coverage. In this so-called Heﬁry's law behaviour,, the log of the
coverage 1s proportional to the chemical potential of thetadsorba;e at

the surface, measured either as an electrode potential or as the

ral
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S :

logarithm of a gas pressure. At high coverages, Henry's law is no -
longer obeyed, since the mobility of the adsorbates is restricted by

their finite size and mutual interaction. Transitions from mobile to

1ocalized adsorption may also be induced by lowering the temperature of

a system which obeys Henry's law430. The arrangement and mobility of

adsorbates on surfaces has been studied by LEED (e: .431 432) but the

changés in mbbility do not correspond well to theoretical expectation5433.

- 74 - L . : T

34 435

\The genera%physical adsorption isotherm of HiJ.l and de Boer
treats the adsorbate as & two—dimensionzl Van der Waals gas film, mobile
on a substrate, but in equilibrium with a bulk gas phase, This isotherm

has been refined and widely applied by Pierotti and Thomas 436, 437

Two possible causes of the experimental variation in heat of
adsorption with doveﬁhge have been postulated: (a) intrinsically Wetero-
geneous adsorption sites on the adsorbent surface, and (b) induce

heterogeneity arising from lateral interactions betweQQLadsorbed species.

Models involving physical adsorption on heterogeneocus siirfaces have.
— .

recently been reviewed by Samsézg. Sinanoglu ‘and Pitzer438 found that

the Lennard-Jones (6:12) potential function describing the interaction
. . ,
of two particles in free space439 required an additional repulsive

potential term proportiomal to -1:_3 to describe the interaction of two \\\/
- : > ' .
particles adsorbed on the same substrate. The resulting isotherm agr;,ed

well with experimental heat of adsorption dataaao. Pierotti436 and

Mﬁller441 have congidered the perturbationrof the surface arising from
the presence of the . adsorbate. Although this makes their treatments

strictiy outside the area of physical adsorption, the consideration of

dispersion force interactions and a polarization potential due to

*

J

L
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" interaction with the surface el ic fiéld *, ,and- the perturbation

of the double-layéé at the bare metal snn:f."ace“’2 by'édﬁorbgtes4iik.'
have given useful results. The‘chang in substrate work function caused
by adsorption, evaluated by FEM, was found to decrease with.increééing

work function and/or with increasing packing density of the metal

surface 1a;tice441. : W '

In contrast to'physical adsorption, the formdtion of real

bonds in chemisorption proceséea produces new chemical compounds at
lthe surface. It shouly be noted that chemisorption bonds are much more
difficult to characgﬁ;ize than mdlecular bonds because (1) the atate of’
surface atoms is'ﬁ/l really understq&d (ii) it seems that in chemi—
sopption’ the ad orbate is often bonded to more than one atom in the
_a@sorbent surfage; (i1i) this multiplicity of bonding and thg inter-
- actions between adsorb;te particles cdﬁralter.the energetics of the

surface with respect to the bonding of further adsorbate particles.
} . 1 ‘ \ .
Theories of the nature of the chemisorption bond will now be

reviewed in roughly the same order im which they were proposed. Section
2.2.deals with theories based on the formation of diatomic molecules

through palrwise bonding between a single adsorbate species and

éingle adsorbent éﬁqm.' Covalent, ionic and metallic bonding will]be

considered in treatments which .are essentially classical, i.e, do no?v

é%low for interactions bééwéen the adaorbent atom i;volvea in the bonding
¢ —_—

and other atoms in the qdao;beqt. Section 2.3 coﬁéiders treatmenqs in

which a. full quantum-mechanical description of the chemisorption bond

h-4

T

T ’ )
has been aEtempted. The consequences of crystal-field spliffiing on the
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later in thia thesis that electrochemical techniques,allow aWhore

+ 2.2 Chehisorption treated as bonding to an isolated substrate atom

. location of bonding sites will eljg:be\discuseed; It will he argued

~ . - -

-y

.convenient sub-division of chemisorption into Faradaic electrodeposition

_J‘n -’

or specific adsorption, according to whether the adsorption involves a

net cherge'transfer, or is merely a redistribution of.charge at~ﬁhifh/d”

interface. ' - - . !

’ }
AN

Early theories of surface bonding postulated that the adsorbate
LS

would react with a single atom " dn a surface. The bond would

p

. ~ o
be analogous to that in a diatomic molecule, and was assumed not to

affect the properties of any other atoms in the substrate, In extréme -
L 3 .

cases, such a bond could be completely tovalént or completéely ionic.

2.2.1 Covalent bonding }/
S

Pauling estimated the covalent bond energies of heteronuclear

. . .

diatomic molecules in 1932443 by averaging the bond energies of the -
+

corresponding homonuclear molecules and adding a term to allow for

polarity in the bond arising from the difference in electro egatiyityI

of the component atoms. Eiey used the same approaag to estimate the
.o Fl '

energles of covalent adsorption bond5444. Agsuming that surface bonds

in a metal substrate (M) would not be broken during, e.g. H' adsorption,

Eley, estimated the covalent M-H adsorption bond strength as the difference

_ between the HrH anﬂ'H—H‘bond (1n Hz) energles, plus the electronegativity .

difference term. ' The M-M bond_energy may be taken as 1/6 of the heat
/\-ﬂ-”' 4

of sublimation, but Eley's estimates of tge electronegativities (from

S \\\—f) , : é?
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. po tential data

-

. zZero-coverage dip‘ole m%nts calculated'—f‘rom‘_}tignolet's surface:

425- 446

by Malon'e's.relationship ) lead to estimates of

M-H bond energies which differed widely and randomly from experimental
dat3447. Better estimates of the adsorption energies of H on transi-

tion metals were obtained by. St:evenson44 by estimating the electro-
\“- T,

negativity of the-adsorbate as the average of its lonization potential

and electron affinity, and that of the metal as an‘empirical fraction

a ~ ,

of its work function. Stevenson's estimates of the bond energies of

H on noble metale were poor, and those for the adaorption of other

.

gases were unsatisfactory. More recent calculations based on Eley ]

equation have met with no morersuccessMy.

'_‘.t‘..‘,'

P -

Dowden has proposed a bond—orbital model of chemisorption

based on the wvalence-bond theory449

’

‘chemisorption, using. d-orbitals onty, lies between physical‘adso.rption
. 1 -

» where an intermediate state of

and full chemisorption using dsp hybrid bonds. r\'I‘he transfer of an
adsorbate from this Iptermediate state to the fial state would .require
little activation ener on a transition metal, but’ more Oﬁ\&&is *

transition metal sub trate.- - ‘ \
‘1' ’ . i N
’ Theories of"covaledﬁ— chemieo tion have usually bgen tes,ted

by their applicabi/ity to the adsorption of gases and organic molecules

on metal substratéds. ngever, even gystems chosen to avoid&omplic,a—

ting factorg_; frequently exhibit a multiplicity of chemisorption bo‘nd

oo

)
t,.g

energies at diffefent coverages, which cannot be explained by eimple models

A
involving ‘a cbvalent bond to a single surface fatom. For example, flaah o

450,451 =

'desorption studies ] }@ tHat €O chemigorbs on W n states having

-~

two diffe? bond energieaz and that the moﬁ:e/etx,:_gngly bound qtde can

' " oL /} -
“ o o =

AT

( ~

' 4

7
3
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be resslvsd into tﬁrss sub-states, The explanation suggested450 451

" is that the multiple states of fhe strongly bound species relate to
adsorption on diffsrent crystal planes of the substrate (intrinsic
heterogenelty effect), and that the weakly bound. .gpecies is CO adsorbed
on single ‘sites which have become 1solated after a random 2-site ad-
sorption isto strongly bound states. The adsorption of larger organic

e.g. 447,452

molecules studied in research on catalysis can likewise only

be understood in séemi-empirical terms.

2,2.2 Isnic bonding
A particle‘isnicslly bonded to an electrode carries:s charge
which attracts it to tﬁe metal because the electrode surface carries a
net charge of opposite sign. Since the charge on a non-metal cannot be
conveniently varied, classical treatments iniolving ionic bonds in
surface diatoms have not been widely applied‘to such systems} Sophisti-
cated analyses of adsorption on non-metals have, however, been developed
447,453,454

in terms of band structure and surface states : ','but these are-

outgside the scope of the present work.

A simple clag;ical estimate of the strength of an ionic chemi- -
sorption bond is given'by. the; difference of the ionization potential of
the adsorbate (I) and ths;ﬁork function of the metal (¢), plus the

attractive (image) snerky'between the ion and the metal surface, i.e,

-

(Y

-AU = [-I +¢ +-‘-j;]

*

where q is the charge on the ion and r its equilibrium distance from %

the surface. For the éhemisorption of a negstive ion
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e K
B - ¢+ A+

" where A is the electroﬁ.affinity of the adsorbate. The last teim in
both equations is the classical image potential, and r is usually taken

as the radius of the ion. \

Since numerical estimates of heats of adsorption based on
this type of theory are in poor agreement with experimental data for

the‘adsofption of 0, N and H on metals which are neither of the alkali
447 '

nor alkaline-earth serles , 1t is probable that local ionic bonds are

-

not formed in these chemisorption systems. Much better agreement his

been found with the experiﬁental heats of adsorption of alkalil metals

55 .
on WA » and successful wave-mechanical treatments of these systems in

. . \\
terms of ionic bonding, where interaction effects between substrate

atoms are included, will be discussed later in Section 2,3,3. Poor

agreemeﬁt with experimental data usually casts doubt on' the applicability

of the simple classical ionic bonding mode1456. The chief sources of

error probably arise because the model takes no account of: (a) electromnic
interactions between substrate atoms, (b) mon-integer charge on the

adsorbate (see discussion in Section 1.5.1.3), (c) the effects of

457

adsorption on the substrate work function ~', and (d) the extent to

which the image potential formula is valid at distances comparable with

the -lattice spacing of the substrate. .
The fraction of ionic character (fi) in an adsorption bond

1
may also be calculated from Higuchi, Ree and Eyring's quantum-mechanical

model of chemisorption as the formation of diatomic surface molecu139457'&58



fi is defined by

! ]

U= fi e r.

wheré M-1s the dipole‘moment of the ﬁon&, e the electronic cha:ge, and
£, is calculated from {

1. (Aﬁ-aui)'

£ (_AM'U:Y
where hﬁ is the chemisorption bond energy, and AUifand AUc are the
energies of purely ionic and covalent_bonds respectively, He#fs of
adsorption calculated from semi-empirical estimates of AUi and AUc
‘agreed satisfgctofily with experimental data for the adsorption of Na, .
‘'K, Cs, Sr and Ba on W, and for H, 0, N, and CO on a range of metals.
The adsorp;ion of alkali metals on W was found to be entirely ionic.
This was confirmed by Levine and Gyftopoulosasg.whc reviewed data for
the adsorpfion of a wide vardety of metals on W, and by Schmidt and
. Gomeraso; who studied the adsorption of K on the (110) surface of W
single-crygtals. HoweGEr, a cbntrqversy has arisen about whethér the
ionic bonds involved are localized in the substrate, or delocalized
(metallic but polar). Utsugi and Gomer461 have suggested that the
broadening of the s level in Cs arising from adsorption wiil make part
of the s "band" lie below the W Fermi level, so that ‘the two metals will.
shafe co;ductién ele;trons. Other authors consider that the formation
of non-metallic surface compounds in adsorption "demetallizes" the_sur-
face.atoms involved; 80 that surface atoms will no.longer exhibit identical

collective prOpﬁfties. The quantitative perturbation of the propertie9462



“of the substrate metal is calculable by quantum—mechanical methoda,

and will be disuussed in Section 2.3.3.

The Higuchi .Ree and Eyring mod 1457 458 Buggested that Ba—w

. gnd~Sr-W bonds ‘age’ mostly ionip with some covalent characterl(fi = 0,97
for Ba and 0.67 fo;.Sr). _Adsoxption bonds in tye gas;metal systems .
(e;g. Pt—H).'are covalent with only a small amount of ionic character
(fi = 0,02 to 0.09), This is consiétent with'the electrochemical be-
ﬁayiour of H on Pt already discﬁssed in Seétion 1.3.1, and the surface

.potential measurements‘qﬁ Collins and Blott463 for H on W.

The extent to which the chemisorption bond between O and
transition metal surfaces is ionic is not clear. The change in surface
potential which occurs in O chemisorption has been taken to show that

the 0 is in an atomic stateéGé, although this interpretation is not

unequivocalass. In any case, the interpretation of surface potential
data is called into question by the possibility of place-exchange in

the surface even at low coverages by O species (see Sectiom 1.4).

2.2.3 Metallic bonding (classical treatment)

A simple c?gapical theory of the adsorption of a metal on a
substrate of another melal was recently put forward by Gerischer, Kolb

and Przasnyski466 467. On the basis that the work function of the

adsorbate (¢A) may be taken as a measure of the A-A bond strength, and
that the energy required to discharge an A% ion on the substrate §

would be ¢, - ¢A’ they plotted the differences of the potential for the

s

deposition of approximate monolayers of A.on S and that for the

o



reverdlblé depbai%lon raactioh of A .on A versus (¢ = ¢A); The linearity

'of plots of data from a8 large number of metal systems confirmed their :

assum@tion that the adsorbate is deposited in an entirely- diacha;ged
state¢ In some ways this 1inearity is surprising aince no account was

e

taken of lattice energy terms. N

-

2.3 Chemisorption$%reéted as bonding to a number of interacting

substrate atoms _ ‘ s

" 2,3.1 Introduction
Doubts aﬁout’the physicgl reality of surface diatomic models
of‘chemisorptibn and the generally poor agreement between their pre-
diééions and éxperimentai data have prompted a number of recent attempts
to formulate a complete quantum-mechanical model of the interaction be-
tween an adsorbate and a real metal adsorbent, A review of these
approaches will now be iﬁt;oduced by a summary of our knowledge of .

delocalized bonding in metals and alloys.j

2,3.1.1 Bonding in metals

The metallic bon@_feshlté from an attractive interaction be-
tween delocalized electroné'aéd a laFtice of positively charged metal
ions. These cohesive forces are opposed by the mutual repulsion of the
free electrons ;ﬁd by local repulsion between adjacent metal fons. The
delocalized nature of the bonaing makes many properties of metals énd
alloys rather insemsitive to their structural geometry, e.g. the
cohesion of metalsvaries little with ordering or solidification.

It was Drude468 who first proposed that atoms in metals are
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positively ionized and held together by their interaction with the -
delocalized electron%*which ‘they have lost and are now "free" to move
throughout the crystal. "Both Dr'.n:le"68 gnd Lorentzéﬁg, who sdon added’
further'developmenta to the theory, assumed that the electric field
within the metal c}ystal would be homogeneoﬁé an& that the éﬁnddction
electrons would obey the Maxwell-Boltzmann statistics developed for

the kinetic theory of gases. After Pauli'é proposal of quantum (Fermi-~

Dirac) statist1c5470, and experiments47l-473

which.cdnfirmed the.wave
nature of electrons proposed by de Brogiie474, Sommerfeld modified the
model so that the electrons moved in quantized states in a wniform

potentialA75;

Bloch476

then calculated the effécts‘of ﬁhe periedic electro-
static field estabiished by the lﬁttice of metal ions on the wave
‘equations for the deloealized éléctroﬁs. Biloch's replacement of uni~"
form potent;al fields within crystals by structure-sensitive fields
made a basis for the development of the molecular orbital (MO) theory
by Hund, Mulliken, Lennard-Jones and others. It also had the important

implication that the electronic energy E would not be a continuous

vl 2,2 .
function of the wave number k (k = —— = ZFE— E= —5— = %;%;D, but

would contain "gaps" of forbidden energies.

Making the assﬁmption that the perturbing lattice ﬁotential
would be weak, Brillouin477 derived the allowed ranges of electronic
energles. He illustrated them by drawing polyhedra in k-space (Brillouin
zones) fo illustrate the limits of the continuous energy functions.

Since the perturbing field was weak, the electrons were '"nearly free"

within the lattice, and apart from the energy gaps represented by the
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gurfacés of suecessiﬁe'polyhedr;, the ovgraii“&épeﬁéénée 0£_E'oﬁ k
remained close to :hé parabola{of SQmmerfeld's mode1475.,"1ﬁ monovalent
metals, the vglence electrons will half-fill tﬁe first zdhe, and all

take part in the conductivity prbcess, giving é situation close to that
of a free-electron model. In divalent metals, the first z;ne is exactly
fillgd‘by the two electrons per atom. Conductivity can~£heﬁ onli arise
from band overlap in the electronic sta;es,or spillover of electrons
across'naryow gaps between one zone face and the next zdne. This leads
to the important conclusion that a detailed kﬁowledge of the intersection
of the Ferml surface.with tﬁe Brillouin zones of the crystal is fequired
to characterize the ;onductiog electrons in a metal. Thé-crystal
structure itself imposes directiﬁnal constrain;s on géneral.properties
such as the valence-electron-to~-atom ratio and the density of states at

1\ :"
the Ferml surface.

This theory of "nearly-free" electrons provided a basis for

discussion of the relative atability;of alternative structures in metals -

478,479 480,481

and alloys and of the occurrence of intermetallic compounds

As more refined wave fupctions were developed482-484.to allow for a
constant weak field between the atoms (electrons free), and an atomic
potential function (strong field) near the atom cores, it became clear

that the success of the original model had been largely fortuitous485,

The original approaches to the band theory assumed that the
eléctrons did not interact with one another, and that they filled all
possible eneréy states up to the Fermi level.but none above it. The
resulting Fermi- surface was a sphere centered on the origin in reciprocal

space. More recent "many-particle” calculations, which recognize
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eléctron—electron,intogao;ions..show that the edge 6f the Fermi surface

1s somewhat diffuserSo-488

zone boundariesﬁag. The topology of the Fermi surface has been studied

by the anomalous skin,effect,ABs 499 and the de Haas-van Alphen magnetic

485

and that it 15 distorted outward as it nears

\‘—.-\

susceptibility ‘effect,

[L

Some information on the actual electrons"involved iﬁ"bonqing
inside pure~nob1é‘metgls io given by Brooks' detailed quontom-mechanicall )
calcolations of the cohesive energy of Cu, AR, ond Au.Agl In order to |
obtain agreement with_expe:iméntal values, it was necessary to includo.
interaction terms arising from the o§er1ap of the inner-shells of the
metal ions which occurs at their equilibrium separation. M‘ot:t:lfg-2 Buow
sequently suggested that the overlap term probably arose from d-shell
electrons, since the correction was least for Ag, whoae single valence
and lack of colour imply that its d-electrons are more strongly bound
than those of Cu or Au. The d-electrons would then contribute to the

cohesion by hybridization of the 3d band with the 4s and 4p electrons,

2.3.1,2 Bonding of foreign atoms within alloys

Pefore discussing the nature of bonding of foreign species

at metal surfaces, it will be useful to consider the perturbatioﬁ of
the collective bonds in a metal arising from the iotroduction of forelgn
(alloying) elements into the lattice. Since chemisorption bonds also

are generally delocalized to a greater or lesser extent (Section 2.3.3),

~the electronic perturbations of the substrate caused by alloying will

be similar in principle to those caused by adsorption. 1In addition,

adsorption wi'll itself lead to alloying in cases where the substrate
‘;‘



stoms bond more:strongly to adsorbate-ﬁp\ttas‘than‘td'bﬁe'anbtheriﬁhnd

where the other properties of the aystem allow the adaorbates to dis-

aolve 8o as to maximize their coordination by Bubstrate atoms.

In some alloyt, the foreign atoms are disperaed at random
throughout the host lattice, either subatituted for host atoms or in
the interstices between them. In others, interactions between the
atoms may elther aggregate the foreign specles into local cluéteﬁs, or‘

disperse them into ordexed superlattices. ' A : B

In viéw of the many complications arising from the tonding
of unlike metal atoms, it is not turprising that theoretical analyses
of bonding developed for pure metals have not been extended to geneﬁ%}
models applicable to alloy systems. Some progress has been made but
the main advances have arisen from detailed structural studies of alloy
systems and careful discussion of the empirical rules which have

emerged, largely from the work of Hume~Rothery and his co-worker5481’493.

Interstitiai solid solutions are only found when the diameter
of the alloying atom 1s <2 g. The extent of substitutional solid
gsolubility is mainly limited by three factors: (i) the crystal form of
the foreign element, (14} the relative sizes of the two atoms, and

(1i1) the electronegativity difference of the two elements.

Substitutional solid solution does not occur to any appreciable
extent when the two metals are from different crystal systems. It is
also very limited if the atomic diameters differ by more than about 15%,
apparently because the host lattice can only tolerate a limited strain

energy. When this strain energy is exceeded, at a certain concentration
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~of the alloying éleiont which wiIl-depend o~ its aite, tHE\host lattice
. may .take up another structure having greater interatomic distancea, or

»

the foreign atoms may space themaelvea‘out symmetrically and form -1
superlattice to minimize ‘the strain anergy,l'g4 49; or they may ba
rejected by the host lattice and form 1ocal‘aggregates. Similar super-—

&,
lattices arise from size factor considerations in a wide range of alloy

systems4 (e.g. Laves phases,Zintl compounds and sigma phases).

The substitutional so0lid solubility of a foreign atom is also
1imited when its electronegativity differs considerably from that of its
host. 1In this case, pairwise interaction between the unlike metal atoms
'gives rise to partially%ionic local bonds., Analyseo of the extent of
localized bonding in alloys have important conoequences in chemisorption,
since any localization of conduction electrons will chauge the density

of states at tha Fermi surface. This will be discussed in detail in

Section 2.3.3.

ﬁhen a metal is‘alloyedéuith another metal having a very

different electronegativity, the two components may locally form "inter?
metallic" compounds., These contain the different atoms in whole-number
ratios and obey normal valency laws. However, their conductivity and
reflectivity are oftemn as great aa.tuooo of uetals and they ore freoueutly
stable over significant composition tango;;.so their bonding cannot be
entirely covalent. The formation of intermetallic compounds within a
bulk alloy may be compared with the formation of surface compounds when
a metal reacts with a strongly electronegative non-metal, e.g., 0, S, CL.

In the latter case also the bond is predominantly covalent but with a

certaig degree of delocalization. In both situations, it is the
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electrdnég#éivity d;ffer;ncé wﬁich cauéeéjthe formation of a compound

rather than of a raanm'édlid'soiution} N . .
A;tempts to rélaté the limit of solia‘soiubility'ariSing from

fhe electronegativity difference factor to_thé 1ocﬁi\bond energy between

the two comp_onents496

‘have met;with little succesé. This may simply
relate to the inaccuracy of the data ayailablé. Eléctronégativity values
oftenr vary with the method of measurement,. e.g., standard electrode
poténtial, heat of formatioﬁ of a halegen bond, work function, or
ionization poteritiszl. In addition, most heat of fo:mation data are
derived from the half-cell potentials of non-characterized alloy

surfaces.497’498.

Solid solubility is also restricted in the cdmposition ranges
in which "electron compoundg" are found. The relationship between the
compqsitionanatéﬁébility of such structures has provided a continuing
challenge to the theoretical understanding of bonding in alloys. Hume-
Rothery was the first ﬁo note ﬁhat manf isostructural metal compounds
had identical ratios of valence electrons to atpms; elther 21/14, 21/13
or 21/12481’499. These "electron compounds' 'are generally formed be-

1twgen atoms of s;mila:‘size,‘although the tolerance for mismatch is
gréafer than that in primary solid solutions. They exist over wide
compositional ratios about the exact electron/atom ratios in both binary

and ternary alloy systems, and both ordered and random solutions (pro-

bably containing short-range order) are found. A theoretical basis for
478,479,500 1

‘their stability was first sought in the 1930's n terms of

the compoait}onal dependence of the intersection of the Ferml surface

with the faces of the Brillouin zones.

P
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The simplest model of - the ‘effects of alloying elements in
'perturbing the electronic structure of thelr host involves mexrely the
expansion or contraction of a spherical Ferml surface as the electron
concentration is_increased or decreased. The band structure ofithe host
metal 1s.assumeé to be "rigid", i;e., changes in electron concentration

only £ill or empty pre-existing electron states cHaractéristic of the

unalloyed host lattice’ T, If the Fermi surface lies well inside the

-

first Brillouin zone, the relatiouship between the électronic energy E
and the number of electrons with that enérgy, N(E), i.e., the so-called

deﬁsity of étates function, is parabolic as in Sommerfeld's model for

pure metals475. As the electron condéntration is increased, ‘the dis-

tortion of the Ferml surface as the Brillouin zone faces are reacﬁedaag,

and the subsequent filling of states corresponding to the corners of the
, . N

zone, give .a maximum in the density-of staﬁes at fhe Fermi surface, H(EF),
as the Ferml surface just touches the nearest faces of the first.Brillouin
zone478. If an alloy system contains various possible phases, one may
conclude in general terms that the most stable phase at any gi&en com—
position will be that having the lowest Ferml energy, i.e;, that structure
whose‘density of states function deviates most above the Sommerfedd
parab013475 due to the outward distortion of the Fermi surface as it

meets the Brillouin zonet}acesaag when filled by the total number of

electrons present., If, for ;xample,the density of states function for
primary solid solution falls below the parabola as "corner sites" are
being filled in the Brillouin zone, one would expect that primary solid
solutions of the forelgn atoms would bécome less stable than other

phases at that composition. Jones478 and the other early workers found
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surpr#singly-gobd agreement he#weeu the results of thiq pioéch Qnd
experimental éata for limits of solid aolubiiitj. R‘facent NMR study502

of long-range oscillations of electronic density around foreign atoms

in a metal suggested that there is alao a minimum in the total electronic
energy (ng E.NEdE) as the cormer sites in the Brillouin Zone are being

filled.

Jones simple criterion for the limit of solid sblubility478
has more récently been disproved by expeiimental evidence that the Fermi
surface touches ‘the {111} faces of tyg first Brillouin zone even in un-

alloyed noble metalségo’495’503'504. As an alternative, Hume-Rothery

" and Roaf 0> have ¢
to a fall in N(EF) as the Fermi surface touches th§ square {200} faces

of the Brillouin zone., This would seem to explain the stabilit& of
electron compounds. It may be, however, that the transitions in stability
arenot abrupt at all, and that a steep fall in the density of states

at the Férmi surface is an overgimplified criterion for the breakdown in’

stability of a phase,

The electronic perturbation caused by foreign atoms in a metal .
lattice cannot generally be studied by the methods developed for pure
metals because, unless either a superlattice or anlintermetallic com~
pound ig formed, considerable effects arise from eleétron scatteringsoa.
The sparse and indirect evidence availablngG 504, e.g., based on the
acoustic attenuation of very high intensity pulsed magnetic fields and
the positron annihilation effect, does suggest however, thaé reasoning
based on the intersection of Ferml surfaces and Brillouiln zones may also

be applied to alloys, and. that the electron/atom rat%e has a very

important influence on alloying behaviour.

~

A
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Unfortunately however, the very basic’ question of the extent
to which the conduction electrons of the solute will enter the conduction
band of the alloy remains 1argely unanswered492 506, 50?. Since the

electron concentration in an alloy can‘be reduced by the formation of

new localized states near the solute atoms (effectively leaving them

506)

incompletely ionize&,_with a polar bond to the'surrounding metal atoms ’

r°o- .
or increaged by hybridization of the d electrons with s states, other
parameters relating to some “effective electron/atom ratio" have been

508 509
proposed

4 .
In primary solid solutions where the electron concentration is

increased by alloying (e.g., in alloys gf noble metals with polyvalent
solutes), :ﬁé calculations of Friedel506 and Flinn510 predict the
occurrence of short-range order. Long-range order is expected when the
solute concentration excegds about 25%, as for example in CcSAu. These
theories have not, unfortunately, received thorough experimental
scrutiny. |

A significant new‘approach tc the band structure of noble
metals and their alloys was proposed by Cohen and Heine484 in 1958. 1t
has become known as the "soft b model and has proved particularly
useful in assessing.the effects of alloying on the solvent metai band
structure. Cohen and Heine assnmed that the energy states corresponding
to the centres of Brillouin zone faces were either s-like or p-iike in
character, and that the band gap could be expressed as the energy dif-
ference between the s and p states (E3 " Ep). They then introduced a

distortion parameter (dsp) which measured the distortion of the Fermi

surface from a sphere by the amount by which the energy at the zone
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‘face was depressed below the free electron parabola: -

L
7 B ~Fp)

d
8p

1o

(ES+EP)—E'F' Y

When |d ] 2 1, elther E ar E is depressed below EF so the

.Fermi surface bulges outwards and touches the zone faces. (Note that

511

' Gadzuk and Plummer~ " have derived a similar distortion parameter (R(s))

in the interpfetation;bf adsorption data obtained,by FEM) . Since, in
aﬁ alloy, the terms Es and Ep are averagEd,values, the dissolution of

N Cow ,
foreign stoms in a noble metal will immediately affect the shape of the

Fermi surface by altering the distortion'parameter, as well as by affécting

the band gap. The assessment of the quantitative effects of solute
elemeéke on the band structured\of noble metals is extremely difficult
in view of the complexity of the bossible effects of d-band hybridiza-

tion484 on the interaction of the Ferml surface and the Brillouin zones.

The inconclusiveness of the present theories may be illustrated

Fy . — .
by their application to Au-based alloys. The soft band m.ode1484 predicts

an increase in the band gaps as a result of alloying Au, and experimental

results512 show that the change in band gap is indeed smallest with

those solutes which show the greatest primary solid solubility (i.e.,

interact- least strongly with the Au)., Au-al alloye‘are an'ekception,
but this may be due to the d-band iying above the fefmi level, which
would give an effect oppoeieg the increase in the band gap. The lower
limits of primayz solié solubility in Au than in alloys based on Cu ox
Ag “had been explained in terms of a greater—thanmunity valence for

Au5;3’514, relative size effectsSIS, and in f{erms of electronegativity

B f

LN
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.‘diffeténceéSIG. All_fhree apﬁroacﬁeé could explﬁin the uﬁuauéi sfrﬁcturés
ofldilute alloys based 6n Au, bﬁf seemlinadequate ta exﬁlain thé more
"normal y and € phgses foﬁnd in higher alloys., The s;ft band model484 is
mofe successful, It predicts the increase in ﬁand gap and incréasgd
distortion of the Férmi surface Qn alloying, whicﬁ céuld account fsr the
peculiarities of the dilute o, B and £ phases. Since the hiéher ailoys
contain mor¥e "solute" than Au, their b;nd structure should depend ﬁoré

on the solute, and Au~, Ag-, and Cu—based alloys wbuld be éxpected to

behave siwmilarly, as is confirmed experimentally51?. .

Thus, theoretical analyses of the relative stability of.dif-
ferent structures in noble matal alloy sfstems are almost glways
tentatiie. It may;howgver,be generally concluded that size effects are
presént in all‘metallié.solid golutions, and that systematic changes in-
physical properties often relate to specific interactions between the
Fermi surface and the Brillouin zome over the range of electron/atom

ratios involved.

3

2.3,1.3 Formation of surface states on bare metals

The above descriptions of electronic emergies within metallic
structures do not necessarily apply to_éﬁe electronic states at their
gurfaces where the field of the positive ion lattice is inhomogeneous | .
and discontinuous. -hFree" electrons~may be localized at the surface in
two types of surface states, "Intrinsic" aurface'states arise on bare

N\

metal surfaces simply as a comsequence of the interruption of the lattice,’

+

while "extrinsic" states are caused by the application of an external

- field at the surface, e.g. due to an adsorbate. Intrinsic states will
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be discussed in this section and extrinsic states in Sections 2.3.2
and 2.3.3.

,Tamm5;7 first pointed puﬁ that igtrinsic surface states wouid '

exist on'the end of a‘oge—dimensional atomic chain having‘oné electron
;.per atom moving in a field of §-functions centered on each atom but with
a finite potential at the end of the chain. Assuming that the electrons
’could tunnel through the potential-barriérs, Tamn found that a new
elgenstate was localized at the "surfaée" (end atom), with an energy
outside the bands of states existing in the chain, and that there were

as many intrinsic states as band gaps in the chain. !

Other mathematical approaches to Tamm state5518_520 subsequently

showed that they would occur in pairs in finite atomic chains with closely—
spaced levels as long as the chain wag not too short518. Using the
"nearly-free" electron approximation instead of Tamm's G;functions,

Maue519 showed that the pairs of surface states afose‘from the localiza-
tion of states which would be in the upper and lower band, respectively,

of an infinite atomic chain.

The theory of Tamm states was generalized by Goodwin521 in

both the "nearly-free" and "tight-binding" approximations of a finite
atomlc chain. Despite the refinement of the models, Goodwiﬂ pointed out
that the bulk states of real metals were insufficlently well ﬁndersto;d
to predict the consequent surface states which would exlst within the
band gaps. Neglecting electronic spin, the number of surface states
would equal the number of surface atoms, so Tamm states would only be

expected to have measurable effects in surface phenomena (e.g. photo-

-
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emiaéion and‘condgctivitYSIQ),'or in casealwhere_for some reason there

522,523 .
. O

are few bulk conductfon states (e.g. on semiconductors T

insulator3447).

The nearly-free electron model involving a periodic potential

without edge effects at the end atoms, described by Maue519 and

qudwinSZI, was approachéd in anotﬁer way by Shockleysza;‘ He' conceptually
férméd aﬁ atomlc chain by reducing the interatomic distances from infinity
to their equilibrium véluea. As this was done, the electron levéls‘in
the chain broadened ipto bands which subsequently overlapped. When '

this overlap occurred, a.pairhbf states became loéalizéa at the "sur-
face", having closely-spaced energy levels between the original bands.
Shockley states are a general feature of three-dimensional crystals ag
well as the 6ne—dimensional atomic éhaius originally considered. Since
they arise from band overlép, they will always be unoccupied in mono-
valent metals, where the first Brillouin zone is only half filled. Tamm
states, on the other hand (large lattice comstant and uncrossed bands

in Shockley's model; tight-binding case for Goodwin), will lie just

-above each energy band whether or not the bands have crossed.

-

Artmann525 refined Goodwin's analysis, taking into account factors

such as lattice vibrations, and verified Shockley's suggestion that the
conductivity of semlconductors was largely due to the formation of surface
states. The same may also be true with metals, to some extent, as evidenced

by the anomalous skin effectszﬁ. Koutecky527

has derived a very general
quantum-mechanical model of energy states in crystals which gives Tamm
and Shockley surface states in particular cases. Tamm states are

localized near the Burfaeg)whggzsgg potential gradient is considerable.

-

.
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Shockley states arise froﬁ the unsaturated ("dahglfﬁé") bonds which
would pro;rﬁde from the surface if the crystal lattite‘were_interrupted
but the crystal field maintained right up to the surface. Koute¥ky
also found a third type of surface state, localizeﬂ at the .second atom

from the "surface" (end of tﬁe cﬁain), and wifh an energy level within

the band gap. He called this a Shockley subsurface state.

The occurrence of surface states has thus been studiea either
by solving the Schrddinger equation for a periodic poteﬁtial function

- of preconceived shape, o:-by choosing atomic orbitals, e.g. the H g-—

orbitalszs, Wannier functionsszy’sgg, Green's functions >C or Bloch

function3476, and then using an LCAO-MO method to find golutions.

462

Other apﬁroaches, such as the free electron network theory =, and the

Madelung potential method531, have been used much more rarely.

The application.of all these methods to real metal surfaces
is extremely complex, The delécalization of electrons and the over-
lapping of bands aggravate the probleg of calculating Shockley states,
which is difficult to treat in elementary cases by the simplest LCAO
approximation. Although Tamm states involve real surface potentials
such as might be involved in chemisorption, and may be calculated by
LCAO-MO methods, the ovérlaﬁ of electronic orbitals among neighbouring

substrate atoms is completely neglected in thelr evaluation.

With respect to the theoretical analysis of the chemisorption

bond, the most useful calculations so far are those which attempt to

532-534

evaluate the density of states function at crystal surfaces Ag

with many problems in electron band theory, the calculation may be
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approached in two ways, by emphasizing either the nearly—free nature

of the-electrons far from the atomic cores, or the “tight—binding

%

situation close to the cores. Lang 534 has reviewed‘galculations using

thé first method, evaluﬁting the electron-electron inte;actiogé in a
.homogeneous t"jellium") tharge background,'and'then adding the perturbing
effects of the discrete'laftice charges by meané of pseudopotentialssas.
The &ensity of states function for a transition metal surface has been

evaluated in the tight-binding approximation by Haydock and co—worker9532’

533. They showed that not only the populations but also the energies
of the main lavels in the d-band differed according to the crystal

aysﬁem, the low-index surface chosen and the coordination of any -parti-

cular atom in the surface.

2.3.2 "One-orbital" wave—ﬁechanical_models of chemisorption

The treatment of chemisorption bonding in Section 2.2 regards
the adso;bate as one half of a surface diatomic molecule, unaffected ﬁy
the bonding of the Qﬁher ﬁalf (the sufface metal atom) to the rest of
the metal. While this may be applicable to entirely localized ionic
- bonding, a more general ﬁodel must allow the adsorption bond to be
éelocalized. In the extreme case, the adsorbate must be able to inter—
act with every atom in the substrate, as in electroplating. The simplest
approach to such a model is achlieved by modifying the methods used to -
investigate surface states. The atom on the end of the chain,_or one
in an array, is replaced by an atom having the electrical prbperties
of the adaorbase, and the effect of the resulting perturbation of the

crystal field on the wave functions 1s calculated, usually by LCAO methods,
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In the ﬁimplest case, the-adsorbate'is Sénﬁed on'the_en@fbf
a lineér-chain_pf a;bms,'each'haQQng dnly one eléctroﬁiclofbital,ﬁhich
dn;y o%érlaps_éhat of its.nearest neighbour, As a‘cﬁéin of n atoms 1is
built ﬁp, a band of states will be formad. répresented by the (n—l)
real roots of the wave equatidnszs. If the remaining;root‘is'real;,its
associatedﬂenergy state will also fall in the band, so all the statés'
i in the atomic'chain will be delocalized. I1f, on the other hand, tﬁe
remaining root 1s imaginaiy, it will represent a state outside ;he.
Sand, i.e., tﬁe state will be localized at the adsorbate atom,'as in

-the ionic adsorption models considered in Section 2.2,

More specifically, Grimleys2

8 has shown that adsorption at
the end of a chain of atoms with s-type orbitals gives two types of

solution to the wave equation:

If the potential field of the adsorbate atom is varied so
that it attracts electrons more and more strongly from £he chéin, fﬁe
band states will first fall in energy, and then a Tamm state known as
aP state‘will separate froﬁ the bottom of the band as a localized
level; Finally, as the potential of the adsofba;e atom ﬁecoﬁes infinitely
poéitive, the wave function’fqr the P state &egenerates to the atomic
orbital it had in the isolated state; and the delocalized wave function
has zero amplitude at the adsorbate. ‘In this extreme case, adsorption

could only be'ionic.

In the converse situation, as the adsorbate becomes in-
creasingly electropositive, the bond energy increases and then a type

N state separates at the top of the band. Its energy will increase until



ﬁnce agaiﬁléhé #dsorbate orb;fal‘hgs degepera;ed‘to.its o:igingl atomic
sfﬁte‘and no longer overi;pé‘with the wave functiéns of the band states.
These resulﬁa persist in thrée dimensions except that states 1océlized
at atoms on.the ends: of chains become bands of g#atea localized at the
crystal surface, The typé‘N states are bbnding states and the type P

states antibonding in a manner analogous to that of states iuldiatomi:#\x

molecules where the same terminology is appiied.

Shockley states will persilst after chemisorption only if the
adsorption bond arising from.the partial saturation of the free surface
valencies is weaker than the sélf-bondiné in the substrate. If the
chemisorption bond is of comparable strenéth to the self-bonding, a

527

Tamm state will always be formed. Koutelky has therefore suggested

that Shoékleﬁ states may be expected iﬁ ca;alysis, and Tamm states in
- strong chemisorption where there is the possibility of surface compound
formation. Thus, the models discussed in Section 2.2 regarding chemi-
sorption as the formation of a diatomic molecule will all involve Tamm

state5536.

érimley's analysis of adsorption at the.end of a chain of one-
electron atomss28 indicates that the bonding will be covalent if there
is an equal probability of finding the Tamm state electron on the
.adsorbate as in the substrate. If the electron becomes localized on
elther thé adsorbate or the end atom of the crystal, the many-centre
covalent bond will become a molecular orbital surrounéing only tbe
adsorbagé and the end atom, in a two-centre covalent bond. Since the
cond{tions for true covalency are rather stringent, the bond is much

more likely to be polar, but ionic bonds may also be two-centered oy
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many-centeréd. If the poten;i;i fiéld of fhe'adso;bate.bringé the bond
energy to a value within the occupied band of atates, the bonding will |
become a general delocalized interaction between the adsorbate and all
the ' conduction electrons, described by Grimley as metallic—like",

and similar in many ways to the bonding within alloys discussed in

. : . A .
Section 2.3.1.2. TFive other types of bonding can axrise on the end of a

"one orbital" atomic c‘nain537 with up to two N or P states localized at

' the adsorbate. ‘ . S

Davison and Kouten‘:'k.y538 havé modified these theories to deal
with adsorption on the end of a chain of élternate elements, In a treat-
ment which may perhaps be used by future workers as a basis for the
analysls of the situation in which very strong adsorbate-aubstrate bonds
lead to alloying. They_fgund that the electron energies in the chain
lay in two bands seéarated by a gap characteristic o} the palr of .
species involved, and that chemisorption states could lie anywhere

between the extreme energiés of the two bands..

Although chemisorption can, in gemeral, produce as many
localized states as the sum of the number of orbitals on the adsorbate,
the number of édéorbent atoms perturbed by fhe bonding, and the number
of bands of states in the substrate, a maximum of only two localized
states is pred?ctéd by one-orbital treatments of adsorption on both
one-dimensional atomic chains and three-dimensional lattités. These
will be associlated tiot only with the adsorbate, but also with as many
of the substrate atoms as are perturbed by the adﬁoiption. In the
case of a three-dimensional substrate, therggis a minimum of one

537

localized state with the one-orbital treatment.



- 101 -

The complexities of calculations on aeﬁi—infig}te‘mndéls

539

prompted Blyholder and Coulson to calculate cﬁemisorption states on

short finite chains and small, two-dimensional arrays. Replacing the _

521,528,540,541 by a more refined SCF—LCAOQMO

.basic Hickel MO Eréatment
calculatioﬁ; they showed that the more manﬁgeabie-smalier‘models pre-
dicted essentially the same states .‘as semi_-infi;::‘lute models. Adsorption
above a corner atom was.étronger than above one in the middle of an
edge, and the %ain contributions in these two cases were concluded to be
unsaturated valgn;e bonds aﬁd,localized states respectively. Heats of
adsorptién on these small atomic arra&s depended to a great extent on
the localized states‘involved. |

[}

Einstein542 has recently extended the one-electron, tight-

binding model of a simple cubic lattice to include the effects of ™
adding a new energy level at the surface to represent an adsorbate;
The resulting density of states funétions for substrate atoms adjacent
to the adsorbate showed features comparable to those of photo-electron

spectra of W covered by a varlety of adsorbatessaa.

The first particles to adsorb on a surface can bond in
doubly-occupled localized (Tamm) Btaﬁes which are essentially identical.
As the coverage increases, however, thelr boﬁding states will split to
glve a pair of.even states below the original level and a pair of odd

528. If the bonding originally produced a P state, the

states above 1t
interaction will force the odd P state higher until it either becomes
a delocalized state in the substrate band, or appears as an N state

above the band. Similar reasoning may be applied to predict reversed )

effects if the isolated.adsorbate formed an N state. Thus, as more
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adsorbate paftiéles bond to the éurfg@e, tﬁé éneréy of the boﬁﬁing
étates'(N) decreases and that of the antibﬁnding states (P) increases.
Although this result was derived from a one—orbital tight-binding
model5 8, it points the way to a mechaniam foy the frequently-observed

fall in heats of adsorption with increasing coverage.

lIt must be emphasized that these effects do not arise from
any direct interaction between adsorbed species; the feson;nce integral
betweeh adjacent gdsdrbates 1s taken as\zero at all coverages. Their
intéraction ocecurs oniy through the broadening of the surface state

bands arising from the splitting of the original local bonding states,

KouteEky'é SCF-MO mode1”*% predicts that when the adsorbate-
adsorb;te distance becomes comparable with the separation of atoms in
the substrate surface (so that they have a finite overlap integral),
the diatomic adsorbed complex will be more stable than thie separately

adsorbed species. This may account for activation barriers in disg--

sociative chemisorption.

2.3.3 "Many-orbital" wave-mechanical models of chemisorption

A realistic model of a metal substrate must consider the

effec¢ts of the existence of more than one electronic orbital per atom,
LT
LSy

and nearly-free electsons in overlapping bands. Adsorption on such

asBstrates has been treated by three methods: (i) modification of "one-

or%ital" theories to allow for overlapping conduction bands in the
substrate; tii§ ligand field investigations of the spatial distribution
of bonding orbitals to allew calculation of bonding energies at specific
adsorption sites; (1ii) qvaluation of the adsorbate-plus—adsorbent system

as & single pilant molecule,



Y

9:}

tion model for the interpretation of IR spectroscopic data of gas
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©2,3,3.1 Extensions of "one-orbital" models o0

-~

The one-orbital models have been extended‘in two ways, to . -
account for the two limiting casesswhich.can_arise ih‘cheﬁisorption.l )
In the case of weak, delocalized bonding, an analysis is made of the *

consequent pgrturﬁation of ths‘substrate-wave functions. In the strong-

bonding case, where localized surface states form a molecular-type

"surface compound", corrections are again made for the interaction with

the substrate, but these are assumed to be s0 weak that the surface
L L . ) . . .

state,;tself_is unalterad.‘ Since experimentsl chemisorption bond

energies aré of the same order of magnitude as metallic bonds and the

dissoclation energies of simple diatomic molecules, systems approxima-

ting to both cases will be expected to arise in practise,

Models ﬁsing the Lenn‘ard—Jones439 or Mbrsesas potentials
with summed pairwise interactions give no specific information about
the perturbation of a substrate by a weakly-bonded adsorbaté. Yet on
the other hand, extensions of LCAO-MO treatments to.consiﬁer multiple
orbitals on the substrate atoms are usually so complex that their con-

clusions can onhly be qualitative or empirical,
g

It is often difficult to justify the surface compound forma-
I
adsorption on metal substrates. Real metals have so many overlapping
bands of bulk states that it is unlikely that the chemisorption bond

energy could fall outside all of them and form a localized surface

- state so as to justify the interpretation of the adsorption spectrum

in terms of an isolated surface compound546. However, the practical

o
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usefulness of such intexpretationsidis itself evidehce_that.the d

orbitals of substrate surface atoms often do couple more sEfoﬂ%ly with

the adsorbate than with adjacent metal atoms and that adsorbtion merely

v

shifts and broadens the corresponding energy bands in the metal. With-
out the presence of the underlying metal, the bond would be localized -

and have a discrete energy, but since this energy lies within a de-

localized band of the bulk substrate it becomes a "virtual" levelsas.w\

“

The chemisorption may thus be analyzed in two stages. In the first the
virtual levels are approximated by a surface compound model, and in the
second theé  resulting broadening and. ghifting of the bﬁlk‘bands are

estimated. Clearly the surface compound model is only justified 1f the
.’3
coupling between the,virtual states and the delocalized bands of the
/‘

bulk substrate is gather small.

Grimley illustrated the surface compound model by its applic-

546, siﬁce the bonding in this

ability to the‘adsofgﬁion of CO on Ni
. %
system is known to be weak and hence probably localized in Shockley

states, and recent band structure calculations are "available for Ni.

x ' : A
CO can adsorb on Ni in a number of-configuration3547 E4Fey

i T y
L N T ™

Ni Ni Ni

: Grimley546, following Blyholder548, made calculations only on the

first of these thgzs surface compounds, but although the recent work
of Doyen and Ertl suggests that the overlap integrals will be little

; altered 1f the CO is bonded to a Pt atom off its axis, explicit cal-

:ﬁhulations are not avallable for CO adsorbed in the bridged forms.

B

¥
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The Ni Ferml level is about 10 eV sbove the hiéhgst normally occupied
1evei.(50) in CO, and about 12 eV below the lowest normallywvacént
level (2w). G;imiey's many-orbital anslysis of the surface molecule

-

showed that chemisorption would remove 0.21 electron froﬁ-the Ni .atom
and donate 0,28 ele;tfon to fﬂe dd?f.This would raise.the 5cxand 2r .
orbitals of the éo ar;ci lower the do and dw orbitalsi of the Ni. The
coupling of the surface molecule to the bulk Ni substrate through the
broad.sé band, which contains the dlﬁand, converts the calgulatéd dig-
crete levels into virtual levels and~rearrange$_the.electron distribu~
tion slighély, so as to raise the energy of the surface compound_gndr
slightly weaken the chemisorption bond. The value of %:67 eV calculated
for the surface compound is tharefore too high. The experimental value

for the Ni-CO bond is 1.82 eVSSO.

. " . . '
. Jatisen>ot has argued that the spherical nature of tramsition
~ - ' ’

metal d electron orbitals shown by neutron diffraction experiments makes.

it doubtful that adsorption will occur on top of a single surface. atom
using a directed orbital controlled by crystal-field splitting. He
therefore proposed a three-centre model of the surface compound, where

Y .
the adsorbate bonds to two adjacent substrate atoms, but unfortunately

did not evaluate the effects of coupling to the bulk metal substrate.

Van der Avoird made calculations on four-particle systemsll8 (e.g.

bridged H2 on Pt) and later calculated the adsorpticn energy of H on
the principal index faces of a 13 atom cluster of Ni (with metallic

properties)ll8

. The chemlsorption energy was: found to decrease with
the local coordination of the adsorbate (see Section 2.3.3.2).

A particularly successful application of the surface compound
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" model has aﬁpeared in the treatment of chemigorption of alkali metal atoms

on WGOQi Gaﬂzukﬁo; used NEWns!SQG

'modificécion.of the;AnderQSn SCF-40 :

) theory (de%eloped for éleq;ronic states in alioyg) in both tightfﬁinding'
and free electran moﬂels, and verified Newms' SZdﬁction that'dréﬁafic
changes in the deﬁsity of states‘functiéé of the surface compound can
result from small changes in the parameters of the chemisorpkion system.
Gadzuk suggested that manf of th; features of elactron apectr; arose
from “virtual surface moleciles" where strong adsorption had modified

the conduction band of the substrate 801, . '

fﬁe work of Rand and WisToode;"-ss2 on the electrodeposition of H
and 0 speciles onlnoble metal alloys implies that these chemisorption
bonds are 1oéalizéd but not restricted to one substrate atom. Their
results suggest that homogeneous élloys show averaged properties of
their components, whereas alléys wﬁere local surface ensembles of one
type of atom may be expected to arise from a miscibility gap,’éhow the -
properties of both components simuléaneoqsly. It would therefore seem
reasonable to an:;Yze electrochemical chemisorption on moble metals in

terms of surface compound models.

Thebimplication that both localized and delocalized bonding
are involved in real chemisorption systems revives aﬁ"intriguing

528 on the basis of a one-orbital

.\Fuggestion first made by Grimley
analysis., If adsorption in a certain system could gglz occur by

locaiized bonding, and if the field at the adsorbate sufface'was in-
sufficient to completely 2ocalize one surface state per surface atom,

then the saturation coverage in chemisorption would occur at con-
[

siderably less than a monolayer. Grimley528 suggested that such a
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tion metals

sorption states resulting from electrodeposition on noble metals.

o e

mechanism could account for the iow agturafioh coverage of N on transi-
553

+ Grimley's derivation was béaed on the modification of
Tamm states by the perturbation of bulk states arising from further

adsorption, but the same saturation effect could presumably occur with

weak chemisorption in Shockiey states where the adsorbate field pro-

gressively delocalized the surface states. We shall discuss this hypo-

thesis later with regaid to auﬁ—mouolayer covergge limits in chémi—

2,3.3.2 Ligand field MO theories of chemisorption

The problem of locating the sites on a crystal surface wﬁere '
adsorption will be favoured has also been approached by iigand field

theory, a composite of crystal fileld theory and MO theory.

S

" Crystal field theory examines the reduction or elimination of
degeneracy in the five degenerate 3d orbitals of transition metal cations
as they are placed in an electric fieldssé. If the field has octahedral
symmetrj, the dxy’ dyz and dzx orbitals degenerate into a-more stable
group designated t2g and the dx2_y2 and dzz orbitals degenerate into a
less stable group designated_eg. In a tetrahedral or cubic field the
order of the split d levels is inverted; d_ d and d _ become less

Xy vz zZx

stable as the degenerate ty level, and dxz_yz and dzz Eecome more

stabie as the e level.

Comparable results are obtained when molecular orbital theory
is applied to 0 bonds, When a metal ion is octahedrally coordinated
by ligands, the two molecular orbitals bonding the ligand form split

/J

pairs designa ?E/ﬂig for the 4s interactions, tiy for the 4p, and eg
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for. the d 2 and . 2 2. The d , d
‘ g- X -y xy
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and d__ orbitals do not interact,
xz vz )

and degenerate to t;he‘t28 level. The effects of non-octahedral fields

~

are harder to evaluaté‘by MO tﬁeo:y. When the ligand has 7 orbitals,
the three p orbitals may Be'iﬁﬁolved in bonding, as well as the dxy’

d and d .-
Kz yz

Chemisorption on real metals involves both érystal field
effects, which establish the directions and energies of the surface °
wave functions, and also a degree of.covalency in bonding which is best'
treated by MO theory. Ligand field theory combines the two effects

\
evaluated independently.

When the energy gap between ey and t2g levels is small, the
five d 6rbitals will be filled one by one before ény electrons are
paired, but, if the gap is large, the lower levels will be ‘filled by

paired electrons before the upper levels are occupled. The relative

stability of different coordinations of an adsorbate particle by gub-

L
strate atoms may be measured by the ligand field stabilization energy

(the énergies by ﬁhich the electrons in split levels have fallen from
their original degenerate states welghted by the number of electrons
in each level). In octahedral coordination, the filling of levels
according to the strong ligand field model (eg >> tzg) will lead to
states as stable as or more stable than those arising from the weak
ligand field model (eé n tZg) according to the number of d electrons
filling these levels. Thus, the relative stability of octahedral and
tetrahedral coordination is controlle?uEz>the number of d electrons

555,556

in the metal., Dowden and Wells have therefore suggested that

the relative efficiency of catalysts is.related to their ability to
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stdbilize certain reactive adsorptidn configurations. 1Haber and StoneSS?
calculateé the atability ofaoz- anions on the principal crystal faces “of
Ni0O, assuming that'sufficient adsorption would occur to octahedfally

‘coordinate the N12+

y and found‘- that by far the greatest stabilization
would occur on (110) faces, and that {ts magnitude was close to the

observed heat of adsorption at low coverages.

- . .
Shvets arnd Kazanskysss investigated the adsorption of 02-

‘radicals on a series of transition metals by esr and concluded that the
adsorption behaviour was sensitive to the coordination of the adsorbate
(i.e. the crystal form of the metal). Metal valency effects, however,

complicated the amnalysis of the coordination effect.,

On the assumption that electron bands will arise as a result
of wolecular orbital overlap under the directional influence of the -

539 has calculated the orbital conétfuction and

crystal field, Trost
the stabllization energies of the transition metals. On this basis he
wag able to predict the crystal structures of all except Mn and Fe.

Bondll4 has extended the crystal fileld models of Trostssg,

60 and Dowden561 to provide a gsimple picture of the emergence

Goodenough5
of surface molecular orbitals on transition metals. He assumed that
Shockley~type unsaturated valencies (see Section 2,3.1.3) would exist
at the surface in the same configurations as in the bulk under the
influenge of the crystal field. By sketching fhe emergent eg (bonding)
and t28 (non-bonding) orbitals he predicted the siFea where adsorption

could take place on the principal index faces. - For example, H could

bond on an f.c.c. metal by overlapping its s orbital with (1) an eg
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orbital above a (IOOQ surface atom} (ii) ftve eg orbitals in the octa—n B

hedral "hole" on (100), (iii) two eg crbitals at a bridging site on

(110),_0: (iv) three eg orbitgls'inta‘"hole" on (111). Bond's model

has been developed by Shopov et 31.115 and by Carra and ﬁ30562.‘ It

108,116,117 (geg Section

563

has been applied to the adsorption of H on Pt
; ,

1.1.2) and to that*of CO0, 0 and 002 on (111) surfaces of Pt and Ni

It ﬁ&st; however, bé_emphasizeé that Bond's ig a Shockley*fype model

* and cén'only apply where weak adsorption ﬁerely saturates pre-existing

dangling valence bonds. If the ‘adsorption is strong, the sufface

_potentials involved in forming Tamm states will perturb the crystal

field and invalidate the calculation of surface bond directioﬁs from

the symmetry of the bulk crystal field. The results of Rand and Wbod3552, -

~.
described above, showing that the chemisorption bonds formed after

electrodeposition at noble metals are neither fully localized nor fully
AL

delocéiized, cast doubt on the applicability of Bond's model to the

systems of interest in the present work.

By calculating the interaction and crystal field splitting
between orbitals of neighbouring atoms in metal crystals, Goodenough560
has calculated semi-empirical density of;étates curvés for various -
metals. Such data could be extremely imgertant in the develo?ment of
Quantitative theories of adsorption. Qua&pitative models of surface
states 'can perhaps be developed from a knowledge of the bulk density

L]

of states, and the actual chemisorption orbitals estimated through
ligand field interactions. of adsorbate and substrate, Ke.lly564 has g
recently extended earlier calculations of the surface dengity of states

of transition met313532’533 to an examination of the interaction of an

TN

l.‘t?;:’, ..‘
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adaorbéte'with a group of neighbouring substrate atoms in or just be-
neath the ‘surface. The resulting bond is a group orbital (c.f.-the

surface compound model) depending not only on the electronic propérties
.o T o _ _ ¢
of the adsorbate and substrate but also-on the configuration of the

bonding site. Calculations of the demsity of staﬁes curve appropriate

to the adsorption of H at various sites on b.,c.c. and f,c.c. principal

5&

- index planes showed such a strong coupling of the substrate atoms

involved in tha "surface complex" with those in the bulk substrate

- that Kelly doubted the validity of this type of model. The coupling

was even independent of the bond eneigs between the adsorbate and the

substrate atom group, to & first approximation.

2.3.3.3 "Giant molecule" treatments of chemisorption

-

In the most realistic theoretical treatments of chemisorption,
the adsorbate-adsorbent systenm is regarded as a single glant molecule,
Full consideration may then he given to local interactions within the
molecule (e.g. the adsorption bond and the localization of surface
states). The resulting computations are unfortunately go complex that
simplifying assumptions often bring the conclusions into questioﬁ.

Only the adsorption of H on metals has been treated by this method.

Grimley565 has analyzed the system in terms of one-orbital

functions. HewnaSGQéextended the treatment to a many-~orbital model
with a tight-binding approximation of the d-band to predict the relative
chemisorption energles of H on a serles of transition metal substrates.

The corresponding calculated values of the charge on the adsorbed H

were only consistent with surface potential data if it was assumed that

[
v
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the H would be adsorbed in concave surface declevities, as suggeated

e .
earlier by Culver, Pritchard and Tomkin3567.

127,128 also'conclpded that. H eould adsorb

Toya and Horiuti
in concave surface declevities. They called this s-type chemisorpeion,
and euégested that the H's electron would be deloceliZed and the
boeding essentielly metallic. "Another solution to their calculation
showed (r;type) adeorption sites about 2.5 K directly above surfece
metal atoms. Here the H was slightly negatively charged and the authors

predictedqghat the positive dipole moment wduld‘decrease_the work

function with increasing coverage,

‘Giant molecule models may also be analyzed as bulk metals
having surface alloying, Adsorption produces long-range oscillations
in the density_of states of the eubstrate568 which decay with distance
from the adsorbete just as those around a foreign atom in an alloy506’569.

Qualitatively similar oscillations were found when Lang and Kohn569

analyzed a nearly-free-electron model using a uniform background

potential ("jellium") to simulate the substrate. Work function data

calculated using a jellium‘mode1570 are'apparently in qualitative
agreement with experimental data from W surfaces as a function of the

coverage of chemlsorbed alkali metal atom357l.

2.4 Summary

The central difficulty in the theoretical analysis of chemi-
sorption is that of finding an expression which will realistically
describe the potential function within a metal, yvet be amenable to the

multiple calculations of the interactions of wave functions which must
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be made. The surface complek model eppeere-promising for those systeﬁs

A where the bonding is strong and localized, but the conflict between

the ‘data of Rand and Woods and the caleulatione of Kelly forbid a

definite conclusion gs to the applicability of this model to electro-

HEposition systems. It could hardly be expected to apply to the bonding

of metals to metals, but might be applicable to the chemigorption of 0
species on Pt or Au, The most sophisticated treatments of the chemi-
sorption bond are the glant molecule treatments of H adsorption, but

even they only present qualitative conclusions.

Desgpite the fact.that these theoretical approachee 1agrso
far behind experimental techniques in their ability to predict the
"fine structure" of adsorption gtates, even qualitatively, they contain
a number of useful pointers as to the likely causes of thatlfinéf

structure which will be discussed in more detail in Sectiom 11.2.
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CHAPTER 3
SUMMARY OF ATMS OF THE PRESENT WORK o, @%

The foregoing chaptera ‘have shown that there is at pres%tt

very little correlation between experimental data and theoretical-
treatments of surface bonding on metals, Experimental results have
frequently been-reported in descriptive terms only, and not discussed

in terms of mechanisms on an atomie scale.

It has nevertheless been shcwﬁ,thgt In many systems sub-
monolayer electrodeposlticn,proceede in distinct euccessiVe stages, -
each having a characteristic bonding emergy exceedieg that of the
B%lk deposit; The finest resolution of the "spectra" of bonding
stakea has beenr achieved in electrochemical (potentiodynamic) /studies
of the discharge of ions at ncble metal surfaces. Accurate measqrefi
ment of the currents involved in the discharge process and the
potentials at which they flow allows the coverage of the deposlted
specles to be calculated to within about 2% of a monolayer, and tLe
relative bonding energies of the various states to within about 500
cal. fThe discharge reaction only occurs at vacant surface sites where
bonding can occur, unlike OPD reactions which proceed at rates
independent of the coverage of material previously deposited. The
kinetic limitations of UPD (e.g. the activation energy) relate both
to the mechanism of dlscharging the ion and to that of its eubeequent
bonding.

~
It 18 the purpose of the work described in this thesis to

characterize the kinetic and thermodynamic behaviour of multiple
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states of chemisorption océugéing.wheq»sﬁbmonolayer’émountéaof,vgripus |
‘'species .are electrodeposited on Pt énd‘Au uﬁdér‘g variéty of ﬁonditions. 2
The relationéhip between bbnding energy andlcoéefége will be examined
criticali& in order to establ%sh the origin of the multiple stétes

of bonding. The physical nature of the bonding‘wili be discussed in

terms of both the decreasing influence.of the nature of the substrate

as the bogding changes from UPD to OPD, and the possibility of place-
exchange between deposited species and substrate atoms;‘leading to

random or ordereq_solid‘solutions in the electrode surface.

The fioregoing review of adsorption has shown that the

following specific issues must be resolved:

1) Experimental techniques must be improved until the
currents recorded only relate to the electrodeposition process of
interest. Impurity currents passed at the same potentials must -
thus be reduced to a minimal level.

[The rigour of this criterion Tfy be 1llustrated as follows:
In the field of organic chemistry a moderately highly purified compound
iwould be peihaps 99.9% pure. In a 10-3 M solution this would repre;
sent one impurity in 105 parts on a volume basis and this could pro-
duce a discharge current of about 0.01 maA cm_zr The peak currents
agsoclated with surface bonding in these studies were as low as 1 jA
cm_2 go if the impurity currents were even 107 of the discharge
currents in this (the worst) case; the initial reagents would have to

be 99.9995%Z pure.]
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(ii) The origin of mégziple states of chemisorption must
.be established In what way are the bonding states chéracteristic

of the deposit the. substrate and the solution? Is the heterogeneity

A ¥
intrinsic or extrinsic?

(iii) The reasons for the transition from UPD to OPD must
be established by a comparison between electrodeposition data from a
tmber of systems, Of particular interest is the nature of the -
eiectrode surface at the reversible deposition potential of the

deposited species in its "bulk" form.

(iv) Place~exchange, and the equivaient process of surface
alloying, have been_shown to occur in some electrodeposition aystems.
They require a more general characterization so that their cause and
extent may be snslyzed. Why, for example, does electrodeposition
lead to the formation of bulk electrodeposits in some systems, while
in others the deposit dissolves in the\substrate almost ag fast as it is

discharged, e.g. H in Pd and Hg in An?

(v) Ultimately a general model of chemisorption must be
developed which will take account of the mass of experimental evidence
which has accumuleted for a wide varilety of systems, so that Quanti—
tative cbrrelations with the theoretical analyses of surface bonding

may be sought. e
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. EXPERTMENTAL PROCEDURES

4.1 Electrodes

ﬁorking electrodes werelmade from wire of 99.999% purity,
Johnson Matthey "Thermopure" Pt, and "Grade 1" Au, Leﬁgths of these
wires; usugally 6138 mm in diameter (0.015") were first degreased
overnight in refluxing acetone in a Soxhlet extractor. A droplet of:
(Pb-free) soft-glass was then melted on to the wire and sealed into’
the thin-walled .end of a soft-glass tube, leaving between 2'and 10 mm
of wire protruding be&ond the end of the tube, The soft glass had
been previously cleaned in fresh concentrated HZSO4 and rinsed.with
pyro-distilled water {see Section 4.2.3),'and the degrease& wire ﬁaq

only touched with cleaned platinum forceps. The completed electrodes

\\\\fere washed in fresh concentrated HZSO4 and stored in pyro-distilled

water. In some cases, the electrical contact to the working electrode
was made via a length of'20 gauge Cu wire sp(;t—welded to the Pt at
least 5 c¢m above the seal. No other sealants or contact material
(e.g. the Picien wax and Wood's metal previously used in ;his
laboratory) were used, to avold the risk of contaminating other
electrodes and the cell walls if the working electrode seal failed.
Large are; working electrodes were prepared by spotdwelding Pt or Au
gheet (Johnson Hafthey "Apparatus grade pure Pt" or "Grade 1" Au -ff;

99.999% pure), usually about 8 mm square, to the exposed wire.

Mo
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This method of préparing electrodes ia easier than that

of sealing Pt wires in Pyrex bulbs nnder HZ atmosphereﬁea’ess re-

N

viously used in this laboratory and was shown to. give identical

results in cyclic v&&tammetry experiments.

5

. ' Three Pt single crystals cut from 5 mm dia. rod to expose

the (100}, (110)'§nd {111) faces wexe givenifor this sEEH?LBy Dr. L

. F. G. will (G.E., Schenectady, New York, U.S.A.). Results obtained

-

WiEP them in earlier work may be seen in the 1iterature110’253’25a.

el

Their soft-glass mounts did not provide a complete solution seal and

were therefore dissolved away in HF. After some experimentation it
was found that they could be satisfactorily seéled‘;n Araldite epoxy,
stirred till it had almost set and then painted onto the sides of the
crystal. A jet of purified N, was blown on the experimental face of
the ;1ectrode while the epoxy hardened; Aréldite coatingé prepared
?n this way were chemically stable in acid solution (&.g. 0.5 M HZSOA)
for periods of up to two weeks, afFer which 'they were removed by dis-
solution in ﬁyridiné. When Pt wireé were mounted in epoxy in this

wa;,fthe_resolution of bonding states which could be achieved was

never quite as gqod as with electrodes sealed in soft glass. -
;.ﬁ'
Another*Pt (100) single crystal, prepared and charactetized

by Dr. P. BE. Sewell (National Research Council, Ottawa), was used
unmounted, supported on a short Pt wire sealed in soft glass and spot-
welded to the side of the single-cryastal disc. The single-crystal

faces then represented 85-90% of the area of Pt immersed in the solution
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Counter electrodes ﬁére'large foils (about 1 cm x 1 ‘cm) of

*." the same metal as the working electrode, prepared in a similar manner..
t : . .

- [The ﬁse o% Pt counter électrodes with Au working electrodes in pre-
liminary éxpefiments caused Ehe Au electrodé to behave somewhat like a .
Pt-Au allo&, presuﬁably because Pt was dissolved at the counter
electrode and electrodeposited at the working elecfrode (cf. references

135,300)].

~ ' The reversible hydrogen reference electf;des consisted of
tightly-folded layers of woven Pt wire gauze (Johnson Matthey "Apparatus
grade pure Pt") spot-welded to 0.51 mm dfameter (0.02") P;.wire sealed |
in glass in the usual way. These electrodes were platiniqed'according
to the procédure recommended by Feltham and Spir0572, and checkéd
‘against similar électrq¢es from time to time to detect the<appearance

of any'potential drift. The H2 (99.95% pure in the cylinder) supply

583

for the reference electrode was purified in a standard system : MgClo

4?
molecular sieve, palladized asbestos at 620K, and activated charcoal

traps. T

¢

Ll

The high currents passed inrsurfadé pfdéesses during potentio-
dynamic sweeps at rates over aﬁout 0.5 ¢ s-l can introduce aﬂresistance
o{r:arpqtentigl ‘ising from the iR drop between the working electrode and
the Luggin capilléfy of the Pt/H2 reference electrode. The errors which
can arise from this iR drop;&ere avoided by using the potential of a short

(2-5 mm) Pt or Au wire, placed within 1 mm of the working electrode as the
B )

refereg?eﬁpotent{al when using sweep ratéé exceeding 0.2 V 5“1. The

potential of this "floating" reference electrode remained constant to

;
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within *2" mV over perioﬁs‘ofrﬁany minytes. , The potential scale of
. . A . . .

curves was caljbrated from the sweep reversal

potentials, which we measured against.an external PtIH2

reference electrode,

4.2.1 Aciq?§n§ base solutions -

The puresf commercially available HZSOA and HCIOA (B.D;H,
AristaR grade) were ﬁsed to make up solutions.without fu:th;; puri-
fication. The limits of impurity as supplied are quoted as well
below 1 ppm, and ;&i;t" in the solution was—very rarely traced to the

acid supply.

The starting material for Na0H solutions was Fisher certified
reagent grade NaOH pellets. These were dissolved and filtered in.
boiling pyrodfstilled water and then recrystallized at least five

succesgive timgs. The solution which remained after recrystallization

was decanted o%ﬁi_‘

PH measurements were made with a Radiometer 4c¢ pH meter,
using a Radiometer- 6200B glass electrode and a Radiometer K100 calomel

electrode.

4,2,2 Salts

Salts were prepared from the following starting materials:

Fisher ACS grade Na2504;.Fisher certified reagent grade MgSO,; B.D.H.

4
inalaR pgrade CuSO4; Alfa-Ventron Corp. stock no. 22115 Cu(ClOa)z.GHZO;

Baker reagent grade HgSO4 (used in very dilute solution without further
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puxificatidn); Fisher certified reagent grade PbCH03)2- Solutions
of these salts were filtered ﬁﬁdkrecrystallized'not less than four

\ .
‘ successive times.

. 4,2.3 Water

Duriné 1971, solutions made from_distiiled clty water,
distilled again From alkaline KHnOa, bégan tp‘givé stray impurity'
currents at Pt, with selective blocking of currents from the surface
reactions of O and'H species., Problems connected with water purity
also beganlto appear at about this time in a numﬁer of other labora-
toriés in the Ottawa area. The nature of the new impurity could not
be estgblished, but a new method573 (patent pending) was developed |
in the course of the present wérk to remove it by catalytié-pyro-

distillation.

The purificatioﬁ is based on a patented processs74 for
making potable wate;,from urine in spacecraft 5y passiné impure steam
over Pt gauze screens at 1370K under partial vacuum, but with an air
bleed. A somewhat simlilar system was developed by Cridd1e575, in
which the impure steam reacted with 02 at high temperaturé in an

alumina tube containing no catalyst.

The apparatus developed in the present work is shown
schematically in Fig. 3. A batch of about 1.5 & of doubly-distilled

water 1s bolled in the flask on the left and mixed with purified 02

entering the flask at about 1 ml sﬂl. The steam rises through an 18 mm .

diameter silica tube and is heated to 1070K as it passes  through 40~

4

-

i
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closely packed 90% Pt-102 Rh woven gauze baffles (G). The tempera-

ture is lower than that used by Konikoff574, since hydrothermal dis-

tillation of the catalyst576 577 begins to increase at temperatures
above 800 K57 » leading to the appearance of dark deposits in the

cooler tubing beyond the furnace. After passing over the catalyst,

the steam is condensed in the trap T, from which about 100 ml of

purified watexr overflows back to the boiling flask through the Soxhlet

siphon 0 sbout every half-hour. Since,with this distillation rate,the

-steam passes over the catalyst in 1-2 s, the water is allowed to re-

circulate at least & times around the apparatus (total time about 48h)
before being distilled from the trap into a further conventioﬁal dis-
tillation stage, introduced to remove any traces of Pt or Rh species
arising from volatile oxldation products.of the catalyst., To eliminate

contamination from airborne dust, the apparatus-was enclosed in a2 large
575

'fireproof box. Ground glass joints, which can harbour impurities s

were eliminated as much as possible. Those which were essential were

inverted (cone below, socket above) or covered as shown in Fig. 2,

This process, based on the destructive oxidation of im-
pPurities to gaseous oxidation products (e.g. 002, Noz), 1s thought to
be essentially superior to others recently developed elsewhere based
on the adso;ption of impurities on activated charcoalS79 or on
platinized Pt sponge potentiostatted at 0.005—0.350 VSBO. Adsorption
methods involve the difficulty of maintaining the adsorbent material
in an ultrapure condition, and tﬁe assumption that new impurities
appearing in the water supply will still be removed by the same

adsorbent., The removal of residual impurities by the present apparatus
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is evidenced by the fact that the waste gaseé decrease the pH.in the
- exit bubbler to 4~5 during a period of 3-4 wonths, after which the

water there 1s replaced.,

Using catalytically pyrodistilled water and AristaR grade
gcid, potentiodynéﬁic pre-electrolysis involving high anodic potenﬁials'
(e.g. reference 581) was not-neceésary to obtain the "clean" nxidation—
reduction profile on Pt and Au, The "clean" profile was normally
achieved on Pt after about 10 cycles (typically 0.07 to 1.32 V) in.a
new solution, but under optimum conditions was obtaineﬁ on the second
cycle after the electrode had béen left on open-circuit for many hours
in a de#&eated solutionsaz. This result incidentally eliminates the
dbjection that the structure of the current-potential profile for Pt

in aqueous golution is an artefact arising from mulﬁiple potential N

cycles. , o ijy
) I

A large number of experiments were made in 1971 with impure
solutions, and the-experience' 'galned from them,has been made the basis
of the following genmeral principles for diagnosing the cause of impurity

effects in current~potential -profiles at Pt.

(1) Stirring the solution "spoils" the profile: reactive
Impurities in‘the soiution reaching the working eiectrode under dif-
fusion control. )

(11) Stirring the solution "improves" the profile: im-
purities leaking from inside the electrode tube ﬁecause of a poor

glass/metal seal.

(111) The profile is "dirty" but largely unaffected by
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stirring: atrongly'adsorbgd impurities‘gg.the‘exgctrode.

(iv) The profile is “dirty“, largely unaffected by stirring,
but improvés with potentiodynamic cyciing: surface impurities on the .
elecﬁrode slﬁwly removable'ﬁy oxidation or reduction.

(v) Paak cuirents do notiingrease linearly with sweep rate

(sweep rates <1 V's—l): reactive impurities in solution.

(vif An overall slant or shift in the profile with respect
to therzero-current line: elther a very dirty electrode or an electronic
artefact arising in the control ci;cuitry (e.g., in some cases frém the
combination of a Hewlett-Packard 60 H% filter unit_and the Tektronix

564B oscilloscope).

On the basis of this work, the following criteria were

established to confirm the purity of a Pt electrode-solution system:

‘(i) Absence of any effects of stirring on the i-V profile.

(11) Maintenance of the resolution of the multiple H and O
peaks and the shape of éhe profiie down to éweép rates at least as low
as 0,005 V &1,

(111) Equality of anodic and cathodic charge in the potentio-
dfnamic sweep.

(iv) Constancy of the H deposition and removal. charge to
within 5% of 1ts original wvalue for at least 1 h while the potential

range uged excludes the O-species deposition region.

(v) Absence of any slant of the profile about the zero line.

2
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4,3 FExperimental ceilé - . - T

The three different types of cell used in this work are
shown échgmatically in Fig. 4. Cell (a) wag used for rapid testing
of successive éolutidns. /Szixﬁifzgsily be drained through the large
étOpcock and the reference electrode side~arm and washéa‘out through
the N2 entry. Cell (b) was designed for the siudy of temperature
effects so that the reference electrode would always be at the same
temperature as the working electrode. Cell (c) was developéd to
achieve the ultimate experimental purity. It had been found that sub-
stantially "cleanz;" results could be obtained by simplifying the cell
design and removing all‘ground—glasé Joints in contact with the golu-
tion. The impurity levels were reduced, probably beca‘ge oﬁ the ease

of cleaning the cell, and in addition the cell was essier to use.

Solutions were deoxygenated by a siow stream of N2 bubbled
from the bottom of the working electgpde compartment so as to avoid
dead spaces. The N2 éas (99.99% pure, as supplied in cylinders) was
purified in a conventional gas train583 consigsting of: molecular

sieve (BDH type 4A), Mg(0104)2, Cu turnings at 350°C (periodically

N 14
regenerated by purified H,), and then through 3 traps cooled by liquid
2 -

'Nz,—tWO-Of these containing activated charcoal, and finally a pre-

saturator containing pyrodistilled water. When a freshly prepared
solution was used, the last traces of O2 were expelled about 20 mins

after N2 bubbling was started.
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4.3.1 Cleaning,procedupés

Glass apparatus béiﬁgaused for\the-first time was soaked

,mwﬂwxx(inside-ﬂnd_out) overnight in fresh concentrated_CrOSA— H2504 solution. .

!
'

This, was thoroughly rinsed away with doubly distilled water and re-
placéd with fresh concegtrated H2804 (Baker analyzéd reagent grade).
Before starting an experiment, the HZSO4 was poured away and the cell
immediétely rinsed éli through about 4 times with very hot pyro-

distilled water taken from the 2 & boiling ‘flask illustrated on the
! .

lower left of Fig. 3. The cell was then filled with hot pyrodistilled

water and left to stand for about 20 mins. After this it was rinsed

f

with the experimental solution, left full for about 10 mins and finally

refilled with the experimental solution.
I

!

After an experiment, the solution was poured out and the

/cell immediately refilled with fresh concentrated stoa. The electrodes

| were got normally removed between experiments. No other solutions

-
entered the cell except fresh concentrated H2504,“pyrodistilled water

and the experimental solutions. TIdentical cleaning procedures were
applied to the ancilliary glassware used for preparing salts or

solutions.

4.3.2 Temperature control

Effects of the solution temperature were studied by im-
mersing either cell (b) or the central compartment of cell (e¢) into a
10 & water bath where the temperature was controlled to 12 K by crughed

ice or by a Haake ES52 circulating water heater. When using cell (c),

-
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the reference electrode was ocutside the water bath. It remained at
room temperature except in experiments at the highest temperatures

(e.g. over 360 K, when it rose to about 10 K above room temperature).

The progress of th; solution temperature towards a value
pre-set in the water bath was visiblé from changes in the potentio-
dynamic sweep .profile. The absenée of time effects in the profile was
found to be the most sensitive measure of the reaction.teﬁperature

L=

control.,

4.4 Electrical circuitry

Thé basic.eiecﬁrical circuit used in this work is shown in
Fig. 5. The potential of the working electrode was controlled by a
Wenking No, 6288 potentiostat accogding to the programme set by a
funcfion generator. (Servoﬁéx LF 141, Tacussel GSTP2 and Tacussel
GSATP function generators were used #Fterchangeably, according to the
complexity of the c¢yclic programme requiréd). The'pbtential of the
working électrode‘was measured by connecting it to the Pt/H2 reference
eléctrqde through a Tektronix Type O operational amplifier acting as
a very high impedance 1:1 amplifier. Currents passed at the working
electrode wgre' measured as poténtiala across a Leeds and Northrup '4755
-decade resistance box inmserted into the counter electrode circuit. The
current-potential profile could be recorded on a Hewlett-Packard 2D-2AM
Y recorderr, a Polarold camera on a Tektronix 564B storaée oscillo-
scope or a 35 mm camera on a Tektronix 502 dual beam oscilloscope.

Continuous readout of the wotkiﬁg electrode potential was avallable on
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a Dana 4300 digital mnltiqeter.. The circult was giounded frow’ a single

pbint (the workiﬁg‘elect:ode) directly to an incomiﬁg fire hydrant

through a 0.6 cm diamgfe: Cu pipe.

. &
In other experiments, slow linear potential sweeps applied

to the working electrode were modulated by a high frequancy a.c. symmetrical '
sawtooth signal of small amplitude. Variation of the a.c. frequency |

(1.e. of the linear sweep rate of the small amplitude sawtooth) enabled.

the reversibility of the deposition processes to be studied with regard to, all

surface bonding Btates occurring within the potentiai-rapge involved.

" The modulation sawtooth signal, generated by the Servomix LF 141, was

added to the slow overall sweep from the Tacussel GSTPZ in another

¢

Tektronix type O operational amplifier, and the combined signal then

supplied to the potentiostat. The rate of the slow carrier’sweep was
maintained at least two ordera of magnitude lower than the modulation
rate so that the currents added by the slow eweep were always- less

than 1% of those arising from the modulation.

"4.5 Estimation of electrode areas

In view of the widely scattered values of sﬁrface roughness
factor reported in the literature, no estimates of electrode areas
were made in temrms of their apparent geometrical area. Pt electrode.
areas were calculated as follows (see also discussion in Section 1.3.1):
The total anodic H removal charge was calculated by graphical inte-
gration (weighing fine paper: accuracy #1%) after setting the cathodic
limit to the saddle point.between H deposition and H2 evolution.

Double-layer charging currents were subtracted on the b;sis that they
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would be the same on the H covered aﬁrfhce as on bare Pt. Aésug;ng o
tha;fthg;ghafgé measured to the saddle point in the cathodic curve
doiréggzgas-exactly to the §epositiou of a monolafer of H 34, ihé‘
real éﬁrfahe area of Pu/elect;odes was calculated on the basis that
the eharge required to oxégtze a moﬁolayer of H‘from bolycryatalline.

Pt is 220 uC per real cm’, of the surface.

Th? corresponding chargé requ;red to discharge a singly-
charged %on_on every surface atom on a éolycrystalline Au electrode
(200 UC cm %) was obtained by multiplying this figure by the ratio of
the squaresof the radii of Au and Pt. The. estimation of the real area
of Au electrodes is, however, much more difficult, as thé internél J
standard of the H charge is absent. 'I£ most caség the area was cal-
culated in 0.5 M sto4 according to the criteriqn:of Michri,

585

Pschenichnikov and Burshtein” -, These authors found that the charge

ingiived in the‘discharge of O-Bpecieé at potentials below the saddle
int oc?ufring immediately before 02 evolution corrgspondeddio a
charge of 400 uC c:m_2 bf"real surface area as measured b;\B.E.T., over
a wide range of temperatureé and swéep rate. The problems 1nvol;ed

in the accurate determination éf Au electrode areas will be discussed

in detail in Section 7.1.2.
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' CHAPTER 5

THE ELECTRODEPOSITION OF H ON Pt

L]

é‘*’” : i . ‘r
* 3,1 ‘Results

5.1.1 Introduction o ' {ij;;:D
Previous work, reviewed in Section 1.3.1,.has established

that the electrodeposition of H on Pt is an unusually fast reaction.

It takes place as follows:

Pt + H30+ +e+PtH +H,0  in acid solutions

&

Pt + H

20 + é + PtH +l0H; in alkaline solutions. .

-

It has been sbowu that, at room temperature, the number of H atoms
H N - ?

which may be electrodeposited on a Pt electrode beforq’significant H2
EP evolution occurs, equals the number of Pt atoms in the electrodé
~sﬁrface29_32. The .reversibility of the overall electrodeposition-
electrodissolution ¢cycle for H and the consequent lack of hysteresis
in the potentiodynami; current-potentia} curve (Fié: 65; prove that’
slow post-electrochemical processes such as diffusion of aéoms in

the electrode surface are absent, and that. dissolution of H into the

bulk Pt lattice is negligible. Thus,the reaction kinetics are deter—///’—\\“__““
mined only e rate of charge transfer at the electrode surface.

The abséizzh::@témplicating reactions makes the system paréiculérly
suitablé for a study of the factors governing the appearance of ;
different states of elect;odeisgited atoms on an electrode surface.

Previous workers have shown th H'electrodeposited on-Pt is bound
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‘-id at least two atomic ‘states, nbich have difierent‘bonding energiea,

(Section 1.3.1).

‘The use of the rigorous purification techniques described ’
in Chapter 4 has led to considerable improvement in the reeolution of
the different states of surface bonding of H at Pt.-_In fact, an
important finding in the present vork is that at legst  five bonding

atatee are involved in the depoaition of a monolayér of Hon Pt. A

typical current—potential curve obtained at Pt (in IM HC10,) is ehown
4

_in Fig.6. The electrodeposition of H occurs at underpotential, i.e.,

'at potentials less negative than that for H2 evolution (cf. Fig. 1).

Under the eonditione of Fig. 6, three overlapping current maxima are

_resolved in the cathodic sweep, and four in the anodic sweep., The

corresponding states of surface bonding of the electrodeposited H are
numbered in oxder of increasing‘H coverage, with “the subscript A or C
according to whether the anodic (electrodissolution of H) or cathodic
(electrodepoeition of H) 1s described. Not all tbe current peaks are,
however, resolved under any glven set 'of experimental conditionms.
When a composite peak is produced by the overlapping of two components,
the deeignationa of both components are included, €.8., AA 5
. . . ?
M /—'\K_, e °
: T :

5.1.2 Effects of crystallography of the electrode surface

In order to-investigate Will's euggestionllo that the

multiple states of deposited H described above relate aimply to the

" existence of different bond energiea on different crystal planes expoeed

by a polycrystalline Pt substrate (see Section 1.3,1.1.(11)), = number

of experiments were carried out with single-crystal electrodes., It 1s

B
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.cleaf, huee;er; from experimente in 0.1M H (Fig.k7*) that aithough

B the distribution of the electrodeposited H among the bonding statea
depends. on the aurface crystallography, the same snates appear, with
the same bonqing energles#?at single-crystal su;faces as at. the. poly-
crystalliee ones.K Siﬁilar'resulta\are obtained atjhigher pH,'ﬁhere
four anodic peaks are clearly resolved (Fig. 8). To simplify the‘piew
sentatien of these reeulps, data for thé Pt (110) crystal have been
omitted. They were in all cases :Lntermediate in shape between those
for the (100) and (111) single crystals, as shown, for example by
Fig. 33 in Chapter 6. .

' [The su?face erystallography of fhe three?Pt single-crystal
electrodes obtained from Dr. Will was characterized, using reflection
electron diffraction, by Dr. P. B. Sewell at the Netipnal Research
Council Taboratories in dttawa, after the completion of a lpng geries

of experiments involving tens of thousands of potential cycles to a

- -

» variety of:anodic potentials. During this time the current-potential
profiles had become progressively similar, and Dr. Sewell confirmed
fﬁat the suffaces had become largely.polycfystalline, although with a
predominance of (110)" orientations on 511 the cfystals. fhe op;y
results using these crystals wﬁich.ggll Becquoted here a;e-therefore

. those from the first experiments when they Eatisfiedwthe eriteria for
"cleanliness" but were diatinctively differené. The Pt (100) single-P

crystal used for the data in Fig. ¥ .however,was separately prepared

*In-?ig. 7 and others without a scale of current deneity:fiurrent-
potential profiles have been superimposed from electrodes which have
different surface areas. The curves have not been normalized to a
common current denslty scale because of the errors that would be
introduced by redrawing. . "
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at the National.Research Council Laboratories and cﬁaracéerizediby

Dr. Sewell immediately before and after the experiment. No surface .
e;ystalline_1mperfections were present, and.although.some surface
facetting might have 'been caused by the-Potential sweeps (line-broadening
‘in the electrenﬁdiffraction paete?n), it was on too fine a scale to be

characterized, ]

5.1.3 Small differences between anodic and cathodic current-
potential profiles

Although the current-potential profiles representing the
 discharge and ionization of H on Pt are almost. en;irely symmetrical
about the zero current line, a closer scrutiny shows the existence of

e
small but significant differences. 'Since these small differences are
used to idehtify.the current peaks when the profile differs from that
of Fig. 6, they will be described at this stage.

In almost eeery solution examined, more H seemed to be
ionized from the more strongly bound states (e.g. HA2 at lew-pH) than
//’, wad discharged into it in the previous cathodic sweep. Conversely,

‘less H was tonized frdém the more weakly bound states (e.g. H

AL, 5 8%

low pH) than had been eischa;ged into them.

In sto4 and in concentrated HCIO4 soldrions, another dif-
ference betweeqq:he cathodic and anodic cnrrent—potential profiles is
clearly visible, If either (1) the cathodic reversal potential 1s less
positive than that of the HC4 peak (Fig. 9) or (i1) the anodic reversal

““/;y . potential is above that required to initiate surface oxidation (Figs. 10,11)
| the proportion of the electrodeposited H oxidized from the H,, state -

A3
1s increased. This increases "the currents in peak Hy4 in the anodic
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sweep. The corresponding peak (Hc3);1n the cathodicﬁSWeep_(Fig.IZ)Ais not
resolved in H SO4 or concentrated HCIOA solutions (Fig. 13). The
charge in the HA3 peak is also increased when Ehe sweep is interrupted
at a potential between that of the HCA,S peak and that for HZ evolution
before the anodic sweep is commenced (Fig. 14). When this type.of
potential hold is employed, the A3 peak remaihs_resolved even at

sweep rates gbove 0,2 V s-l.

-
5.1.4 Effects of'ﬁH
Current-potential profilas recordeé in alkaline solutipns
differ from those in acid in that (i) the electrodeposition of H appee:s
to begin at more positive potentials (measured with reepect to a Pt/H2
electrode in the same solution) and (ii) the H atoms occupy a different
{?ﬂtribution among the monolayer bonding states. The first effect
eriaes at least'partly because, in‘alkaline solutions, the oxide,
reduction reaction extenas to the H eeposition potentials, as will be
discussed in more detail in connection with Taﬁle.l,~helcw. The second
.- effect appears to be related to the changing cbverages of speéifically
adeorbed ions,ané water molecules as the p.z.c. ef Pt moves to more
positive poéenfiala (measured with respect to a Pt/H electrode in the
same solution) with. increasing pH, as will be-discuased in Section S. 2 2.
The unusual behaviour of the HAB peak mentioned above facili-
tates the designation of the peaks in alkaline solutions. The anodic
current-potential curve in acid solutions shows no peak or ehoulder

correeponding to the electrodissolution of H from the’ HA3 state unless

the sweep extends to potentials less pésitive than those of the HC4
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naSBocisted with smaller currents in the H,, peak, i.e., the bond

~135- . ol

o

peak (Fig. 9):;;In edditioe, smaller currents in the'HA3 peak are .

e A2
energies of the HA3 state mugt extend to values nearly as strong as

‘the strongest in the HA2 state whether or not the H A3 peek is resolved
1 -

in the anodic sweep. Similar behaviour is observed in alkaline solu-

tions when sweeos‘from a succedbion of cathodic end-potentials are

. compared (Fig. 15) This identifies the predominsnt duplex peak

observed at ﬁggh pH as HAA' L rather than as H,_, as might”

Hy,

appear &t first sight. Once again, the HAS state 1s seen to involve

bonding energies as strong as those of the HZ state. Even when the

HA4 éﬁd HAS peaks ovérlap_to such an extent that their'separete resolu-
' L]

tion igflost (e.g.at high pH in NaOH), the presence of the H, 4 peak

. within the coﬁposigg Hyq , peak can still be demonstrated by varying
e P ] . .

the cathodic end-potential,

@ The greatest resolution of the current-potential cufve in

alkaline solutions is obtained in dilute Na co (Fig. 16), Probsbly

Ko 8
because such solutions may be prepared with a high degree of purity.

Iepurities in NaOH were always found.more diffieelt to remove, .even
though‘fiee successive recrystallizations were employed. It is to be
noted that two peaks are, resolved at potentials below those of the
HC4 state in dilute Na CO3 (Fig. 16), so that the cathodic sweep shdws
five distlnct submonolayer peaks, although HC 1s not resolved \
Figure 17 ehowsxﬁﬂeﬂ;élationsﬁip between the peak ootentisls
and the pH of the solution'for a wide‘variety of ‘solution eompositions.' '
Ihe poEentials were measured to a Pt/H2 electrode in the indl;idual

solution concerned. Simce there is appreclable uncertainty in

. -
e

i .
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determining the potential of‘a component peak in a series of overlapping
peaks, estimated error bands have been drawn around the apparent peak
potentials, The low pH end of this diagram is shown in detail in

Fig. 18. Peaks H, and Hy, have almost the same pH dependence as the
?t/H2 electrode in the range 0-3. The potential. of HAS.app;oaches that
of HAa at low pH.dn sulphate* solutions but non dn_ﬁq;oé,'p:obablf be~

.cause of effects of specifidaily adsorbed anions.. Although the ratio

of dSOZ to soz' ions in the solution will increaae as the pH falls,
data afe not available to snow whethgr the predominantly'adaorbed anion
correspondingly changes from soi' to HSOZT*. The'extrapolation of the
trends in anodic peak potentials measured in ‘acid golutions to the
values measured in alkaline solutions (Fig. 17) cotfirms the-deaigna—
tion of the_peaka in ahe current-potential profile at high pH which was

¥

dedﬁcedAabove.
Figure 19 shows a comparison of ourrent-ootential profiles
obtained over a wide range of pH in solutions having a constant.(O.
sulphate concentration. Al{ theae experimenoF,were.carried out with a~
single Pt‘eleotrodg,'and at a sweep rate qf 0:05 v 3"1, Anodic and
oathodic charge data obtained after subtractiné”double-layer charging
currents {as described in Section 4151 are shown in Table 1., QHA and

C
0.05v: and are the total charge passed in the anodic and
P Qaoe %ot g P

Qq. detiote the anodic and cathodic H charge passed at potentials above

*
The expression "sulphate" solutions will be used to describe those

containing either-HpS0, oerast4 without implying that the pre~
dominant ion is HSOZ ‘or 504 (as controlled by the pH),

A concentration of even 10~8M in the 200 ml of solution used would
besufficient to provide a wmonolayer of adsorbed ions on 1 cm® of
electrode surface under equilibrium conditione 1f the adsorption bond
were gstrong enough.

k%

b

1
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Thus, at room tepperature, the charge involved in the UPD of H on Pt .
does not vary with the pH of the solution then measured at 0. 02 - 0. 05 v

sh., ‘ a

521.5 Variation of the_UPD charge with femperature
ot -It_has been’ generally accepted that exactlf.a monolayer of H
atoms 1s deposited on Pt before H, evolution begine29_32,'and the
UPD charge can therefore be used as a measure of the'real surface afea
of the electrode33 34._ However, tEe present data show that‘the UPD
charge (measured'as the H oxidatioodcharge when the cathodic Iimit is
adjusted to the saddle point before H2 evolution in the cathodic sweep,
see page 128) falls substantially as the temperature is raised (Fig. 20(3))
in H2804 solutions ranging from 5M to 0. OOZSM As the temperature is
raised, Faradaic H2 evolution currents become significant at progreqr
sively more positive potengials (1. e., the potential of the saddle point
corresponding to the on;Z:‘of signeficant H2 evolution becomes more

positive; Fig. 20(b)). The electrode potentials were measured with

respect to a t/H2 reference in the same golution and at the same °

-

temperature. The.potential scales thus obtained are designated EHT in

the graphieal \
It ie not_ cleay why the saddle point in the current-potential

curve moves to less-positive potentials and the UPD charge falls sub-

stantially dn the data obtained at 366K in sto4 solutions of 0,05M

and above. This may result from the combined effects of anioo adsorp-

tion on th&;ﬁz evolution kineties and the energy of adsorption of g.

Alte;natively, it may simply be an artefact due to the increased -

-
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1

ability of impu}ities te diffuse to the electrode’in the nesfly-boiling

solution and adsorb 8o as to reduce the\reactive area'ofithe electrode.
| These results suggest that the major factor:causiug variations

in the measured value of'qH is neither the temperature nor she pH of
the soluticn, but the limit of measurement imposed by the potential of
the H /H equilibrium under the experimental conditions. This may be
further illustrated by &8 comparison of current-potential profiles
obtained at a series of different temperatures. Figure 21(a) shows a
BEries of sweeps in 0.5M HzSdé; all taken to the same catuodic end-
potential (0.07V) measured with respect to a Pt/H2 electrode 1& the
same solution at the temperature of the experiment. This end-potential
arises more and more within the potential range of the H5 pesks as the
temperature is raised. The sweeps in Fig. 21(b), in 0.0IM H 250, sre
similar except that the cathodic end-potential was chosen at each
temperature so that just a liptle Hz.would be evolved in the sweep, as
shdwn by the ineressed anodi: currentsras the sweep changed directionm.
The peak potentials (measured with respect to a‘Pt/H2 electrode In the
same solution at the same temperature) move much less with temperature

in dilute stoé than in concentrated H,S0,, although the HZ evolution

2774
currents at the potentials of the HCS peak still increase markedly with .
temperature, as expected kimetically.

It appears from Fig. 21 that the variations in the current-—

. potential profile with temperature arise because of shifts in the !

relative potentials of peaks, each associated with a fixed charge,
rather than from changes in the charge of peaks, each occurring at a

fixed potential. There are also differences in the profile conmnected
§

-

L]



0BM H,80,

. y
i

0O0IM HzS0,

. 80 : 9[ N
‘alsol-
60 2
o . g e
a0 | | )
80 273.7 K i
L0

CAJHODIC-
Q
|

o
o)
i

CURRENT, pLAcm™®

ANODIC CURRENT, MA cm2

* FIG 21 EFFECTS OF TEMPERATURE ON.THE POTENTIODYNAMIC UPD OF H AT
PUIN (@) 0.5 M H)SO, () 0.01 M HSO, (s-005vs?) .-



o - 140 -

. with the concentration of H SO4 in the solntion, as follows: In 5M H2804,

the H state is resolved at temperatures of up to about 340K (Fig. 22),

but peaks H4 and HS' an 2 anth3 are inseparably merged. In 0.5M .
sto4 (Fig. 21) the Hy staqe is resolved only at 274K, The H 3'statetﬂ
_Sstarts'with a potential compareble with that of the HAZ stste at 274K,

. but-becomes relatively less’ strongly bound as- the temperature is raised,
: until its potential %erges with that of the H4 5 States at about 360K

(Fig. 21). The energy of the HA3 state undergoes a similar change with‘

respect to temperature in IM HClOA solutions. 1In dilute H SOA’ the HAl

* peak 1is not resolved even at 274K and HA5 is not resolved st-the

higher temperatures becsuse the Hz evolution reactiOn pcecurs at a
AR

relatively more positive potential (Fig. 21). T

Since it would appear that changes in the current-potential
profile with the reaction temperature must dependleither on ionic
adsorption effects or on differences ‘between “the entioples associated
with electrodeposition into the various states of surface bonding, and
no quantitative adsorption data for ions are avallable at elevated
téemperatures, an attempt was made to quare the entropies. - Figure 23

*
ed to the values which would

*
“The absolute temperature coefficient of the Pt/Hp eleJtrode was calcu-
lated as follows:

The equilibrium potential, E, of the resction ~

. T e ® 1/2 Hz
Qi given by RT . °
= E° (= 0, by definition) + == 1n 2
Td evaluate 'gf’ we calculate AS® for the reaction From
As® = s§ -S54 - 52

Substituting the best numerical estimates for §;+ and S; and the well-
known value for SHZ gives

) , 85° = 22 T04.5) = +2b eru .

The positive sigh of AS°® will reducé AG® for the reaction, at higher tem~
.peratures (since AG® =.AH° - TAS®), pushing the equilibrium to the right,
and therafore raising the potential by consuming' elactrons. - Quantitatively,

A_° = zF(

shows the anodic peak potentials corr

L

so that gEo= +20 x 4.18"

e gy = ) 1
dT ~ 96,500 - 10.84 oV K1
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ﬁave been measdggd with reference tp'a Ptlﬂé eléctrode at pH 0.3 (0, M
at o ~
HZSOA)/aiconstant temperature of 298K. The shift of ;he'HAa peak -

relative\to HA&' and HAS evidently arises because the gntropf assoclated

with depositidn in the H

A3 State is small and mayb}%:en Ine.gati%,

| whereas that assoclated with,HAz, HA& and--HA5 is apparently positive. _ c
The uncertainty QEising from the estimation of the potentials of the E Qﬁ*

overlapping component pBaks prohib%}s any accurate numerical estima-
. k] .

tion of the entropies for deposition in the 6orresponding states.

‘o

' " The fact that the Pt surface need not be_éog&zsiziy a mono-

layer of H atoms before H2 ewplution commences was confirmed by experi-
L : 3 .

ments id:HZSOA.— Hgso4 solutggns at room temperature. Prpgressive

. 3
elettrodepésitioﬁ'of Hg was found to reduce the H deposition charge

1

ultimately to 5% of its original value without changing the potential -
. for signifigznt.rates of H2 evolution (i.e., within the accurécy of

+8 mv, the.p&tentiaﬁ of.the saddle point in the chtﬁodic curve-occdrring

before H2 evo;ution was independent of the'Hg ;:;erage). 0f course, Hz‘

evglves on many met;is while the coverage of ‘electrodeposited H is well

below a monélaxer.. On Au, for %nstance, thé coverage oé H is less than’
139*¥

0.02 when H2 evolution begins .

5.1.6 Effects of adsorbed ions

In order to study the electrodeposition pf H with the least
perturﬁgtion from wdsorbed ions: fhé only a%}ons dded wexe HSOZJ soi“,
-and'cloz,and the onl% cé;ions Na+, M32+ ané‘ﬁ+. lTl\ie_current-pqtential

-

curve in dilute HyS0, is similar to that in dilute HCIO, (Fig. 12).

However, the addition of sulphaté ions to these dilute solutions- has

. *ggrt of the temperature=@ppendence of H peak potentials will be due to

temperature-dependent anion adsorption effeécts (see below). Corresponding
entropy contributions will then be involved.

**Thug 1t 18 the thermodynamic free emergy of the overall process_ZH*¥2e+Hg

that determines the potential for H, eviluiion and not H coverage, thoug
this may affect the inetics of Hp “evolution.

o T /
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three distinct»effects_on the electrodeposition and oxidation of H:
_ - o ,

(i)_itwredﬁcee the underpetehtial of deposition in the H (and

1,2
possibly the H ) state, (ii) it causes the H4 and H5 peaks  to merge

into the composite H4 )5 peak,’ and (iii) it increasee the aspect-ratio

of pesks Hl 2 and H4 5. Thet these effects arise from the specific
: ] ?

adsorption of HSOZ or éoi ions rather than from cdncurrent pH changee

. N ‘ .
is shown by the fact that adding Naz 4,07 MgSO4 to dilute H SOQ makes .
the current—potential curve become more like that in 0.5M H,S0, (Fig. 24y,

AN
Small differences in the curréﬁt-potential curve at potentials negative

" to the pP.z.c. of Pt {about 0 I8 V at pH 0. 3) may be related to the =

nature of the cations present.

In alkaline solutions, the addition of Nazso4 produces mo

. significant changes in the current-potential profile. This is con-

sistent with the extrapolation of ptésently available p.z.c. datassﬁ,

Which'auggeste that in alkaline solutions the p.2.c. of Pt will-be.
\ . b

-considerably'ﬁote positive than the potentials of the UPD of H.

r

5.1.7 Kinetics and reversibility
It has already been pointed out that the .discharge and

oxidetion of H on Pt are fast reactions in comparison with other

)

electrochemical deposition processes. The asymmetry of the cirrent-
- ™~

potential profile resulting from the onset of irreversibilféy shows

=

(Fig. 25) that althougﬁ the electrodeposition of H 18 essentially

reversible at 10V g~ in 0.5 stoé, it is clearly irreversible at .

100 v s-l, although iR losses in the solition cause some distortion in

the profile for the faster sweeps. Despite'tﬂis increased distortion
‘. /___,..—
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at higher sweepbiates; at least three sfases of H are st{ll resolved

in the anodic profile at even 500 V 3—1

. (Fig} 25 éﬁow series of
cug;ent—potéﬁzial Eggfile; at this Bwéep rate oﬁer a 1. ted potenéial
range which is succqsaivél? shifted tolless—positive potentials). In
alkaline ;olutions, the'current—potential_préfile becomes asymﬁetrical

- (Fig, 26 ) at sweep r;;es about anMrder: of maghiéude }cwef than in
acid (Fig. 25), The electéodeposition.of H bécomes.so irreversible at
~highexr sweep”ratesiﬁn alkaline solutions (Fig. 27‘u) that the anodic

T H peaks become superimposed on other oxidation!peaks. This leads to a

complex situation in‘which different types of species p:esené on the

3 .

surface may react together, €,g., in an overall anodic process such as:

~

0 - Pt-0H + 2H' + 2e

Pt*? + H2

Figure 28 shows a typical—exrmple of the dependgnce of the
rate.\ﬂAL,GwEep\ﬁates above about 1 V s_l,
™ )

the electrodeposition curreQﬁs begin to exceed the exchange ‘current,

peak potentials on the sweep

the processes ‘become irreversible and the peak potentials ingrease (by

about 0.11 V decade * of gweep rate). sz<a lower Fempergfuré (274K),
éhg\anodic peaks b;:Bme irreversible at' 0.2 éy;-l and the shift per
. dec;de is 0,09 V. The combination of a series of such plots %or
different solﬁglons (Fig. E% ) shows very cle:;ly the inérqasing

e
’irreversibility J H adsorption with increasing pH. More recent work
L N
in this 1gﬁoratory, involving the use of an automatic iR compensator,
-shows that’ this trend continues as the pH 1s lowered below 0,3. In S5M
@ _1582
%\“ + The

rate constant of the electrodeposttioﬁ reaction (ko) may be:falé lated

'32504, the onset of irreversibility occurs at about 100 V s

-

J L
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directly from the value of the sweep rate (s ) at.which the electro-

deposition current“ﬁegins to exceed the exchange current aince, f"p

"
the Butler-Volmer equation,so = k E%_ for a one-electron reaction with’

4
a B-factor of 1/2 "at low overpotentials. The calculated rate constants

are: 1 ‘ ' '
, \ .
PR -0.7° 0.3 2.6 11 13
kD 1935 445 9% 20 11 -

-~

0+

The rate constant increases almost 1inear1y_yith the activity of H3

lons in acid solutions, &ut this dependence is. much less Ltrong in
alkaline solutions wh?ée the predoﬁinant'reectants are H20 molecqles.
The relative reversiﬁility_qf H deposition into ehe various
states was assessed by a comparison of the current envelope obtained
from a slow potentiial sweep modulated by a triangular fﬁhctiou_of low
amplitude,-and the-currene-potential curdg’obtaieed at a linear sweep
rate equal to that in the triangular modulation. Figure 30 shows |
typical resulte for acid and alkaline solutions in the range of sweep
rates where electrqdeposition is becoming irreversible. These graphs
were made by superimposing data obtained from iinear'sweepe, modulated
sweeps carried cathodically, and modulated sweeps carried anedical .
The dotted limes show the enveloPe of the currents passed when tgi low
carrier sweep was moving in the same direction as the unmodulated sweep:
Such comparisons of the relative peak heights of the reversiﬁle com~
ponents as may be made from theyadata suggeet that_pﬁé reversibility
of deposition in the various ;%ates is rather similar.\“Thie confirms
the finding in Fig 28 that the differences between the exchange '

‘curreﬁts for H deposition in the various states are relatively small,
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at less-positive potentialsxfjﬁzhought to relate to deposition 1ii+ the.
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5.2 Preliminary discussi ;;

None of the variables studied in the experiments reﬂbrted

-

]

above either leads to the formafion of new bonding states for H or to

AN

the elimination of states which would otherwise exist. However, the

chan E 8 in the bonding energy ,and coverage of the states which have .’
-.H. ‘. \
been observed may in.many cages be related to changes in the composi-

.tion of the double layer at the Pt/solution interface.® These effects

\ : ¢

© will be examined as an introduction to the discussion of the cause of

—

" the multiple states of bonding.

-

5.2.1 Effects of‘specifiéayiy adsorbed Lons _
Only the effects of weaklf—ﬁ%und'anions were studied in the
present nork. Earlier investigators have shown that halide ions which
are strongly bound, not ouly reduce the range of underpotentiala over

»

which electrodeposi;ion of H occurs' on Pt, But algo change the dis-

tribution of H amnng the various bonding states (Section 1,3.1.1. (1) (a)).
\\

]

The present re?ults show that the effectd of HSO4, Cloz'and

. L4 8
soi’ ions are, in manylwé&g{ similar to those of the halide ;3337-j§

although much smallez §n magnitude. The energ%’required to displace
' ' O ~

. b . N .
HSO4 or ClO4 ions reduces the’g;;entialha ‘which deposition occurs in

the low-coverage etjfés. However, when the anions are desorbed during
- -— .

the cathodic sweep, the Rt surface becomes exposed at a pptential 4t .

which an gverpotential exists for the surface deposition reaction at

the prevailing cbve%ﬁge. This dncreases the apparent coverage in the -
. . \ " . = .
more weakly bound states. However, the-extra cHarge which is passed

/ s

i

C‘g
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a o . ’ :
states which would normally be filled at more\positive potentials. It

is thus proposed that the states in which electrodeposited ‘atoms are -

bound depend primarily on the coverage rather than the potential at

" which they are deposited

The small differé.nces between: the current-potentiai curves
for the‘électrodeposition and oxidation of H at Pt at sweep tates Be—
tween about 0.0l and 0.2 V s_l appear to be related ta the time- and
potential-dependent desorption of anloms. At very slow sweep rates,
the coverages of all adsorbed lons will be at their equilibrium values
at all potentials, regardless of the.sweep directionE At very fast
sweep rates, in a potential range inciuding that of oxide formation,
the coverages will be‘iow and will not change significantly during the

!
sweep. (In the specific adsorption of soi" ions, for example, it can

\- ~
take many minutes for the anion coverage to reach its full equilibrium
587 |

" value” '). However, at intermediate sweep rates, the coverage of

specifically adsorbed anions will always be'lower in the anodic than
in the cathodiec sweep. Althougt it 4is clear that ilonic effects will
diminish with the sweep rate (assuming that the sweep range is suf-
ficient to oxidize the Pt surface, thus completing tﬁe desorption of
anions), and will be lesstin the anodic sweep than in the cathodic
sweep, the sweep rate which will maximize the resolution of the
individual states in the oxidation of H while minimizing the effects
of specificaliy adsorbed ions cannot be predicted. The apparent
coverage in the states measured in the anodic sweep will vary with the
sweep rate because the sweep rate will control the coverage of

specifically adsorbed lons as a function of potential (apsuming that
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e
the sweep range is sufficlent to oxidize the Pt surface) In;adeitioo,
_the extent to which the .H peaks ovexlap in the anodic aweep will depend
'on\the‘temperature, since “the atandard reversible potentfhls of the
individual peaks have different temperature ooeffic;ente. i
. \\The difference in the apparent charge in the cathodic and
anodic H3 peaks is.particularly interesting. Holding the electrode
‘potential at 0.075 Vv, which reduces the coverage of anions, increases
the{oharge.in toe HAB peak (Fig. 14). Conversely, a potential hold at
0.4 v, whico will. increase the anlion coverage, redoces the charge in HA3
?(Fig. E}). However, even when the H,, peak is thus diminished, bhe\
:sadd1%3§bint between HAl,i and Hj,,5 8eems too high to be accounted for
by thé'eum of currents from these two peaks. Et appears, therefore,

-

thatlﬁhe time effects on the charge in the H3 atate relate to only a "”\\_
small proportioo of the H adsorbed in that state. The H, state is not E o

3
"sreated’ bg holding the potenti.al to allow HSOZ to' oesorb; rather, the
equilibrium distribution under such conditions allows more H to be
accommodated in the H3 state ani less in the H4;5 and H2 gtates than .
ie the case under continuous potentiodynamic cycling conditionms. It‘
will be noted that the HAl,Z peak current increases with both reductions
in the anion coverage (Fig., 14) and increases in the anion coverage
(Fig. 31). This =nomaly is not at present understood. Possibly the
increase in H1,2 currents after holding at 0.4 V arises from increased
deposition in the H,, state which more than cofpensates for the de-
. creased depositioo in HCZ' (The Hl peaks are normally only resolved
in continuous cycling in solutions containing high concentrations of
52,74,75, ° '

HSO4 ions
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Incidentally, the fact that changes in the ionic composition
neither Ftreate"\nbr "destroy” individual bonding states of H on Pt -

¢ ‘ . . ) .
disproves the suggestion.implipgit in the work of Schuldiner and

Wa;nér607

tﬁﬁt'ﬁultiplé bonding Btaﬁeg arise .(in the deposition of O
'.apecies on Pt, aﬁ iegst) from the disé;ntinuous removal of competing
adsorbates. | B ‘ ;

- The variation in the &;stribution ofzelectrqdeposited H atops
among the bonding states with the crystallog?aphy of tﬁe suxrface in

acid solutions (Figs. 7 and 8) may also be partly caused by specifically
adsorbed ions. &he small differences in the current-potential profile
which relate to_the‘prystallography diminish still fufther as the con~
centrations of HSOZ, Cloz and soi' ions are reduced, It is known that
surface elgctronic properties (e.g, work functionééz) vary with the
lattice plane exposed, so it is to be expected that the coverage by
specifically adsorbed anions will also depend on the plane exposed,

Thus the ﬁonding,states of H will be affected not only directly by the
electronic properties of the surface plane, but'algo indirectly by the
consequent changés in the specific adsérption of ions and in the p.z.c.
In acid solutions, the p.z.c. of Pt lies between the potentials

586. The original Frumkin model

of the predominant H1,2 and H4'5 peaks

of H adsorption in two states of opposite dipole moment82 is now

clearly inadequate as a basis for the explanation of the behaviour of ﬁ

on Pt, not only because more peaks haQe been resolved by the use of éhe
: potentiodynamic sweep method, but also because the same peaks occur

at similar potentials iﬂ alkaline solutions, where the p.z.c. arises

at (relatively) more positive valuessss.
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The fagt that c1oa ions affect the electrodeposition of H at

potentiala below the p.z.c. of Pt very ‘much less than do HSO4 | :

(Section 5.1. 6) is consistent with earlier studies showing that the

Iy

equiiibrium coverage of Clo4 ione on Pt 239 is only about half that of

HSOZ ion986'237’238. HSOZ ione suppress the electrodeposition in the
H4 state to the extent that it is no longer resolved in 0.5 M H 4

_solutions, and produce the familiar composite H4 5 peak whereae the
H, state is clearly resolved in M HClOa solutions. i ¢
The effects of Na and Mg cations on the UPD dsf; are much
smailer-than those of the anio;s,describec above, This is consistent
witﬁ radiotracercééta.showing that Ne+ ions are only very weakly

adsorbed at Pt86’588’589. Thus the small magnitude of the effects of

Na® and ng+, which are only significant at potentials less positive =
‘than that of the P.z.c., may relate simply to the low coverages of

these cations.

5.2.2 Effects of pH

It has been shown that although the H peek'potentiale have
the 'same pH dependence as-that of the reve;sible Pt/Hz‘electrode in
the same solution, and althougﬁ ﬁoe total UPD charge is independent of
pH, the coverages of H inlthe individual statee‘are not, and also that the
rate constants for the deposition and ionization reactions become smaller
with increasing pH. The changes in fhe energies and relative coverages
of the bonding ecatee with increasing pH are thought to arise from
reductions in the specific adsorption of anions at the H deposition

potentials as the p.z.c. moves to (relativeiy) more positive potentialesaﬁ.
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‘Thuis, the spectrum of states of bonding of K at Pt will be most clearly - -

reeolved.in solutions of high pH or low concentrations of acid, in

which ionic'effects are minimized In addition. as Wodd940 haa pointed

'out the’ superpoaition of currents from H2 evolution en the H peaks at

'.,‘,‘\
high coverage may be minimized by rédueing the tempereture, but this

enhances anion adsorption effecte..

The decreasing rate constant ef the H deposition reaetion
with inereasing pH almost certainlj arises from the concurrent change
inrthe deposition mechanism. In acid solutions, the deposition will

proceed via the discharge reaction.

Pt + H30+ + e > Pt-K o+ H0

JIn alkali, on the other hand, the current for this reaction is dif~

fusion-limited and very small, so the only significant reaction is

Pt + H,0 + e + Pt-H + on

which evidently ie_nore irreversible. A'similar difference in kinetics

arises in the H2 evolution reaction from acid and alkaline solutions.
‘\Vf\}--.. '

5.2.3 The UPD chatée and the H2 evolution reaction .
The fact tnat H2 may be evolved at Pt electrodes which are
not_covered by a full monolayer of H atoms, suggests the following
tentative mechanism for H, evolution. As the electrode potential be-

2

comes less positive and the H coverage increaees, the bonding energy

of electrodeposited H falls., A coverage is finally reached when the
Pt-H bond energy has fallen to a value of half the dissociation energy

of Hz. This coverage will depend on the temperature via the relative .

b
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N S ,
entropyichanges'éssocidted wiEP the UPD of H and the 2Pt5§:+'H2 + ?t
: reéctibn;l At this stage,H mﬁy‘%e deposited from H, on to a Pt-H species.
with zero frqe‘enepgy cﬁange, i.e. the'underpotential of depoaition is
zero, The'Pt;H hqnd; howaver, is not sufficiently atfong to hold the
second H atom whicﬁnhaa beeq deposited, ;Ejan H2 molegule'breaka away
froﬁ-the electrode surﬁace, éxposing the gurface Pt atom‘at an over-
ﬁotent;al for H depﬁéition. Another H atom will therefore be immediately
'deposited on the bare?metal and the.reaction cycle will continue,
'mnce the H deposition and Hz evolution reactions observed in
cfclic voltammetry can.evidently_occur independently, great care must
- be exercised in the'interpretation of the temperature dépengence of the
UPD charge. For example, B;eitér's deduction of heats of adsorption

from the temperature dependence of the maximum measurable H coverage77'79

now appears to have no‘hggis. The recent wofﬁ of Wood340 shows thatr
lowering the‘temperéturéf;ubstantially reduces the H2 evolution currents
at the potentials of the H5 peaks, allowing the (monolayer) H depoéition,
charge to be measured more accurately., Low temperature measurements

of the UPD charge probably pfovide the most accurate basis for the

measurement of the real areas of Pt electrodes.

5.2.4 Occurrence ‘.°f multiple bon;iing states
The incrgased resolution of potentiodynamic data resulting '
frqm the use of carefully purified water and other reagenté shows that,
at Toom temperaturegamonolayef of H 1s discharged at underpotential on
.Pt, even at single crystallographic planes, in at least five states

‘having diatincfiyidiffg;ent_energigs;a-Thiﬂ.mﬁltiplicity of .states of
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bonding does not depend on the compésiﬁion of the solution at the
glecérode.su;face nor on the crystgllograéhy‘of the e}ecﬁrode surface, .
although both these factbrs modify the bonding enefgy for individual
stateé and the apparent distribution of H among the states available.
fli;_d%posited on Pt over a‘range of underpotentials of

about 0.35 V, Siqce both the atomic H deposited and the molecuiar H2
evolved originate ‘from a common séecies (H30+ or Hzo; according to fhe
pH), this shows that the'(freé) energles of bond;ng differ by uﬁ to 8.1
keal molml. This range of enefgiesAia comparable with tﬁat found in
' gas/solid adsorption studies, e.g. Tsuchiya et 3170 uéed the thermal
- desporption :ecﬁnique to measure activation energiesf for the ddgorption :
of B from four bonding states on Pt as 2.8, 0.9, 0.4 and 2.1 keal mol _1,
while Kubokawa etlal71 measﬁred the activation ene:gies* for desorpticn -
from two predominant bonding states as 10 and 23 keal mol -1. (The
latter data are in bétter agreement with the wvalue for the strohgly
bouna state obtained theoretically73 and by U.H.V. calorimetry72 than -
the former.).

- Since the five or six electrodeposition states are néither

3 . .
created nor eliminated by changes in the metal structure 'and the com-

position of the double layer, it must be concluded that at least five

bonding states exist under all experimental conditions, but that any

glven state can only be detected in a potentiodynamic sweep when the

standard free energy of deposition in that state differs sufficiently

*Since the activation energy required to adsorb H on Pt from the gas
‘phasé is almost zero, the activation energy of desorption is almost
equal to the desorption energy. It is thus permissible, in this

case to make a comparison of what are essentlally kinetic and thermo-
dynamic parameters.
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.from those of the étatés_of neighbouring engrgy..and'when the coverage
in that state is sufficiently high. If the currents from adjacent peaks
~ are additive to .any great extent, the overall profile may not reflact

v

the multiplicity of component beaka. This is illustrated by recent

.work in this laboratdry24

in which.d‘ggmputer—generated current-potentiai
curve was developed to simulate the familiar three peaks in the oxida-
tion of H in 0.5M H2504 by the superposition of isotherms representing
gggg.adsorption energies.l The main features of the experimental eurve
were‘quite well reproduced by component states having céverageSu'

BH = 0.3, 0.2, 0.2, 0.3 and standgrd reversible pofeﬁtial separationé

of 0.03, 0.09 add 0,08 V, or coverages GH = 0,3, 0.15, 0.20, 0.35 and
separations 0,04, 0.08, 0.08 V, However,-when the appropriate, distri-
bution of peak currents was obtained from this summation of Lané;uir
isotherms, the spread of underpotentials was appreciably greater than

that measured experimentally. This was corrected by applying an

attractive (Temkin) interaction parameter of g = -1 in the relation

-] VF,16 CT
15 e*p (g8) = KCH+ exp (7) (1)
for each of the component isotherms. An experimental basis for the
exlistence of such attractive interactions between electrodeposited H

atoms is provided by the narrowness of peaks H and H5 (about 0,045

1,2
and 0.08 V, respectively) under conditions where the adsorption of

solution species during 30 h potential cycling between 0.05 and 0.7 V
had redistributed almost all the charge into these two peakssgo. (The
total charge assoclated with the UPD of H did not fall by more than 7%

dﬁring the course of this experiment, suggesting that the solution may
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1

have been unusually pure.j. Siﬁiiar results have since been reported

by WopdsAo. It 18 perhdps pesalble that the attractiﬁé interactioha

arise from e}ectrosfatic fofcea begween the pﬁriial positive charéehon -
* Pt-H dipoles and adjacent éﬁecifically adgbrbed-anions.‘ |

Tﬁe 1imited understanding of the UPD of H on Pt by previous

workers mainly relates to their ﬁaving stu&ied~a very limited range

of solution compositions and temperatures - almost always 0.5 M H2 4
298K The publication of other results involving “the addition of un-

5.8 ‘
. v : purified reagents (e.g. references 52, 107) has left the false impression
that the best resolution éf the component reactions is obtained-in con-

centrated H2504 solutions, In such solutions, the energies of the
bonding states overlap to such an extent that only two (or three) peaks
are observed .in the potentiodynamic sweep profile, Thus. préviously
developed electrochemical models for the electrodeposition of H on Pt
describe the formation of two species having different bond polaritysz,
and sometimes a third state supposed to arise from their mutual inter-
aétionlzﬁ. The present results reéuire a new type of model to account
for the occurrence of at least five statés of bonding of electrodeposited
H. The reasoning above has shown that the discreteness of the bonding
energles must arise as a consequence of the elgctronic factora in bond
" formation, rather than from any external environmental factors. Pre-
éently available quantum-mechanical models of H adsorption only account

for two states of atomic H127’128, or two atomic states and two molecular

stateslSI. Since the present wdrk shows that multiple submonolayer states
of bonding of electrodeposited species are a general feature of surface

bonding on noble metals, the development of a general model of electro-
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deﬁosition involving discrete bonding energies will be postponed untii a
general: discussion of all the reaction systems studied is given in

Chapter 11.

-
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. about 0.4 V below the reversible 02_potentiall(l.23.V), and the coverage

: ‘temﬁeratdre,'and pH; the designations of the peaks shown in Fig., 1 were

-156 = ..

CHAPTER 6

THE ELECTRODEPOSITION OF O SPEQIES AT Pt

6.; Results

6.1.1 Introduction

Earlier work, including the previously published results

9

of this shudyzz , has established the following characteristics of the

oxidation of Pt in 0.5 M 32304= \ﬁ"a

.(1) The discharge of O species begina at ég‘underpotential of
%

reaches 8, = 1 at about 1.1 V (in 0.5 M H,80, with a sweep rate of 0.05 V

\\\N\\s_l). Significant‘currents appear from the evolution of 02 at about 1.5 v,

573

AN
when the coverage is about ee = 2, In purified solutions y the current-

potential profile generally shows four anodic current peaks, but apparently

only one cathodic peak, as shown earlier :in Fig. 1. Other peaks, which
will be discussed later, may be resolved by changing the sweep rate,
established after-evaluating all the data, and by comparison with the-

oxidatibn of Au, at which better resolution is obtainable.

* . i ;
 Coverages will be expressed in terms of the quantity 6,, 1.e. the nusber

of electrons passed in oxidation or reduction per atom in the Pt surface.

This measurement will be used because of the uncertalnty whether the

deposited "0" species is OH or 0. The total charge transferred when one

electron is passed at each surface atom is measured by the charge, Qy,

required to oxidize the total amount of H which can be deposited on Pt at

underpotential at room temperature. The coverage is then calculated as
s - ox

4 (4] LY ce—

e O

where - is the charge passed in oxidizing or reducing‘the PExQurface.

J
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. '(iii The potentials of tﬁé anodic péaké do\nqt varylwith the
lsweap‘fate beldw-l v s—l, indicatipg that the deposition processes are
rapid under such conditions. ' | ‘;

({11) The faét,that.the cathodic cufrent;potential profile is
entirely different from the anddic profile (Fig. i)‘shows ghag; although
the electrodeposition of O species is a fést step, the discharged species
arein a metastable state. Under normal cbnﬁitionb, the deposit rapidly
reaéhes a more stable state, from which it is reduced in the following
catﬁodic sweep. The pathway of the reduction reaction is clearly not
merely the reverse of the discharge reaction;_ Otherwise the overall
oxidation-reduction reaction would be reversible (as with H on Pt), and
the current-potential curve would be symmetricai about the zero-current
axis except at high sweep fates,when kinetic effects arise in the oxida-

- 234,235

tionTand reduction. The hysteresis which results from the

secduda;y processes following the discharge step produces a distinctly

different current-potential profile from that arising from kinetic

29

;irreGérsibilityz » If, by maintaining the electrode at an oxidizing

potential for a long time, the secondary processes are ,allowed to eqﬁili—
brate the state of the deposit, the reduction peak becomes narrower,
suggesting that the deposited specié; now behave somewhat like a bulk
compound, with substantial attractive interactionszzg. However, 1if the

deposited species are not given time to reach equilibrium, various'atages
of the secondary processes may he-resolved in the cathodic profilelea’lag’zzg;
! N &‘ : . -

N

which would otherwise appear as a single peak.

(1v) The rate of oxidation of Pt falls 1ogariﬁhmically‘with

time -at constant potentialzo’l76'186’217. In part of this study previously
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feﬁortedzso it was fOund fhaﬁ on resuming ;hﬁanodic sweep (0;05 v s-l;l
ﬁ;S M HZSO4) intexrupted at an oxidizing potential, the anodic currents 
were,initiallj’ldwer than those obtained without the hold, but rose to
equal.them at higher potentials (Fig. 32). When the interrupted sweep
was extended to sufficiently anoaic potentials for the anodic current

to reach fhe"uniﬁterrupted valuet the subsequent cathodie curves became
identical: The result of this experiment is most importanf.- It not

only disprovés the early suggestlon that secondary processes would pro-
duce new sited for the discﬁarge of 0‘specie5197, but also eliminates

disproportionation reactions (e.g. 2 PtOH + PtO + Pt + H,0 followed by

2
Pt + H,0 +~ PtOH + H+ + e)219, and surface diffusion of discharged 0
species togﬁ?rm islands, as possible mechanisms of the secondary pro-

CGSBeSzzg

6.1.2 . Effects of surface crystallogr;phy
The oxidation behaviour of Pt (100), (110) and (111) single-

crystal surfaééﬁ?ﬁaa found to be very similar to that of polycrystalline
Pt described above. Each crystal showed the characteristic multiple-
_peak, current-potential profile ‘ 33), with only minor variations

in the anodic peak potentials and the charge associated with each peak.
[This suggests that Somorjai's finding that 0, does not chemisorb on

Pt (100) surfaces at low pressuresl22 may relate either to the presence of
surface impurities or to effects of surface crystallography on the activa-
tion energy of the.dissociation reaction in adsorption from the gas phase].
The reduction peak potentisl was even less sensitive to the surface

crystallography than the anodic peak potentials. Figure 33 shows the
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full pctential range of the current-potential profile toteﬁphasize the
fact that the crystallbgraphy of the Pt surface affects the electro-

deposition of O species much less than that of H.

P
s
¥

My,

§.1.3' Reversibility and hystefesis-

The potentials of the anodic peaks OAi,z_and OAS (Fig. 1) de
not depend on the sweep raFe below s = 1 V s—l {Figs. 34 and 35), showing
that deposition in the metastable anodic states is reversible under Fhese
conﬁitions. This re#ersibility is confirmed by the fact that the pseu&o-
capacitancel6 (ip/s) of the anodic sweep peaks is independent of the
éweep rate (below 1 V s_l) in all solutions at all teﬁperatures.
'Representative results for the predominant peaks in dilute and conm-
centrated apid solutions are shown 1n Fig.-36. As the sweep rate is
increased, the peaks shift to more positive ﬁotentials as the deposition
becomes kinetically_irreversible. The processes corresponding to the
QAl,g and 0A3 peaks are much-slower in acid than in alkaline solutions;

1 ' -
. the gate constants for the respective processes are about 43 and 41 s 1

} .
in 0.5 M HZSOA’ but are probably both in excess of 1000 s-l in 0.05 M

P
af-s

NaOH . The increased rates in alkaline solutions suggest that the

electrodeposition occurs direcﬁly from OH ions at high pH.

*These values were calculated from the sweep rate (5 ) at which the

Tafel line joining the peak potentials. from higher sweep rates Imtersects
the line joining the comstant peak potential values measured at slow 2RT
sweep rates (Figs. 34 and 35), using the relationship (p. 143): 8§ =k ——.
The deposition was assumed to be a one-electron reaction having a° o noF
standard free energy ingfpendent of coverage (i.e. g = 0) 'and a Tafel

slope of 0.120 V decade . The experimental Tafel slopes measured from _
Fig. 34 agree quite yell with this assumption, being: 0,,, 0.115 V decade b,

= Al
0A2’ 0.142 V decade " 0A3’ 0.143 V decade ; and 0A4’ 0.118 V decade
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The hyatereeis in the overall oxidation—reduction cycle

shows- the reduction reaction occurs_xig a different pathway o
that of the.(fast) oxidation reaction. Thus, when the direction of an
anodic sweep is reversed, only such discharged 0 species as have not
undergone the eecondary‘proeees (1.e. that'remain in the metastable
state in which they were deposited) will be reduced at the potentials
at which they were deposited. Hﬁgteresisferises as the remaining
(transformed) material is reduée&;‘.Tnis featnre was studied quantita-
tively by ‘superimposing a rapidly alternating triangular modulation of
small potential amplitude on a slow linear potential sweep acting as .
a carrier signal (see Segction 4.4). The currents resulting from the
medulated sweep measure only the component of the oxidation/reduction
current which is reversih;e at the potential and time involved. Thus,
at a given sweep rate, the currents frdnlthé modulated sweep will be-
come 1&25 than these from a linear sweep at the same rate as the
modulation (Figs. 37 and338) whenland if the depesition/reduction be-
gins to be irreversible. This type of quantitative comparieon becomes

> _...- T

inapplicable at higher coveragea, since the elow rate of the carrier
sweep in the modulation experinent allows more time for species
deposited at lower edyeragee to reach eqnilibrium bondinghgenfigura_
tions than in the course of a fast multisweep. Thus deﬁgeition during

a modulated sweep is carried out on a more equilibrated film than in

the case of a multisweep at the equivalent 1inear sweep rate. This

-.leads to differences between the response of the electrode to anodically-

and cathodically-carried modulations as seen in Fig. 38. Thus, for

example, the reversible component corresponding to deposition in the
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state oAl does not appear when the alterﬁating modulation is earried
on a cathodic sweep, because the "stabilized" 0 species cannot be
reduced at this potential so there is no free surface on which the
(reversible) 0Al reaction can occur. Mbdulated sweeps in 0.5 M H 4
(Fig. 37) confirm the earlier conclusion from Figs. 34 and 35 that the
OA1,2 and bAS processes are much less reversible in acid than in.alkaline
solutions.

N,

The secondary processes not only cause hysteresis in the -
e ‘ ‘

'overal}uexidationfreduction process; they also allow depoeition to
cbn;;nue at constant potentials at which the surface would otherwise
have attained a constant equilibrium coverage, The continuing deposi—
tion at constant potential obeys a ‘logarithmic rate law with reepect to
time 20,176,186, 217, even at the lowest coverages (Fig. 39), and on
single‘cryetal surfaces, despite the fact that the electrodeposition
into the metastable states in the ancdic sweep before the potential
hold occurred at rates lower than tﬁe exchange current, Similar con-~
tinuing deposition at constant potential was observed in alkaline

solutions even within the potential range of the 0,. peak. No detect-

Al
able oxidation processes occurred, however, during similar interruptions
of the potential sweep et iese positive potentials, i.e, within the -
anodic '"double-layer" region.

The fact that the potential of the reduction peak varies
conglderably according to the coverage °f,0 specles attained at the
reversal potential (Figs. 10 agd 11) gives streng evidence that this

peak is the sum of a number of component peaks. This was confirmed by

detailed studies of the composite peak potential as a function of
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coﬁerage, tempefature\and_solution compoaitibh. However, the bondiﬁg,

A Ry

states resulting from the secondary processes were more successfully
b . ‘

" investigated by rapid‘reduction sweeps (Fig. 40 and reference 229).

The oxidation-reduction cycle is reversible at coverages below about

229
4 oF HClOa at 5V s -1 .+ At coverages below 55.

‘ee =0,27in 5 M HZSD
0.15 the oxidation is eésentially revefsible'gven at sweep rates as
low as 0.05 V shl (Figs. iO and il), i.e, thé secondary processes are
elther relatively slow or reversiblé under these conditioms. As
higher coverages of O species are reduced, a’ strongly~bound state
.(OCZ) is observed in the reduction sweep, but finally the predomiqant-

oxide-(reduced in the composite OC2 3 peak) has an intermediate bond-enexgy.
. . =

The coverage in the most strongly bound state (002) apparently reaches

a limiting wvalue, after which the state of intermediate energy (0C3) e

increases in coverage to dominate the familiar 0c2 3 composite peak
. ]

to such an extent that it appears to be a single peak,

£ .
6.1.4 Effects of specifically adsorbed anions and of pH of i
It is well known that the energy required to displace sﬁ;pngly

specifically adsorbed anions (e.g. €l ) from Pt increases the poéén ial .

needed to electrodeposit o] specie399’241. Previous workers. have there-

fore usually studied the oxidation of Pt in H2504 o%. HClO4 solutions,

and most have assumed tha SO4 , HSO4 and ClO4 ions WRuld not affedt

ft

the electrodeposition of 0 species. Effects of these ions were studied

in the experiments recorded below.

Figure 41 shows that when the concentration of HZSO4 1s

reduced, the discharge of O specles begins at lower potentials, Similar,
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though smaller, effeots are observed in HClO4 gsolutions, HOWever, by
the time the electrode potential reaches about 1.3 v (Fig. 41), the

total charge pasaed is independent of the anion concentration. Thus,
although the ooverage of O Speoies deposited in states OAl 2 and OAS
is itﬁuced by the presenég&of 9pecifically adsorbed anions, there is

an eguivalent increase in the oharge deposited in OAA 6 since when

such potentials are reached, the anlons are presumably desorbed

Increasing the reaction temperatuve both dECreases the
deposition'peak potentials.(Fig. 42), and redistributes the deposited
specles 80 as to increase the coverage in ‘the more strongly- bound
states (Fig. 43, cf. Fig. 41) The difficulties inherent in experi-
ments in. nearly-boiling solutions give rise to slight varlations in
'the reduction sweep profile. It appears, however, that even at 368K
the specific adsorption of Soim and HSOZ are sufficient to cause cpn-
siderable increases in the potentlal at which O species begin.to dis-
charge, which masks the redistribution effect.

The effects of solution pH were studied in a seriee of 0.5 M
sulphate solutions (HZSOA’ Na SO4 and Nazso4-Na0Hj and representetive
current-potential profiles are compared in Fig. 44. As the pH is
raised, the oAl peak becomes distinctly resolved at potentials leés
positive than those of the'OAi peak;HAlthough the_potEntial 4nge of the 0Al
peak is that at which many types of solution im@urity are/é;:dized,
1f present, the 0Al reaction was confirmed to be aksuﬁﬁgoe process by
showing that the oxidation and reduction currents in"‘/this reglon are
independent of solution stirring and.that a linear relationship exists

u

between the OAl peak current and the sweep rate. The OAl'peak is also

A
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resolved in aci&rsolutions at fast sweep rhtes-(éee Eﬂﬁ data in
Fig. 34);‘ Although the appearance of the 0,, peak ié'alkaiine solu-
tions reduceslthg;potential at wh{éh an oxidatioﬁ éharge equivalent
to one, electron pef.surface atom-has been passed, when the coverage .
exceeds’'the equivalént of ca. two electrons per surfacg gtom,‘thé
total cﬁarge passed is essentially indgpendent of Eﬁé solutioﬁ pH
(scatter *12Z), | ‘

Figure 45 shows that the potentials of the oxid;tion-peakg
in acid solution éenerally vary with the pH in the same way as that

b ]

of the Pt/}i2 electrodei i.e. as predicted by the Nermst éguation.

However, as the HSOZ o=t soi‘ + equiliﬁrium shifts to the left at

low pH (pKa o 1.92), the increasing coverage of specifically adsorbed ions
increasés the potentials for deposition.in the various étates,‘as described abov
in connectionavith Fig. 41. Although the 0A2’ 0A3 and 0A4 peaks are

ﬁ;ch\less weia,resolved in alkaline solutions (Fig. 44), probably be-

eause of the difficult& of preparing ﬁéOH to the same level of purlty

as that of the other salts and acids, it appears from Fig. 46 that

their potentials are consistent with those of the OAl,Z’ 0A3 and OAA

peaks in acid solution. The 0Al peak, however, shifts to lowex

potentials as the pH is iaiééd, and therefore becomes resolved

separately from the OAZ peak,

6.1.5 Reconstruction of the Pt surface
Although the crystallography of the.surfaces of the three
single-crystal Pt electrodeg obtained from Dr. Will had not recentlf

been investigated, their potentiodynamic sweep profiles were at first
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quite distinctive (Fig. 33}, _However; Auring the~c§urseiofq§ long
 series Qf experiments involving tens of thquﬁands of poﬁential.cycles
to 1.3 - 1.4 V on each crystél, the current-potential curves beéame
. less dis?inguishaﬁie from one andther, and progfessivéiy more like that
~ of polyerystalline Pt. Subsequent reflection electron diffractiog analysis
ﬁy Dr. P, B. Sewell (Nationai Research_Council, Ottawa) confirmed that
all the surfaces had become microscopically polycrystalline. In fact,
"over 60% of the surface of each electrode was occupled bf (110) crystal
faces.,

In another serles of experiments, a polycrystalline Pt wire
electrode was subjected to extremely rapid potential cycling (sweep
rates of up to 1 kV s_l) to anodic potentials ranging from 1.1 to 1.5 V.
After several hundred thousand cycles, when the sweep rate was readjug;ed.“
to 0,05 V s_l, the current—pgtentiél profile had changed to a siigh£
extent. Fig. 47 shows that it mow resembled that of a Pt (100) single-
crystal in every respect. The surface of the electrode was no longer
éhiny but a middle-grey colour resembling that of lightly platinized Pt.
The changes in the current-potential profile were maintained throughout
a further 10 h of potential cycling at 0.05 V s-l.

To check that the changes in oxidation behaviour were due to
restrugturing of the Pt surface rather than, e.g., the adsorption of
" dmpurities, the wire was then dipped into hot aqua-regia for 120 s,
. thoroughly washed, and then replaced in the solution. The current- -
potential profile obtained, however, was then characteristic of a Pt
" {111) surface rather than of the original polycrystalline Pt wire
(Fig. 48), and remained so as the potential cycling was continued for

several hours.
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6.2 -Préliminary discussion ' | o
6.2.1 brigin of multiple bonding energles in a£odic deposition

oﬁ 0 gpecies .

.Since the first thr;e anodic peaks (e.g. OAl,Z’ 0,4 and 0A4
in acid solutions) all arise at coverages much less.than a monolayer
(Ge = 1), thgy cannot be related to g seqﬁence of oxidation_states of
" Pt in a completed oxide film since this would require that some atoms
in the Pt surface would remain unoxidized while otherwise identical
atoms were ﬁndergoing further_oxidatiod to higher oxidation gtates:

In addition, only Lo oxidat;on states of Pt occur in bulk compounds,
and have been detected in stable Pt surface oxides by ESCA27?.

Tﬂe current peaks resolved in the anodic -oxidation. of Pt-
represent only-small variations in a relatively constant oxidation
current profile (Fig. 1). Since the same current-potential profile is
observed at both smooth and platinized Pt electrodeszzg, and the same
four oxidation peaks are resolved at single-crystal surfaces (Fig. 33),
the relative éoﬁstancy of the oxi@afion cufrent'éannot be attributed
‘to the occurrence of one of two peaks at slightly different potentials
on each of a large number of crystal planes exposed in the surface of
a polycrystalline electrode. Instead, it wmust be related to the over-
. lépping-of the currents from the four peaks ghich are resolved.

It is possible that not all the oxidation peaks represent a
simple discharge process. One of them may represent an electrochemical
dehydrogenation reaction leading to a bridging O atom on two Pt siteszzg

]

i.e. Pt

Pt-OH + Pt » S0+ 8 4
/
Pt
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- Although such a ﬁechanism.may well occur during the*oxidafibn of Pt,
it woﬁld only gccount-for a second énodic-peak, whereas at leagt four
Bre observéd} |

If it is conclﬁded that several of the peaks represenﬁ the
deposition of the séme specles at Pt, they must éorrespond to bon-
ding in‘s;veral types of envirsﬁﬁent, each having a characteristic
peak potential (orx range of deposition potentials). Since the same
states of deposited species';ppear at single crystals (Fig. 33), the§
must be attributed to extrinsic rather than intrinsic heterogeneity.
Tha; is, the component of the deposition potential required to over-

\
come the interaction between the specles being discharged and the
previously-discharged species is effectively "qﬁantized" into one of
three valugs according to the OH coverage on.Pt, and another corresponding
to the electrodeposition of 0 atoms. The earlier theory that suxface
sites on Pt have intrinsically different "activities"227’228, is dis-
proved by the result that the same distinct bonding states appear at
single-crystal surfaces (Fig. 33 and cf. references 248,249) as they.
do in the case of H deposition (Section 5.1.2).

The extrinsic Aeterogeneity giving rise to the different
bonding states is thought tc arise primarily from the repulsioé_gﬁ
like charges on adjacent dipoles formed by discharged O spécies bound
to Pt atoms in the electrode surface., The electronegativity difference
between O atoms or OH groups and Pt atoms will cause their bond to be

182. Frumkin236, and, more recently,

polar, as noted by Bowden in 1929
<
Petrii and Kotlov99 have confirmed that Pt-0 q;ﬁ%les contribute to the

potential at the electrode surface. The ioniémchﬁfge in the double-
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. I
layer decreﬁseé wigﬁ iﬁdre;g;ﬁiﬁpo;entialzaﬁ, showing that. the qegative
charge Qn deposited 0 species is sufficient to‘expel‘anions from the
dgﬁble-léyer. | ’ | . ‘
To calculate the magnitude of the dipole-dipole eruisiqﬁs

~

between'O.Bpecies.discharged'at adjacent metal atoms, we take the

591 592

electrbnegativity-of Pt as 1.91, of 0 as 3.5 and of OH as 2.167°°,
Pauling's formulasgl may then be used to calculate the fraction (f) of

an electronic charge located at each end of the dipole:
£=1 - exp {-1/40xp, - X}

The result obtained is 0.328e for Pt-0 and 0,061le for Pt-OH. Coulomb's
law may then be'used éo calcﬁlate the, pairwise interactions involved |
in bringing a dipole to the central site between foﬁr'nearesf neighbour -
dipoles on a Pt (100) éurface.* The interactioh.energies thus calculated
are 1,33 V for Pt-O.species and 0.035 V for Pt-OH. Although this type
of calculation has been extended to include interactlons with other
species, further from the one-hging discharged, it ;nvolveahgggw_q_ukrnmb“—J
simplifying assumption that Ehe dielectr%c constant in the double-layer
at the Pt surface will be unit;. It suffices, howgver, to show that
the different energies of the OAl,Z’ 0,9 andpA4 states which cover a
range of 0.15-0.27 V may indeed be accounted for by this type of inter-
action between Pt-0 dipoles.

The existence of dipole-dipole repulsions between discharged
species will tend to restrict deposition to those sites which form a
symmetrical array, maximizing their sepafation at the coverage iﬁvolved

and hence minimizing the repulsion. As the coverage increases 80 as to
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fii1 ohe.array, éurther depositieg will begin to‘form another, in which .
-the deposited species are allicloser tsgefherl‘and the dipole-dipole
| fepulsions‘sre correspond£ngl§ greater; ’ |
" ' The most eiosely_packed arfap'possible is that iétyhich the

_depositedlspecies are in 1:1 correspondence with Pt atoms_in the
"electrode surface. In the nest most closely-packed, deposited species
ﬁill nos approach more closely than "diagonally-nearest" neighbour
positions in the metal surface, in the next they ﬁill not approach#more

'\
closely than next-nearest neighbour positions, and so on. These -

-,

separations define not only the interaction energy involved-in dis-
charge into a particular array site, but also the maximum coverage:in
that state. Table 2 shows the maximal coverages in the three ;ypes of
_array described above,pand the coverage prediesed at the current peaks
assuming both that the deposition is reversible (pesks symmetrical
‘about maximum) and thaf the range of‘potentials of each_peak does, not
oﬁerlap the peak potential of the ne#t. The maximum coverage in ‘each
array is also expressed as a formula representing the maximum OH:Pt
ratio at the electrode surface. Since the assumption that the pehks
do not overlap is clearly a simplificationyksee e.g, Fig. 1);_the
sgreement between the predicted values of coverage at the peaks and
the experime‘livalues (derived from Fig. 29) 1isted in Ta'sle 2 1is

. *
‘thought to .be satisfactory. The fact that the coverages on poly-

*It gshould be emphasized that this model of the occurrence of dis-
crete Interaction energies through array formation is highly simplified
. In’ reality, deposition will probably occur in complex arrays con-- :
taining not ondy the Pt-OH dipoles discussed above, but also place-
- exchanged OH-Pt species (Section 6.2,2). However, insufficient data
1s at present available to allow the calculation of the Interaction
‘““nergies to be expected in such a duplex array,

-l
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crystailine Pt electrodea are much“more like those on klll) than an
(100) single crystals is of interest with regard to th; restructuring
of Pt electrodes during potentizl cycling, and will be discussed in
Section 6.2.4. )

- Tilak, Angerstein-Kozlowska and Conway221 have verified that

the current-potential profile of peaks 0 in acid

a1,2? Cp3 34 0y,
solutions may be de;ived empirically as the sum of three Langmuif or-
Temkin isotherms, corresponding to the filling of three successive
sub-monolayer arrays. The‘best'gimulation was obtained with ;overages
.°f Ge = (.25, 0.?5 and 0.5 for the three component peaks, i.e., those
apbropriate‘to the model of arrays on Pt (100} (Table 2), Thé first
two component peaks correspond to Lan%muir isotherms, but the third has
a g~factor of l.é;' In terms of the afray quel, this would suggest
thatlthe specles deposited in the first and second arrays are sufficiently
far apart for their interaction energy not to vary significantly with
the coverage, whereas the filling of the final array would increase the
number of (relativelf close) "diagonally-neargst" neighbours from zero
fo four as the array is filled, making the required depoait‘:ion eneréy
increase with coverage. This type of simulation does not Tecognize
thaﬁ the electrodeposition potential may be changed as previously-
deposited species undexrgo the secondary processes, Such effects will
be discussed in Section 6.2,2, below.

The filling of successive arrays provides a more specific
explanation of the oécurrence of multiple sub;monolayef states of

bonding, than the general concepts of progressive changes in the

electronic properties of a metal surface resulting from surface bond
‘ [ 4 .
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formation, introduced in Section 2.3.3. The fact that the crystallo-
grphy of.the Pt sutégce‘affeg;s the ;lactrodeposition of O spe;ies'
much less than that of H, strengthens the view that the anodic oxida-
tion potentials are influencéd to a considerable extent by interactions
between the deposited 0O species thesselves, whereas the H depbsition
potentials reflect Qrmosé entirely the intrimsic strength-of fhe Pt~H
bend. The arfay model can, of course, only be countenanced in a chemi-
sorption system in which it is probable that the electronégativity

difference between the metal atoms and the deposited specles is such

as to meke the bond between them substantially polar, since the arraysﬂ

only arise because of the repulsive forces between the deposited species.

A more detailed discussion of the causes of multiple peaks will be

reserved for Chapter 11.
s

6.2.2 The secondary processes

Since the three predominant current peaks observed in the
deposition of the fi:st monolayer (ee = 1) of O species are not
detected in theireduction sweep, no matter how high 1s the overall
sweep rate {even 750 V s—l), ig is clear that the secondary pr?cessea
causing hysteresis are an integral part of the oxidation mechanism.
The secondary processes following the discharge of 0 species into the
metastable gtate erved in the anodic sweep have two main effects:
(1) the bonding of th‘ 0 specles becomes stronger, and (ii) time-
dependeént continuing oxidation can occur at a glven constant potential.

At'coveiages below Qe = ca. 0.15, the secondary processes

are either relatively slow or reversible, since the oxidation-reduction

r
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cycle is then reversible in both acid (Fig. 10) and alkaline (Fig. 11)
solutions, even at sweep rates as low as 0,05V s-l. At higher cover-

ages however, hysteresis, which is thought to be céused by surface
‘ 229

rearrangement processes leading to more stable surface compounds”“”,

beging to arise. The strong (and polar) bbnding foxces between Pt

atoms and O species, Indicated by the considersble uﬁﬁerpofential of

the sub-monolayer deﬁosition, would be expécted to produce more stgble
surface structures if the O specles exchanged places with atoms in the
Pt surface so as to form an "ionic iattice". Such place-exchange

~ would change the dipole-dipole interactions between adjacently deposited
species from repulsion to attraction. In addition, the reversal of the
dipole moment at.the place-exchange site would provide an attractive
interaction towards O speciles subéequently depoéited_at adjacent bare
sites. Thus, the underpotential for the deposition of further 0 species
will be increased near the place-exchange site, so that if place-
exchange (non-electrochemical process) occurs at constant potential,
this will give rise to contirnued electrodeposition at constant potential.
A phygical rearrangement of this type would presumably be field-assisted
(ct. reférences 179,218 and 593) and fherefore proceed logarithmically
with time at constant potential (Fig. 39). Since the mechanism of the
discharge process 1s thug the same whatever the extent of place-
exchange (only the underﬁotentials are.changed), an interrupted anodic
sweep subgequently returns to the same current-potential curve as with-
out the hoid, although the currents passed as the sweep is resumed are
reduced by amounts corresponding to the oxldation charge passed during

the hold230. Presumably the dipole-dipole repulsion between 0 species
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discharged inte the metastablé anodic states will tend to cause place~.
exchange at ail coverages, althodgh the nature of the resulting re-
arrangement may be expected to change as the coverage reaches a mono-
layer. The fact tha£ the dipole-dipole repulsion energy may be reduced
by place-éxchaﬂge as well as by separation of the deposited spebiesﬂ
into arrays makes a realistic mode} of the occurrence of distinct
electrodeposition energies assoclated with-array formation more com-
plicated than that described in the previoué section., waever; there
will still be a discrete sequence of possible deposition energies,
since the number of energetically different deposition sités available
at any given poﬁential‘will Se very small.

The increase in the coverage of the strongly bound 0Al 2 states
with increasing temperature at low H SO4 concentrations (Fig. 43, ef,
Fig. 41) is attributed to an increase in the rate of place-exchange -
with tewperature, so that at some replons of the surface place-exchange éﬁ/
has 'already allowed the surface to be oxldized to the extent ﬁhat
the 0A3 reaction may begin, while the potential is still within the
sange of the OA1,2 peak. Similar effects are.found in the oxidation
of Au (Fig. 58), and are analogous to the effects of diminishing the
sweep rate which makes the increased rate of place-exchange detectable
at Au surfaces,even at room tEmperaturé (Section 7,1.3).

Rapié réduction sweeps (Flg, 40 and referencé‘229) suggest "
that two types of rearranged surface atructures are produced by place-
exchange, in addition to the reversibly-reducible species deposited at

low coverage. The more strongly bound of these (002), apparently

reaches a limiting coverage, but the more weakly bound continues to
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[
ipcreasé in co#erégé. and forms the familiar Oy, peak. This peak may
be associated with ﬁhe reduction of apecieé formgd by the electﬁo-
'chepical dehydrpgenétion reaction-diécussed in Section 6.2.1. The
similarity of the oxide reduction potentisls on the principal index
faces of Pt (Fig. 33) suggests that the bonding energies of the re-
arranged structures are 1argel§ independent of'the,crystallograﬁhy of
the substfa;e.h In addition, ‘when the reaction temperature is raised
to 366K, and the oxide film is therefore given more opportunity to

become equilibrated, the half-width of the 0, peak falls to about

.

75 mV (at Q.05 V s-l) suggesting the existence of, attractive forces between

the deposited specles ($ection 1.2}, It seems therefore, that the rearrvanged _

r

’structures behave ﬁore like two-dimensipnal surface phases and less
like independently-bbnded chemlsorbed species. Since the states of
the oxide film resolved in the reduction sweep are all more clearly
resolved on Au than on Pt electrodes, further discusgipn of this matter

will be gilven in greater detail in Section 7.2.3.

6.2.3 Effects of anions and pH
The experiments showed that even the most weakly adsorbed
anions require a measurable energy éor their displacement by electro-—
deposited O species. The coverage of specifically adsorbed anions waé
increased in three ways: (1) by increasing their concentration in the
solution, (ii)_by reducing the pH, and‘(iii) by allowing them more
time to adsorb.

Both HSOZ and C10, ions increase the potential of the sub-

monolayer oxidation states when their concentration exceeds about 0.01 M
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(Fig. 41), but the effects‘are much emailer with Cloz This ie con-
sistent with radiotracer data showing that HSO4 is more strongly :
epecifically adsorbed than ClO4 at Pt237 239. and therefore more
‘difficult to displace. _
Since the 0Al peak (0.5 - 0.8'V) is resolved at high pH in

solutions of NaOH + 0.5 M Na 250, (Fig. 44) as well as in Na (Fig.

2605
11}),. and NaOH, but is not resolved at low pH in HCth solutions, the
abeence of surface oxidatioo at these potentials at low pH must relate
to the strength oé the specific adsorption bonding. The potential of
.zero charge of Pt moves to more positive potentials (woen referred to
a Pt/H electrode in the same solution) as the pH increasessse. At
higher pH the reduced eleotronegativity of the Pt,eurface at the
potential of peak oAl will thus- weaken the specific adsorption of the
anions '(of the added salt or acid) and allow the discharge of O species
to begin at lower potentiale. The reduced coverage of specifically
adsorbed anions at high pH is confirmed by the fact that the double-
layer capacitance is always greater in alkaline solutions (Fig. 38,
cf. Fig, 37}, A similar conclusion on the effect of pH on the oxida-
tion of Pt was reached earlier by Khazova, Vasiliev and Bagotskiial2
from data on the oxidation rates of organic compounds at Pt. .

. Specifically aggorbed HSOZ and soi' ions are apparently
‘displaced by 0 species discharged into states OAZ to 0A6’ but not by

the more strongly bound species in state DAl’ possibly because the

latter O species are discharged between the adsorbed anions. It ghould

2-
4

the electrodeposition of 0 species in a rather different way to that of

be noted that specifically adsorbed anions (HSOZ, §07 and CIOZ) affect

&
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H (Section 5.1.6). Firstiy, the current;potential profile is much
léss affected. Secondly, only the depgsition-of'o species is affected,
whereas specifically adsorbed ions affect both the cathodic and anodic
sweeps in Hvdgposition rather similarly., Thirdly, thelr primary effect
- 18 to control the potential at which deposipion of 0 specles begins \
(di.e. Eo "puéh"-the ahodic peaks to higher potentials), whereas in H
deposition only a redistribution of the H atoms among previously
" available banding states is observed (i.e. the current peszks a;e
"pushed" up and dowﬂs. As with the electrodepositioﬁ‘of H, effects

of soi', HSOZ, and CIOA ions on the electrodeposition of O specles are
much less than thqse of halide ions.

The fact that the extemsion of the cathodic range of a sweep
to include the HC4 éna HC5 peaks increases both the poggntial at Fhiéﬁ
Pt begins to oxidize and the curregts in the low-coverage peaks (Fig, 39)
is not at present understood. Extzﬁbing the cathodic range to potentlals
more negative than the p.z.c. of Pt would be expected to reduce the
coverage of specifically adsorbed anions (blocking the oxidatiom pro-
cess), whereas the effects on the current-potential curve are similar
to those of increasing the concentration of HSOZ jons in the solufion
(Fig. 415. The effects are howevér less than in the case of Fig. 41
possibiy'becauae onlf the coverage of anlons is being affected whereas
inéreaaing-the concentration of HZSO4 also increases the strength of
the specific adsorption bond by lowering the pH. It appears that when-
ever the conditions are such as to increase the coverage of HSOZ ions,
the apod;c double-layer capacitance 18 reduced and the anodic double-

layer becomes "flatter" and "longer“. This suggests that the constancy
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of the doubléwlayer currents at Pt may-Belrelafed in éome way to the
bbnding of specifically adsorbgd anions, |

a ' When Ehe épecific adsorﬁtion of anions prevents the electro-
deposition of O sﬁecies at lower potentialg, there is aiwayé a cor-
responding increase in the oxidation cﬁrrenta at highér potentials
(Figs. 41, 43 and 44). Thus, despite the redistribution of the 0
specles among the bonding states, the total deposition charge in
potentiodynamic sweeps to beyond 1.25 V is not affected by the solu-

tion composition (Figs. 41 and 43).

6.2.4 Dissolutibn—redeposition and surface reconstruction
The experiments involving very Trapld potentisl ecycling clearly

produced a predominance of Pt (100) crystallites in the electrode .
surface (Fig., 47), and the current-potential profiles of other ﬁell—
used electrodes (e.g. Fié: 32) also began to show features characteris~
tic of Pt thO) and (110) surfaces (particularly in the electrodeposition
and o;idation of H). The restructuring of Pt (100) and (111) single-
crystal surfaces into pélchystﬁls with a predominance of (110)
orientations after much slower potential cycling (e.g. 0.1 V s—l) was
confirmed by Dr. Sewell's réflection electron diffraction studies
(Section 6.1.5), The formation of (100) and (110) surfaces may be
favoured under conditions qf dissolution and redeposition either be-
cause thelr low surface atomic densities allow easy removal and
redeposition of Pt as oxldes are formed and reduced, or because the
(100) and (110) surfaces have a lower surface energy. Unfortunately,
the surfacg energy of Pt has apparently not been measured on single-

exystal surfaces.
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The chemical dissolution of a Pt surface, on the other hand,
prodyces a predominance of (111) ﬁriantations (?ig. 48). This is not
xpected, since atoms in.ﬁhe clcse—paékeé planes of a pplycrystal

will be mo;e strongiy bound thﬁn those in any other plame, and con-
'sequently their slower dissolution will lead to an iﬁcréase in the
'proportion of the surface showiné (111) orientations, J

The existence of dissolution-redeposition proceéses is also
shown by recent work in this 1abo:i:at:ory59A in which polycryatalline
Pt surfaces, roughened by potential sweep programmes involving high

156,308, 309

potentials » became smoother (i.e. their area, measured by

QH’ was reduced) when cycled with an upper potential limit of between
1.1 and 1.4 V, but not when left on open~-circuit in a similar solution.
Quantitative studies in other laboratories have shown that

270,308,314,595 when the anodic

299,300
]

measurable amounts of Pt are dissolved
end-potential of a potentiodynamic sweep exceeds about 1.1 V
and that when the end-potential exceeds about 1,4 ﬁ, the électrode‘
becomes auto-platinized on a very fine scale135’184. This led Biegler
to suggest that the "clean" current-potential profile at Pt (e.g.

Fig. 1) can only be achieved by "activating" the electrode by a series
of sweeps to high anodie potentials308. However, the quantities of Pt
.involved in the dissolution-redeposition reactions are much too small
to réconstruct the eléctrode surfaces under the.conditiona of the
experiments reéorted in Sections 6.1.2 to 6.1,5. Using Rand and Woods'
data300 for potentiodynamic dissolution rates in 0,5 M HZSO4, only 40%

of an electrode surface could be Eedeposited in 10 cyeles to L.46 V

(assuming that all the dissolved Pt was redeposited and that no
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redeposited atom was dissolved). With the anodic limit of 1.32 V

used in most of the studies described here only about 202 of the
éurface could be reconstructed in 10 cycles. ﬁcwever, ;p the purest ?
solutions prepared as deséribed in this tﬁesis a "clean" current-
potential profile has been achiéved during the second cycle with a

new Pt electrodessz. There is thus no &oubt that the "activation"
effects reported by other workers are in fact related to the oxidative
removal of impurities from the electrode, or the pre-electrolysis of

the solution, rather than to any structural changes in the electrode

surface.
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CHAPTER 7

EﬁECTndnzposiTxou OF 0 sPEciEs ON Au v
)
7.1 Results
7;1.1 General features of the current-potential profile

rThé general features of the current-potential profile for
the electrodeposition of O species on Au are shown in Figs. 49 and 50.
The considerable hysteresis in ﬁhe oxidation-reduction cycle makes
the resolution of surface bonding states particularly semsitive to
tﬁe experiméntgl conditions involved., As with the oxidation of Pt,
a serles of current peaks (designgted OAl’ 0A2’.0A3’ etc.) is
observed in the anodic sweep (Fig. 49) as O specles are electro-
deposited in distinct states.

The distinct states detected in the reduction of oxidized
Pt electrodes at high sweep rates and very low temperatures, aré
resolved at Au under much less extreme conditions (elg. 6.05 v s_l
and 274 K, as in Fig. 50), which makes them much more amenable to
quantitative study. The predominant cathodic current peaks are
designated °c1’ Ocz,and 003,4 in order of the increasing oxide cover-
age which leads to thelr formation. As may be ‘seen from Fig. 50,
they occur in the order 0C1’ 003’4, 0C2 as the potential is decreased
in the cathodic sweep. When the preceding anodic sweep has deposited
a high coverage of O species, potential-independent currents, |

_ designated OCS’ appear at still more cathodic potentials (Fig. 49).
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7.1,2 Calculation of the coverage.by 0 species .~

Interpretation of the behaviour of electrochemically deposited .

0 epecies at Au is mede difficult because no monolayer chemieorption of

{l occurs on which to base calculations of the coverage of O species,

as at Pt. However, the areas of Au electrodes can be derived according TT—
to a method developed by Michri Pechenichnikov and Burshte1n5§5.

" These authors measured the areas of Au electrodes by B.E. T.5 (low
temperature adsorption of Ar and Kr), and found that the oxidation
.charge Passed on the same electrodes at potentials below that of‘ehe.
well-defined current minimum Amrediately preceding the gvolution of 02
in 0.5 H SO4 (Fig.-49) was 400 uC per real cmz, over a wide range of
temperatures and sweep rates. The'conetancy of this measure of charge

was checked, in the present work over the. range of sweep rates (0 01 -

to 100 V s }a and of temperatures (274-365K) to be employed and the

Q-

standard deviation was fouﬁa to be less than 5% of the mean in all *

cases. An example of the results obtained 1s given in Table 3 where

TABLE 3
Roughness of an Au Electrode Calculated from

Oxidation Charge to the Current Minimum

Temperature- -
Sweep Rate
273.9 K 296.2 K 3240 K 364,5 K
0.01v s L 142 1.29 ° . 1.49 5 1.45

0.1 val 1.32 . 1.3 L3 1,43
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’ 1

. estimates of the roﬁghness factor (real area/geometyic area) of one of

the Au electrodes uéed are recorded. A considerable proportion of the
observed Bcatter‘probably ariqes §rom the difficulty of accﬁrately -~
estimating the potential of the c;rrept mip%mum‘which is often ratheEl
shallow‘and broad.

Not all the electrodes used, however, were measured

1

‘ ‘ |
individually in this way. The areas of other electrodes were found by

multiplﬁiné the area of an electrode calibrated by the above method by

the ratio of the oxidation charge passed up to a convenien odie

-pétenq;al (e.g. to 1.55 V) on the electrode of unknowg__‘ea to\ that on

the electrode of known area determined inm an identical solution at the

. Same sweep rate and temperature.

+

The average surface atomic density of polycrystalline Au

electrodes was calculated by scaling down the accepted valuesg7 for

polycrystalline Pt electrodes (about 1.4 x 1015 atoms cm_z, corresponding

to a "one-electron monolayer" charge of 220 uC cm_z) b§ the ratio of the

‘ square of the metallic radius of the Pt atom to that of Au. This of

coure involves the asgumption that the distribution of crystal faces

.on polycrystalline ‘-Au electrodes is identical to that on Pt electrodes,

"\_/)"\ 15
The value of surface atomic demsity thus derived for Au is 1.2 x 10

_ S . L
atoms cm 2 and the charge for the one-electron monolayer 200 uUC cm 2.

Coverages were then calculated, as in the oxidation of Pt, in terms

of the number of electrons passed per atom in the Aﬁ electrode éurface,

-

thus: . B ~

o qoxidation
e 200A
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'where;A is fhe real area of'fhe-electrbde‘in cmz. Eiect;ode areas
caleulated by this method agree very well (within about 1Z) with those

calculateds94

‘by comparing the doublg—layér charging currents at Au=
elettfodes with those on Pt electrodes, the areus of which were known

from the H deposition éharge.
3

+

7.1.3 Hysteresis in the éurfent-pofential'pfofile )
In.ordef téiaﬁa fur:her.cdﬁparative evidence fo¥ the oxida-

"~ tion mechanism developed fo? Pt (se; Chapter 6), the current;profile

at Au was .gtudied over a wide range of potentials, sweep ;ates and

temperatures, gs described’ below, . Increasing the sweep rate

and decreasing thertemperature have similar effects on the current-

potential'profile fof Au, Thus, a simifhr current-potential profile

to that observed at 274 K at 0.05 V s_l (Fig. 50) may'be cbtained even

at 365 K, by increasing the sweep rate to 100 V s-l (Fig.:51). If,’

however, the temperature is increased without any ‘alteration inlthe

sweep rate-(Fig. 52 cf. Fig. 50), the anodic peakstmove_ﬁo less positive

potentials -and the cathodic peaks generally move to more positive poténtials

(Fig. 53). These effects are obviousry-characteriétic of slow processes

with an appreciablé activatian.energy. Temperature changes in H2504

- solutions produce effectg additiouéifio those in H(;l()4 soiétions,,whicﬁ

result from changes in the equilibrium coverage of specificallyi . -

adsorbed HSOZ fons. Despite the éhifﬁé.of,the anodic peak potentials‘

with Increasing temperature (Fig. 53), it ié}found that the charge

passéd in each of the varidus stages of surface oxidation gignified by

the anodic peaks 1s almost independent of -temperature (Fig. 54) as if
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_current peaks have been omitted from Fig. 5&]._ This preéumably is
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each state of surface bonding has a characteristic limiting coverage,

‘ ] ) .
[Fo; clarity, all the data points except the integrated charge at the

B

-fﬂthe basis for the satisfactory use of the current minimum at various

f'temperatures and sweep rates in the method of electrode area measure-

ment developed by Michri et 31.585.

Figure 55 shows that the potentials of the better-resolved

peaks vary linearly with the lcg oflthe‘sweep_fate.over five orders of magnitﬁde.

At higher sweep rates, the current minimum preceding'oé evolution in
the apodic sweep, -and therefore the gﬁolution of 0, itself, occurs at
more positive potentials, although always at the same coverage (Ge = 2).
The.anodid éeak potentials increase by about 0.022 V per decade of in-

L4

crease in the sweep rate .and the potential of -the 003,4 peak decreases -
by about 0.04 V ﬁer décade., At swéep rates of above aﬂout 10V 3—1,
however, the potential of the 003,4 peak shifts by about 0.1 V per
decade and that of Ogy by only about half this amount. These experi-
mental sweep-réte dependencies do not correspond to any simple electron—
transfer-controlled rate-limiting step. They may possibly imply that
the kinetics o£ the eie;tron transfer reaction i1s modified by the
presence of the partlal film of polar O species at the electrode inter-

facesga. The resolution of individual states of the deposited species

1

is gradually lost in the anodic sweep at rates above about 0.1 Vs —,

particularly in H2504 solutiociis where the anodic profile merges into
a single broad peak. The ip/s*ratio for the dominant anodic peak (OAZ)

is almost constant at sbout 1.5 mF c:m-2 throughout the range of aweep

. rates studied, possibly increasing slightly at rates below 0.01 V s_l(Fig.SG).

*
ip = peak current; s = sweep rate.
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For peak‘OC3'on the other hand, the ratio ip/s was only
constant (at about 2 mF cmfz) at above 1V 5-1. At slower sweep rates(Fig.56), .

it increased to about 7 mF cmrz at 0,001 V g1

. Tﬁis anomalous be-
“haviour at low sweep rates ;B explgined by the fact thgt'piace-exchange
(seeISection 6.2.2) is coﬁtinuousig altering the coverage in the
various bonding states. As with the oxidation of Pt the maximum
coverage of 0 specles which maylbe reduced reversibiy (i.e. in peak
OCl) increases with decreasing temperature and increasing swéep rate.
The maximum coverage of reversibly deposited spacies observed was

6, =0.27 (at 10V ¢! in 0.5 M 1,80, at 300 K), an identical value to

that measured on.Pt at 100 V 9_1 in 5M stoa‘at‘243 K229. Peaks 0C

e
and 003'4 move to more negative potentials as the sweep rate 18 in-
H

2

creased or the temperature decreased, since they are currents for

kinetically irreversible processes,s(cf. Figs. 51 and 52, and see

-

Fig. 33).

This separation of the peak potentials allows an accurate
measurement of the charge passed in reduction from each state of the
deposite@ species, as shown typically in Fig. 57. The i%}tially-
deposited O specles are mainly reduced reversibly (in peak OCI)’ but
as the total coverage increaaéa, 0]

c2 "
dominant stable states of the O species bonded at Au. Further increases

and then OC3 are seen as the pre-

in coverage lead to the development of the 004 peak, the potential of
which becomes less positive as the coverage increases. The 0C4 peak
first appears at potentlals below that of 0C3 at #emperatures of 337 K
and below iﬁ ™ HClO4 (Figs. 50,58): However, at 365 K (Fig. 52), Ocy

first appears‘at.a higﬁer potential than 0C3’ although it still shifts

to lower potentlals as higher coverages of oxide are reduced.
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ThE‘phgrgés cofresponding to‘tbe various current éeaks in éhe‘
:édpction s eeﬁ‘in_Fig. 57 aré congistent with the suggestion of Gél&st;in, v
éalkind an .VeselovskiiBA%ﬁEhat éhe‘species reduced in peak 0Cl at low qi\
cdvé?ages are‘re&uced in 062 at higher govéragés,.having‘undergbne a
transfbfmation from one state of ‘bonding to.hﬁotheriin the'éeanfi@e. ‘
The-kiﬁetics of.transfprmations&ietweén the various sfaéps of Lhe deﬁosite&
-species which’are resolved in rapid caEhodic sweeps cannot, unfortunatgly,
be studied at comstant coverage, since i;terrupting the sweep at a potent¥al
within the region of anodic oxida;ion (i.e,, at a potential abo#e about
1.4 V) dischérges additional 0 species during the potential_hold. This
is ilhustraﬁed in Fig; 58{ which shows ﬁhe:potentiosthtic'déposition of O
speciei‘?fter a—sweep to 1.425 V, Eoph directly by the increased charge
péssed in subsequent reduction sweeps, apd indireckly by'the smaller;
.charge passetl é;fing resumed anodic sweeps. The charge passed_&uring the

potegtiai hold (measured by either method) increases with the logarithm

" of the ﬁolding time, as found by p:evious~aqthors335’341’344. This type
’ N 4

]

* of behaviour is in marked contrast.zo that "of the UPD* of Pb on Au where
thé deposition current fallg immediatély to zerb if the potential sweep
o 1g inférrup;ed, indicating that no sl&w processes are continuing.

Lf the place-exchange processes are allowed to further
equilibrate the state of the sufface by eithgr a reduction in the sweep
rate (e.g. to-0.001 V 5_1 at ;oom temper?ture) or by an inéréaae in’
temperaturé (e.g. to 365 K as in Fig. 52), only one current peak (a
composite of 0C2’ 0C3 and 064) is clearly resolved in the cathodic

current-potential profile. This is mainly Ocz at the lowest cdverages
T ) .

1Y

* ' ’ .
Although the electrodepwsition of O specles at Au does not oceur at
potentials ‘below 1.23V, the oxidation of Au 1s still effectively UPD

since the potential for significant rates of 0, evolution was 1.55-
1.65 V. : ’ ) ' .

’

-, é



‘add@tion,the reduction current falls rapidly on the cathodic side of

\\\‘__q—*_—fhe 0C3 A peak at high temperatures, espetially at low eweep rates,
H . .

-

" width of 0

-137f

but 0c3‘(at almost exactly the same potential), and then 0 , 4t higher

C4
coﬁexages‘(Fig{"Bﬂ). Since the potentiele of the anodic and cathodic
peake epproﬁch-one another unider such conditions- (Fig. 53 and Fig. 55),

the initial depqeition of 0 species gains an agpearance of reversibility,

Al cl
It has been pointed out Section 1.2  that the halffwidth

although the O, and 0, states are not in fact resolved (Fig. 52)

of a poteni-:iodynamic current peak car’ be related to the extent of
- \‘; *
interactions between the deposited particles. JIf a one-electron dis-

~ charge process is involved, half-widths greater than about 0.09 V indicate

fepulsive interect;ohs, and smaller values show atﬁfactive forces. The
helffwidth becomes infinitelf narrow as ehe attractive interaction
paraﬁe;er‘reaches a value of g = 424 (Fié. 2.

The halflwi&thﬂg¥ the composite reduction peak in the cathodic ;

‘ .:"' a3
sweep at an oxidized Au el@ictrode begins to fall as the peak moves to

less-positive potentials under the influence of the 0C4 peak. 1In -

showing that a more stable surfa?e compound is being formed under such
conditiggéf. Wito a sweep ratE of 0.0E’V sfl, the helf—widtﬁ of ehe e
composite 0C3 4 peak decreases from ca. 0. 120 V at 274 K to ca. 0,040 V
at 365 X, Reducing the sweep rate to 0.01 V 8 1, decreases the half-'

C3,4 still fhrther, to 0. 020 Vv at Q.01 V 8 T and 365 K.

Similar decreases in half-width were observed in the reduction of

oxidized Pt surfaces with increasing temperature (Sectioqgﬁ.Z.Z).

*In the limiting case of the dissolution of a bulk eurface/éompound
which shows no UPD behaviour, the .cathodic current will first rise
rapldly as 1f to form a narrow peak (Tafel behaviour), but as the
digsolution 13 completpd the current will fall almost instantaneously
to zero. .
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H is not chemisorbed on Au. Extending'the_cathodic limit
of the -sweep to potentials wore neéative than that of the ieversible
H/H2 électrode‘me;ely produces an exponential increase in the cathodic

current corresponding to the Faradaic evolution of Hy.

‘ o -i\-\“‘"_ 2= -
7.1.4 Effects of the presence of HSOQ, SO4 and NO3 ions

.~Duriﬁé fhe course of experiments involviﬂg the electrodepogition

of metals on Au, it was noted that the potential required to initiate -

-

: : *
the discharge of 0 specles was always higher in the presence of sulphate

and No; ions than in C10__4 solutions. Experiments in aq. HC104 starting

from low concentrati showed that even the C104 ion has a gmall
J *q:-;' . . .

effect on the potential required to initiate the oxidation of Au, Sul- -

-

phate ions,'hoﬁéver, caused already a measurable change in the current-
. potential profile in 0.1M HCIO4 at a concentration of only.10—7 M, and .

the potential of .the 0,, peak shifted a total of 0.045 V positively as

3

A2

the sulphate ion concentration was increased to 10 -~ M (¥Fig. 59). This

addition of sulphate ilons also véduced the coverage in state OCZ -
.(F;g, 59). In other experiments, the sulphate ion '‘coverage was varied

by re-oxldizing electrodes which haé énly been partially r&dﬁced, by
reversing the cathodic sweep "within" the peak 0cq (Fig. 60). This
aitered the time during wh}ch su{phate ions could a@gorb on the bare
surface\apdﬂ when this time was minimized, re-oxidation began at much

lower potentials, more characteristic of sweeps In the absence of

sulphate ions.

x - ' T -
The,expression "sulphate ions" is used here to include both HSO4 and
S04 ions and thus imprgye the readabiligy of the text, since the
nature of the specifically adsorbed ion species is not known.

p\
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fhe ;nergy‘(%oteﬁﬁial)'reqﬂi:e& to diapiace gpecifically
adsorbed sulphate ions from the'pbsi;ivéiy charged Au surfacé i;creases ‘
the potential required to discharge O s@pecies to a value well positive
to the original 0A2 peak (Fig, 59).‘ Once thé sulphate ions‘are dis-
placed, howe§er there exists an overpotential for depesition in as
many states as wegpe previocusly blocked by the sulphgte ions so that
the anodic current increases rapidly. -"As a result, the initial oxida-
tion ?eak (0A2,3) has a higher aspect ratio than would be the case in
HClO4 solutions. The fact that 0 specles are still depoéited in the
0Al staée in sulpﬁate solutionsg, a;though oxidation doas not then com-

mence untll potentials above that of the 0,, state in HClOa, was con-

A2

firmed by fast reduction sweeps.. These showed that the reversible

reduction peak 0c arises in 0.5 M H2804 (Fig. 61) at tﬁg same potential,

1
and with about the same maximum coverage (ee = 0,3) as measured in 1M
'HClOA (Fig. 57). It is of course to be expected that amions will |
affect the electrodeposition of O speciles much more than they will the
reduction of anodically formeé oxide films. The change in the profile

of the 0C1 peak in Fig, 61, from ~—~\J to “\\ujwith increasing cover—
age arises not because of inereasing irreversibility In the reduction
procéss, but because the amount of 0 specles deposited is intially
controlled by the desorption of anfons, rather than ﬂy the normal
potential-dependent surface reaction.

Somewhat better resolution.of the oxidation states in the
ancdic sweep was achieved in sto4 solutions than ig HClO4, perhaps
because the H2504 was available in slightly pyrer form. The optimum

resolution, shown in Fig. 49, was obtained in 0.5 M H2504 with a sweep
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rate of 0.01L V s ~. At lower swéep rates, the anodic profile gradually’

degenerates into only two peaks, one apparently arising from_OAl_3_and

the other from 0A4;6‘ At higher sweep rates (e.g.75‘y 3-1), the anodic

2SOA,‘ al-

though in HC10,-the 0,, peak remains distinguishable (Figs. 51 and 57(a))

peaks ﬁgrge more together, forming a'gingle broad peak in H

with a potenti?l below that of a broad composite,oxidation.peak (OAA-G)’

The addition.of‘NOS ions to 1M HClO4 solutions produced the |
same changes in the aﬁodic profile as sulphate ione (i.e. oxidaglon-

< .

was displaced to more ;ositive potentials, méking the 9A2 peak taller)
although quantitatively less (Fig. 62), It may therefore be concluded
thatlthe specific adsorption of Nog on Au.is weaker than thgt of
suiphate ions, _Jf |

The above effects of qpecifically adsorbed‘anions disappear
&s the coverage of 0 speciéé exceeds about ee =1 (i.e. at potentials
above about 1.475 V in Fig. 39). This is shown, for instance, by the
fact that the potential required to deposit a coveragé of O-species
corresponding to ee = 2 is the same within #0.015 V in 0,5 M H SO4 and

2
in IM HClO4 + 2 x 10—3 M NOE over the entire temperature range *(274-

5

" 365 K).

7.2 . Preliminary diséyssion
7.2.1 Origin of multiple anodic states

In general, at least four peaks are resolved in the anodic
depoaition of O species on Au. These states of 0 specles on the sur- "
face are in addition to the reversibly reduced state 01, shown to exist

at low coverages (Figs.49,50,52,57 and 61)., Such a number is too large
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to be explaiﬁed by a sequence of inc;easing.oxidation stafes of Au
itself, commonly proposed in earlier‘work175’318’327;330'353 as a

baéis for interpretation of data in which fewer states were-resol%ed.
fhxémw case, all six anodic peaks resolved in this work appeaxr at
coverages of less than ee = 2, and thete is no'regqon to suggest that
certain reglons of the surface will be oxidized to hig%er states while
others remain unoxidized. Whatever the nature of‘the multiple states
observed in the anodic oxidalion, more than one chemisorptidn"state"

nust cor;espond to a.single oxidation state of Au.

A more reasonable explanation for the occurrence of multiple
states of the electrodeposited spe;ies is that proposed for the origin
ofrﬁﬁifihle states in the.oxidation'of Pt. As‘will Be shown below,it
may equally well be applied to the present resﬁlts. Ihusa tﬁe énodic peaks
are interp;eted ds belng‘'associated with the formation of warious
(energétically different) arrays of discharged O species on.(or in, see
next section) the A; surface. The mutual repulsion between dipoles
consisting of O species and Au atoms will maximize their separation.

This array model is consistent with the fact that other workers have found
slightly-different current-potential profiles on different single-crystal

faces of Au353’354

, 8lnce the coverage and energy of each successive
array would wvary with the symmetry and coordination of the bonding
sltes involved, l

. The potential required to dg osit an OH group from H20 will
depend not only.on-thg mutual gseparation of the chemisorbed sbecies in

the array being formed at the given coverage, but also on which of the

previously-deposited species are now in sub-surface sites through place-
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exchange, and which_may have been further oxidized by deProtonatioh,

as will be &iscusaed in the next aecﬁion. Thus, the anodic peaks must

be related not only to the formation of repulsive arrays, but also to

the energies of specific vacant sites within these arrays as modified

by their local cobidination by ﬁreviousiy-dgposited species,

At high temperatures and at low sweep rates, thg aﬁoéic
current-potential profile éhows.essentially only two peaks (e.g. Fig. 52},
which are probably 0A1—3 and OAA—G' This ﬁrofile may arise because
place-exchange is so favoured under these conditions that surface arrays
of dipolar O séecies 6n Au ne§er develop and the two anodic current
peaks correspond only to the deposition of two types.of 0 species,

possibly OH groups at lower potentials and O atoms at higher potentials
- . .'_ i

(see Section 7.2.3).

7.2,2 Place-~exchange

~

The hysteresis in the cyclic okidg&?on and reduction of Ais
surfaces, and the logarithmic decay of the anodic currents when an

3353341,344, suggest that the post-electro-

gnodic sweep is-intérrupted
chemical processes occuiring during the anod{c_oxidation of Au are.
similar to those proposed in the mechanism developed for the oxidation
of Pt in Section 6.2.2. Thus, some of the electrodepositedlo gpeciles
will exchange places with the Au atoms to which they are bouﬂd g0 as
to form more stable "ionically bound” surface phasés. Place-exchange
will be aséiated'ﬁy (a) repulsive forces between the surface dipoles

of O species bonded to the subdtrate and (b) the double-layer field at

the electrode-solution interfacé. The repulsive forces will not
S <
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' generally.be. 1ar§e e‘neugh te fa‘eilitat:e' placeéexchange in the Presence
of the water dielectric at the -interface unless the surface dipoles
are closer than second-nearest neighbenr atoms in the'aubstrate‘surface.
::::::fSe field effect, nowever, will ingrease as more positive potentials

| ar }reached, and will be the main fiactor when place-exchange begins at
‘ very low coverages (e.g. 9 < O.l) as at Au. The place-exchange pro-
cess will be activation-contrnlled so its rate at a glven potential
will inérease with temperature, as Is of course found experimentally.
The rate of place-exchange at a8 given potentialland temperature will
depend on the‘zero—field free-energy change for the process, and the
latter will depend on the lattice energy of the metat. A major dif-
ference between Au and Pt with respect to placewexchange is that Au has
a much smaller lattice energy than,Pq » We would therefore expect the
interactions between surface dipoles and especially the effect of the
interfacial field, to give'riee to place-exchange at lower coverages
on’Au than on Pt, and this is experimentally well—established337.
Place-exchange introduces the possibility, and hystereais requires,
that the O species in subsurface states will be reduced direetly,
withour undergeing 5 reverse place-exchange so as to retugn to the
snrface location where they ﬁere discharged, :
¢d" Figure 58 shows that the coverage of 0 specles increases with
,tﬁe time of holding at 1.425 v from 9 < 0.1 at the time the sweep was

.~ interrupted to ee > 0.8. This result may be explained in the following

Thie is shown, for example, by the fact that the boillng point of Au,
2670 K, is much lower than that of Pt, 4570 '

N

¥
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three ways: (1) Esch Au scom arriving in éhe surface as a resolr of
place~exchange immediately offers a site for the discharge pf another
OH species and place-exchange can occur several times at esch such
site during the potentiostatic oxidation, (ii) Au-OH species formed
by previous electrodeposition are oxidized to Au-0 ox Au 03 by an -
electrochemical deprotonationzzg, or (ii1) the place—exchange occurring _
at constant potential .changes the energetics of the surface so that
deposition can occur at unoxidized atoms where discharge would other-
wise have required a higher potential, These mechanisms will now be
evaluated in tumn below, ‘

Mechanism (i) may be excluded fg; three reasons: {a)-if
place-exchange could occur several times-gt some sites while other
gltes remained bare, the charge psssed’in the anodic peags should be

W

a function of the sweep rate and temperature (i.e., of the time and

energy avallable for place-exchange), which is not the case (Fig. 54).

(b) Au atoms which have moved outside the original plane of the '
electrode surface ;s a result of place-exchange will be gomewhat iso-
lated from the bulk metal by the presence of the non-metallic O species
beneath them, .They will thus be less "metallic" and therefore pre-
sumably less'efficient as electron acceptors in the discharge orocess
than bare atoms elsewhere in the electrode surface where no_reection
has™ taken place. (c¢) The existence of discontinuities-in‘both ellipso-

metry357 anq_reflectivity358 data obtained at Au surfaces oxldized to

L 2
a coverage of ee = 1 suggests that the nature of the deposit changes
at this“coverage. No abrupt change would be expected in mechanism {1).

It should also be mentioned that the discontinuities in the optical
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‘date support the view that; at coverages below ee = 1, the deposited“
species is OH rether tH;; o, . .
| Mechanism (11) may‘be_rejected becauge ot the magnitude of N
the coverage increase qPring potentiostaticioxidatioe. The in%tihl
:coverage of 9e<0.l could only be inefeaeed to about 0,2 or 0.3 res-
pectively, if previously deposite& Au-0H species were futther oxidized
* during the‘poteetiai‘hd;dfto form Au-0 or Au2 3 locally, whereas values
exceeding ee = 0,8 were observed experimentally. : . -
Mechanism (111) could arise for two reasons, Elace-exchahge
would clearly alter the electronic properties of the surface by changing
~ the distribution of charge on the positiveﬁion lattice, and this could
conceivably cause a local alteration in theietergx of the hybrid bonding

orbitals. However, a much simpler explanetzon is avallable in terms

@f dipole-dipole interactions, It will be ené&getically unfavourable

. © 4

-to deposit another OH‘group near one previously deposited because of

the repulsion of like charges (Thie 1s the cause of the formation of

arrays, as digcussed above). However E the previously deposited'

species'has undergone place-exchange, tM¢ attraction of_ umlike charges

will increase the bond energy for deéoeition nearby, EOmpared with

that for a bare surfiace at the same potential: This would give rise to

an%dic peaks with a.narrow half-width, as observed inathe potentiodynamic
N

oxidation of Au, particularly at high temperatures and slow sweep rates.

We may therefore conclude that the rate of potentiostatic oxidation

will be controlled by the rate of production of locally;favourable
sites for further deposition arisiné from place-exchange, -which is 1t~

self caused by the ‘dipole-dipole repulsion between adjacent "'unrearranged"

v
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_ Au-OH speciea at lov/zhverages, and possibly by -a Cabrera-H’ott216
:{ type of ”high—field" mechanism at high coverage3218 593 .
7.2.3 Significance of the states ¥esolved in the cathodic : : { .

) reduction of 0 species

. Rt
B - e

+ " The tendency to form dipolar surface arrays and the tendency

o

towards place—exchange will compete at all coverages. The nature of
the oxidation processes occurring gt various coverages will now;be
reviewed as a-basis for a discussion of the significanes qf the varioua o

‘

peaks, in the cathodic swﬁgp.%rofile,-which 1s more clearly resolved at

-
Au than .at Pt.

L At coverages below about.b = 0 1, 'the discharged 0 speciea f,f‘\\\m
. are sufficfently far apart (at 1eget 3 4 atomic diameters of Au) that )

the’ dipole-dipole repulsions are relatively weak, and do not cohtributeﬁ

%itx)the rate.of.ﬁleee-exc ':‘e, %hQChNis therefore low at low coverages,

-

low temperatures and fast 4 eep rates. Thus the initial deposits are
" ‘

Yeduced reveraibly in fast cathodlc sweeps: (Figs. 57(a), 61(a)), as oo
229 - S

\ are the initially—formed surface oxide species at Pt @
As the eoverage exceeda about 8, = O 15 (average“separation
E_J 2-3 atomic diameters of Au) with increasing potential in the anodic
sweep, the quantity of o ‘species redice reveraibly %, the ' 'unrearranged"
4
state OCl beginsg te fall even at highL§Zweep rates and low temperatures. o --_},

NThis arises for three reeaghs: (a) the creasingly pcsitive end-

< & A\

potential(at a glven sweep raye) allows more time fd? plece-exchange
* f
during the sweep; A(b) the increasing interfacial ield facilitétea L
'p 4
- the place-exchange' and (c) the reduded aeparation of the chemiscrbed
” ° "‘\-
Y.L - )

v

™



in the unresolved 0,, state, are thus thought to undergo a field-
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w
species corresponding to the increased cdlerage also increases the

rate of‘place—exchange."ﬂhe OH’groupe which are now in sub-surface

.eites as a result of place—exchange are bound up to 7 keal mol -1 more

- strongly than those still on the surface, since the potEntial of’ the

002 peak which 1s associated with their reduction is up to 0.3 V less

. » .
positive than that of the 0Cl peak It is one of the most interesting .

_ features of the oxidation of Au that these specles continue tg be =

' .
reduced from the 0C2 bonding state even when the total coverage exceeds -

~Ge = 2 and 02 has been evolved at the surface. These specles, which

" are depoeitedgat the potentials of the OAZ peak (Figs. 58,60), poesibly

ko d

Al

assieted transformation t6 a much more strongly bound state (OCZ) from

- which ‘they cannot be reduced until almost a¥E- the subeequently deposited

L

speciee have been redqud The dharge corresgonding to Oc2 appears to

depend to some extent: on'the nature of the anions adsorbed at the

‘electrode surface (Fig. 59).

At higher coveragee, of with slower sweep rates (i.e. for

longer'timee of equilibration of the oxdide layer), O specles are

4

:reduced in increasing numbergfrom the 0C3 state, which has an inter-

mediate Bonding energy, about 4 kcal‘mol ~stronger than that of O

at
) . Ccl
274 K (FPig. 50). The fact that Oep is still resolved at high coverages

and low eeeep rates (e.g. Fig. 49) shows that the specles reduced in

<

Ci?do not arfse from those reduced Ain OC2 -at shorter times or lower

coverages, In addition, the preduction of the 0 state through the

' c3
. disproportionation reaction._ . .
2 Au-OH + AuO + Au + H,0 . \
.. j & o
- .~ ;l :,,

-
Y




reduced from the 0, state. Thq.ﬁwo~dimensibﬁal "oxide'" thus behaves
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.
. e,

-

599

L ' . o
as proposed by“Ferro et al, is excluded since this would provide

sitas forsreversible deposition .at all coverages, whereas the coverage

in the réyifsible reductiory peak (001) decreases (producing an equal
: ' N 342 S 4
coverage of species ;éﬂuced in 0c2 ) as the peak OC3 begins Eﬁ%%ppear
(Figs. 57(b),60(b)). . ; '
The appearanée of the.oc3 peak in the cgthodié sweep seems

to correspond to the stdrt of deposition in state 0t during the

anodic syeeb. At higher coverages (i.e. with deposition in state 0AG

during the anodic sweep), the 004 peak appears in the qgthpdic sweep.
Unlike the cathodic peaks in®lved in the reduction ;:\::igg at lower.

coverageﬁ, whose potentials are ‘independent of coverage, th? ch’peak

. . ‘ 2
potential moves to less-positive potentials as the coverage increases,
LR

showing that the boﬁding energy of the deposit increases over this
L 4 . r . '
range of coveragegs. This is confirmed by the fact that the half-widths
¢ ‘ . ' . 50,52)
of .composite 003,& geaks decreaselwith increasiqg cogg;age (Figs. 50,52),
increasing temperature (Figs. 50,52), and fncreasing time of potentio-

static holding (Fig. 58 and reference 337), as higher coverages iare
. i

3

more like a three-dimensional bulk compound (which would be reduced
in an infinifeiy narrow peak) as {t equilibrates, and as the coyerage’
approaéhes,ee = 2, The species hound in state 004 cannot arise from

those reduced from state 0C3 at ldwer coverages, sjnce at high tempera-
- A,
L]

tures the 004 state is less-strofigly bound than 3.(13’:I.g. 52). The

. R _ .
increase in bonding energy of the 004 state with, increasing coverage

thus probably relates to ‘the increased coherence of the two-dimensional

. i
"oxide" lattice as its last vacant sites are filled. 1f, as was

L)

[

]
.

N

[y
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suggested on p.192, peaks Oxh_sﬂcorrespond to a 2-electron discharge
’ process depositing atomic O on the surface, then the reduction peaks
0C3 and 0., will eelate to the reduction of atomlc O rather' than that

of hydroxyl groups. Both these redks, but perhaps especially 0O 3, may

be expected to be augmented by reduction currents from O atoms which - Kﬂ
were deposited as hydroxyl groups in peaks 0A2 30 but which have since
become deprotonated. ' ' o .

In addition to the four predominant states of the deposited
species described above:(OCI, OCZ’ c3? 04)’ three otherﬁtypes of . | .
reduction Process were observed All of them have also been observed .
in the reduction of oxddized Pt electrodes. 1In the first case, a
shoulder Ocl,appears on the cathodic sideﬁof peak 0Cl as peak’ 0Cz
" ‘begins to dévelop (Figs, 50,57,61), representing species which are
bound about 1 kecal more strongly thanwthose reduced reversibly in OCl
It may be -that place-exchange modifies the energetics of the surface
for some distsnce from the place—exehange site so that discharged species
which have not undergone place-exchange become more strongly bound 1f
they are near a place—exchange site (they would then be reduced in
peak 061° than otherwise (reduced in OCI)' .
Sedondly, a smali peak Ocz,hes been detected as a shoulder
. on the cathodib gide o% 0 c2* It may possibly be a transforﬁgtion
product of specles reduced in Ocl.at lower coverages.

The 0, region (Figs 49,50,58) probably has a different
significance, since the currents in it are almost independent ofd

potential andocoverage, i.e., are essentially only time-dependent. if

place-exchange were able to occur more than once at some sites at the

'.

N -
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high coverages involved, then ;he 0 speéies which had efifectively

diffused into the bulk electrode would have to diffuse back to the

surface again before they could be reduced. In the terminology pro-

200-202. these species are "dermasorbed". The

posed by Schq%diﬂbr
existence of such a mechanism is to some extent coﬁrqborated‘by Fig., 54,
which shoWrs that the oxide charge passed at the current minimum between

peak 0A6 and 02 evolution does increase at the highest temperature 3‘(

b

studied, suggesting, that although the amount of Olspecies n arnd in the
surface remains constant, increased bulk diffusion. rates Ei\the high
temperature ‘allow more O species to penetrate the bullRAu lattice.

Under these conditions, the microscopic processes of place-exchange

218,593

begin_to glve way to fleld-assisted diffusion ‘fs a mechanism -

fér oxide film growth.{ . :
\ ' ’

it is gurely significant that the toi}l number Jof cathedic
. . x
[
peaks resplved (0C1’ OCI"OC3’ 004’ OCZ’ 002') 1s the sape as the

total number of anodic paaks (OAI’ The

%422 %432 Oas> Ops> Ope)-
additional cathodic peek is due to "alloying".. It is to be hoped that
future workers may clarify the.relagionshipsbetween individual anodie

*

and cathodic peaks.

k]

7.2.3.1 Summary of reaction;schemé'fb; the surface oxidatien
and reduction processes

”

on the basis of thege dét:&.the fallowing ;eaction sc;heq:e—*f-T
may be téntatively proposed. Péaks‘OAl and perhaph OA2 represent the
déposition of OH groups at coverages low enough for no nearest-neighbour
Au qitéa to be occupied.(i.e, 8, < 9325'on Au(100), or Bé 5'0.33 on /)

EY

™
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Au(lll)L.- The combinatieg of dipole—dipole repulsion and field—
rassisted place-exchange transferg alternate ones of these species into strongly-

bound sub-surface states, The‘reduction peak subsequently idvolved o - j

i

cl to O

reaction will bring Au atoms to gites above th

will shéw a corresponding -change from 0 . The place—exchange'
riginal surface, and
adjacenf'atoms will offer incﬁgfsingly strongly- ing sites as the
coverage of place—éxchanged OH-Au speécies increases, as evidenced by
the nar;owneas of the o*fﬁg;ion peaks OAS’ OAA‘ OAS'\ The potentials

of deposition in stateP 0A4—6 are suffifelently high for the deposit to
be in the form of atomic 0. Peak 003 will probably represgnt\the
reductib:)of 0 atoms, both those deposited in OAA and those produced

| bxrgheud A2-3' .

At higher coverages, place-exchange will cause the oxide to begin to

protonation of hyégbxyl groups deposited in states 0

behave more like a two-dimensional phasel\as shown by the movﬁhent of

the 004 peak to less-podgitive potentials. e existence of repulsive
: L

4

forces leading to place-exchange of O atoms deposited in state 0A6 jg

shown by the low aspect ratio of the 0A6 peak,

7.2.4 The coverage at which 02 evolution beglns

The saddle point in the current-potential profile preceding
02 evolution &t Au occurs at a coverage of exactly ee = 2, over a widé
range of temperatures and sweep rates (Section 7.7.2). Because of theS%k

nature of a symmetrical saddle point the O, evdlution currents may be

2 :
expected to be about half the current at that point, i.e. the evolution

hd

of 02 will in fact begin at a somewhat' lower coverage. The contribution

of 02 evolution to the total anodic charge cannot be accurately estimated

- 4
- \;,.‘ .



-1202 - -

a

‘ : & .
as the existence of hysteresis and the consqquent'oxidation during the

cathodic sweep prevent accurate calculation of the éharge corresponding
_to reducéd oxide.
; g . .
Although Oy-evolution is thermodynamically possible over_thé
fuil range of potentials at which O species are deposited ifrthe éctivity
of 02 at the electrode surface is unity, the overvéltgge of this process
evidently drops as ascritical coveragéras reéched.' Since mhis'covérage
is unaffected by the sweeﬁ rate or temperature, it may'be concluded that
the deposit on which 02 begins_to evolve is wniform in ﬁhickneas, r&ther
than locally nucleated and thickened.. . . £ -? '
There "would ge no reason for' such a discontinuity iﬁ‘the
properties of the film if oxld;tion were to occur by the deposition of’
two su;cessive monolayers of Au-OH (Fig. 63(a)), particularly if place-
exchangejgontinued to occur ét coverages around Qe = 2, Fig. 63(d)
sﬁows'that a coverage of ee = 1.5 may be reached when place—ex%hange
has only occurred at every alté}ﬁate site, The provi;ion of ﬁurther
sites for OH dePos;tion on a 9; = 1.5 film would, however, be expected
to require considerably more lattice distorgion energy thanhbefore,
since the "ionic oxi;er lattice resul;ing;fromupIacéFexchahge'w0u1d be
;ocally complete and would tend to resilst the passage of similarly
charged ions past one anotber. It would therefore be expected that
the deposition pé:i’Fial would increase abruptly at a coverage of

é:éﬁ 1.5, which is not found experimentally (Pig.' 54). A

.

- fhe model developed in the previous section would lead to

a structure shown schematically in Fig. 63(c) as 0, beging to evolve,
8 : . .

The measured coverage would then be Qe,= 1.75 on Ay(100). m\u.

r . «}

. /i
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S
_ The coverage is lower than 9 = 2(Fig.63(b)) because the reversibly

deposited species, !educed in OCl at low coverages, which transforms-

to state 0, remains in that state even though the reat of the surface

c2
may have been strongly oxidized (since the 0Cz chafge and potential appear

invariant with cdverage). Were the 0, peak to represent the reduction of

the same species as would be deposited later, i.e., O atoms at higher
, A k

potentialy, there is no reason that it should appear at -a different

potential in the cathodic sweep. The model developed in the last

Section implie;‘(i) ﬁhat 02 evolution occurs at a lower'overvoltaée
--than the electrodeposition of O spgcies.at Au hat;ms" arriviné in the

surface:by placeﬁgxchagge'(i.é.,\these Au atdﬁé are "demffalgized"),

and (11) that Au-0H si:ecies are not dep{:otonated after place-exchange.
* *Although stable Au(II) compounds do not oceur in the bulk state, the >
- Au atoms in the surface as a result of place—exchange would pres&£ab1y
provide sites for the deposition of O atoms’at higher potentials while
02 is being evolved, This would lead to the forﬁatién of a mono;ayer-
of an Au203—type surface phase, since any sub-surface OE-Au ppecies
would presumably be deproterated at sufficiently-high potentials, It
has previouslz‘been me?ﬁi:; d that it is the consensus of earlier work\
thgt the passi;zéin' film oh Au electrodes is indeed Au203312"3’325’329j31’334.

Whgteij; the details of the ‘reaction pathway, however, it

appears that the onset of 02 egg&g;ion at coverages slightly below
8, = 2 is related to the unavailability of "magallic"‘Au atoms in the
electrode surface. O atoms discharged on this largely ionic surface |

3
tend to recombine rapidly and evolve O The thickening of the oxide

2.
occurs slowly as a‘;aralle}‘reaction by the normal field-assisted \

Yy

diffusion process for oxtde film growth. - -

~
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7.2.5 Influence of specifically adsorbed anions

~

Specifically'adaorbgﬁ anlons affect oxidation proéesses at
Au electredes in the same way as at Pt. Nitrate and'péftichlarly‘
sulphate ions increase the energy required to initiate the deposition

of 0 species (Figs.‘59,§0,62). This Has the effect of making the low-
337

coverage, reversibly depositéd state 01 difficult to resolve
except qﬁ fast sWeep'rates. Since independent quantitative data on
the épecific adsorption of these ions at.Au is not available, explana-
tions for their effects must ;émgin speculative.

The incrgase in enefgy required for the discharge of 0
sp;cies caused by ;he aﬁions shows that the latter are presenf at
appreciable coverage énd are only slowly displaced from Aﬁ surfaces
as a result of oxidation. The anion effects decrease both with
decreasing sweep rate and incréasiﬁg temperéture, under which con-
ditiOQ§ the displacement of the antons from the surface by H20 molecules
§0uld be favoured, Although specifically'adsorbed anions increase the
energy required to initiatedsurface oxidation at Au, they do not ’
appear to affect the distribution of the O specles amoné the bonding states
resolved in-the anodic sweep (Section 7.1.4); This presumably shows that the
dygeharge reaction cannot occur until the specifically adsorbed anions
are displaced from the discharge gite. The reduced coverage of the
" gpecies corresponding to the 0Cz state in the presenée of specifically
adsorbed anions is not at present understood. Perhaﬁé the.specifically
adsorbed anions; affect tﬁe\maximum éoverage of OH groups whicﬁ may be
deposited (and place-exchanged) before the electrode potential is

.

sufficlently high for O atoms to be generated. - *
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T CHAPTER 8
ELECTRODEPOSITION OF Cu ON Pt

8.1 Results’

!

8.1.1 Calculation of Cu coverages y

The real surface area (A/cmz) of Pt electrodes was measured

by the charge quuired'to &tposit & monolayer of H atoms (QH,uC), i.e,

\ .
R ;
A=750 <

The coverage of Cu was then calculated on the assumption that the
électrodepositibn‘or electrodissolution of Cu will require the passage

of two electrons per Cu atom deposited, i.e.

' q q
_ _Cu ~ .Cu
ch.— 22204 °© ©OF» more simply eCu 56;

Cu "coverages" will be expressed in this way'whether'or'not\;}< 1, with- -

cut implying that all the Cu atoms are touching Pt dtoms in a single

/layer é;jall coverages. ' . //
. 3

8.1.2 General features . \\\
- o
- ') ) -
UPD of Cu on Pt is reversible at elevated temperatures >
(Fig. 64(a)) and at very slow sweep. fatgsr(Fig.GS). The first four bonding
states, in order of increasing coverage (Cu1~4)’ have closely spaced
bonding energies, but state Cu5 represents a distinetly weaker bond.

Undexr some conditibns, a sixth bonding state (Cu6)'1s resolved with an -

energy jusé greatér than that in bulk Cu metal.
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The bonding ene%’?es‘in statesl;;:.\-l'!+ are so closely spaced
(within a total range of 6.9 keal). that it'is difficult to estimate
accurately the coverages assocldted with the individual athes. In a

serlies of measurements at room temperature, the following data were, however,

B
obtained: N
L ~

' Bonding states 8¢y

- : b . Y
\ Al 2 . N 1’ . 0054
Cu Upg Cqu + CuA3 0.74
Al + Cu A2 + CuA3 _CuA4 ' _ 1.01

4 _ f ‘ ‘1 .
Cu Al A2 + Cu A3 +i Cu 4 + CoAS .33

* The total Cu deposition charge passed before deposition of

bulk Cu was equivalent to an apparent coverage of 6, = 1.5,

Cu

The combined charge in states CuAl 4 aqd thé charge in
state CuA5 are shown ove{\a wide range of temperature in Fig.66, 1In

L

both cases, the amount of b?D is outstandingly constant Slight

differences between the eov;kages shown in Fig.66 and thoge tab;Z;EEE‘“

" above probﬁbly reflect er&ors in the estimation’ of’the area sg\:he Pt

S~

electrode via the H charge e *

Wheq‘the difection of a potential sweeﬁ depositing Cu at’
b2
elevated temperature is revérsed at a series of underpotentials (Fig.64(a)),
the current simply changes sign, without any evidence of kipetic

r .

ixreversibility (at. 0 05 Vs ) or “of hysteresis. At slow sweep rates
i 7 :

in concentrated CuSO4 solution the UPD {s also reversible at room d
- L .

temperature 6Fi§.55), like tha€/§?§ﬂ on Pt.. If, ﬁowever, the anodic a?'
. , ' r~ ’ / N P

A

e
o

r

\ ¢
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end-potential is increased beyond ﬁhe value raquirad'toldissolve the Cu,
‘ad&itiohal-éathodic currents appear during Cu deposléidn arising from

the redﬁction of O species discﬁarged during the anodic sweep. This T
di@inishes the resolution of the ;tates of underpoteﬁtially'depositéd

-

Cu at low coverages (Fig. 65).

8.1.3 Cathodic processes

. Resolution of the individual states of Cu deposited in the
cathodic swéép i{s also lost in dilute solutions of Cu2+, at low tempera-
tures and at high sweep'rates. However, the anodic pr&cesses remain

essentially reversible under these conditions, as shown.for example, by

I ) *
the fact that the ip/s values for the anodic current peaks are constant
for s £ 20V sﬂl, while ths\cathoaic peakg shift with sweep rate at
-1

above 0.2 Vs °,

The irreversibility of Cu deposition at low teﬁperatures is
gshown in Fig.64(b). Similar effects apéear if the Cu concentration is
reduced or the sweep rate increased. It must be emphasized.that the
rate-detgrmining step under such conditions is not simply diffusion of
Cu2+ ions from the bulk of the solution to the electrode, since the
extent of diffusion control is 3 10Z. Studieq'of the effect of solution
stirring begun at various points in the potential cycle show that although
the cathodic UPD currents are increasea by stirring, the electrodissclution
from underpotential states 1s not affected. ‘
2+

The development of the current-potential profile as the Cu

concentrationof the solution is increased (Fig.67) suggests that the more

* .
ip = peak current; 8 = sweep rate
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strongly bound: etatea are-oompletely occupied before deposition

commencel in the more weekly bound atatea.. (Individual sites will

obviouely be filled in order of decreasing energy under all oonditiona)

Experiments in which the amounts of Cu deposited potentiostatically

(measured by fast anodic sweeps) increaeed with time to a value :

" characteristic of the deposition potential confirmed that the bonding

' states haye definite maximal coverages.,

8.1.4 Deposition of bulk Cy°

If the cathodic depoeition sweep is‘continued to‘potentiela
less positive than 0.2 V,.no further "structure" of current pesks is
observed. The diecharge current merely rises to a constant diffueion—‘:
controlled value, which is maintained as bulk Cu deposits become visible
on the Pt, Bubbles of H; are‘finally evolved at about -0.5 V. The ‘cor-
responding anodio dissolution sweeps ahow that only the currents ionizing
Cu from states more weakly bound than Cu (i./e. those aesociated with
the deposition of bulk Cu), increase with the amount of Cu deposited.
Thus (reversible) deposition‘at potentials ‘cathodic to those of the Cucs.
state is effectively on bulk Cu metal, while‘deposition at more positive
potentials (UPD) produces states which have definite coverage limits,
with bonding energies strengthened (relative to Cu on-bulk Cu) by the

presence of the Pt substrate,

8.1.5 Anodic processes
The kinetic limitations described above are not observed in

the anodic proceeeeeqiiWith a sweep rate of 0,05 V s-l in 10-2



- sweep rates, however, states Cu

Cﬁ(ClO ) + 1M HClOA} the electrodiseolution peak potentiala are

independent of temperature at above 323 X (Fig.68) At the tempere‘

’ ture is 1owered from 323 K, however, the Cu—Pt bond energiee increaee,,

"
A

-peak CuAsqdevelops a lower aspect recio, peak CuAé;becomes more pro-

Al
v

nounced, ;and the separate resolution of peaks Cu,,, CuA3 and puAA is
gradually lost (Figs.64(b),67). A &imilar loss of resolution of the
anodic peaks is observed as the eﬁeep rate 18 increased. At sweep

~1 '

rates below 0.1 V 8™~ in 0.1 M CuSO, + 0.5 ¥ H,50,, the peak potentials

corresponding to states Cu,y to Cu,, are constant (Fig.69). At faseee
AZ"CUAB and‘CuAa are not separately
resolved, and appear as a'eingle ﬁeak in both the aﬁodic.and cathodic
sweee. [In these experiments the anodle and cathodic sweep rates were
equal,l and the ent*‘l-po‘t:entials were adjusted to the limits of the .under-
potentiel reactions of Cu at the sweep rate concerned]. Since tﬁe
individual current peaks overlap considerebly and. only the apparent
peg}s of their gum are recorded, it 1s net poasible to.distinguieh
whether the change in the enodic_profile with sweep rate relates to
changes in the reversible peak potentials of the underpotential
bonding Etates, or to a redietributtoe of the Cu emong atates of
constant energy. k - S
)
8.1.6 Effects of specifically adsorbed anions

The UPD of Cu on Pt is altered to some extent by the
nature of the agions present, parﬁicularly by those which are strongly
speg;fically e£:orbed.' The current-potential profiles in Cu(0104)2 -
HClO4 and CuSO4 - H2304 golutions are esgentially similar. When small
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aﬁouots oé NaCl are addeo,‘howeﬁer, a considerablelrediatribution of & 5‘
'the_Cu_amoog the booding otates is observed (Figt70). Tho Cl™ also
inhibits the discoarge of O species,;which improves the resolution of
the low—coﬁerage Cu peaks, and an apparent fifth dosogption peak is

-

observed in the anodic dissolution of the Cu monolayer (Fig.70).

8.1. 7 Relation between deposition of Cu and states of
co-deposited H

Figure 71soows that the charge associated with'the electro-
dissolution of Cu from Pt as Cu2+ is exactly twice the corresponding
charge for H‘depoaition} The Cu was deposited potentiostatically,
and "the measuremento made from a subsequent.oathodicfaoodic sweep at_
20V s™Y., The 1inearity'of this plot and its expected slope give in-
direct confirmation that the Cu is deposited in a fully-diqoharged
state, In gweeps at 20 V s_l, considerable amounts of Cu are dissolved
from state CuA5 (e.g. GCUAS = 0.15) while the coverage in states Cu

YAl-4

18 still well below a monolayer (e.g. ec“Al 4 '0.8).

"It is important to note that the maximum (total) coverage
in states. CuAl 4 in a slow sweep corresponds to a 1:1 epitaxial mono-
layer of Cu on Pt atoms; under fastnaweep conditions the monolayer
charge includes that passed in the CuA5 peak as well as that in the
CuAl_4 poaké, the latter being then relatively smalier than under

slow-sweep conditions.

'As Cu is electrodeposited om Pt in increasing quantities;
the coverage in the different H adsorption states is affected in

different ways (Fig.72). Low coverages of Cu increase the covérage
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in state H3 but decrease thosein statas Hz and'H4 5. ‘Resolution of
. 30 :
the H states is lost at higher Cu coverages, altheough it éppegra

that the major portion of the H is still bound in state H [Tﬁg

3
gonéhancy of the 0O-specles reduction charge under these conditioms.-
shows that the changes in the H profile were not due to the co-

adsorption of impurities during the potentiostatic Cu depositiom].

8.2 Preliminary discussion

8.2.1 The component processes

In previous studies of the«UPD of Cu on Pt,372_374’379’381

only three bonding states (Cul, Cué and Cus) were discussed. The
.present work shows that Cu may be underpotentially deposited in at
least six bonding states having diatinctly‘differént energlies. When
an electrodeposited Gu moﬁblayer 1s dissolved anodically at.a slow
sweep rate (e.g. 0.05 v B_l), only states Cu

Al-4

ever,1f the diasblution 1s conducted in a fast sweep, significant

are revealed. How-
amounts of Cu are dissolved in peak CuAS’(Fig.71) before the mcre '-
stronglylbound Cu in the "monclayer" states CuAl—A is disaolged.

Thus the cﬁarge corresponding to the CuAl—4 states under these con-
ditions 1s ;gas than at lower sweep rates. This suggests that at an§
one time, all the electrodepositeg Cu atoms are bound in the samé
state, and that at slow sweep rates they will all have gufficient
time to rearrange thémsel#es on the surface into the succeasive -
bonding stateleuAl_4 (with corresponding dissolution or discharge
currents to bring the coverage to the new equilibriim values) as the

potential i=s changed.' The non-equilibrium Histributipn of the Cu



AT

among the bonding‘statea observed at fast sweep fateé could then be

explained in terms of the inability of the Cu atoms to move between

thelatates as fast as ‘the potential was being changed.

8.2.2 Relation of the cathodic current-potential profile to
kinetics of discharge of Cut ions

v

It was noted in Section 1.5.1.8 that the dis;harge of Cu2+
ions occurs in two successive onemeiectron-tranéfer steps. The exch;nge
current of the Cd+/Cu equilibrium is always.at least 1000 times greater
than that of the Cu2+lcd+ equilibriuﬁaos, so the rate-limiﬁing step
in the gischarge process will be Cu2+ + e+ Cu+. This reaction will
cccur across the double-layer, at a rate determined by the electrode

potential, the concentration of Cu2+ in the bulk solution, and the

rate at whigh'Cu2+ can diffuse to the reaétion site.

The difference in the exchange currents places a restraint
on the rate of discharge of Cu2+ ions, but not on the rate of the
reverse regction,‘since the Cu% ions produced in the first (fast) step
are likely th_remain there long enough to lose a second electron before
diffusing awa§,into the solution. The different kinetic limitations
of the cathodiec and anodic processes at bulk Cu were first described

399-401 : '
by Bockris and co-workers . They are reflected in the present

work by the difference of the sweep-rate dependence of the current

peak potentials. This was about 0.12 V per decade of sweep rate for

-
—

the deposition of sub-monolayer quantities, but only about 0.05 V per

decade for the corresponding anodic processes (Fig.69). 3

Cu begins to electrodeposit on Pt at potentials of about



-

0.8 V, and Pourbaix's dEEBBQ7 show that the equilibrium Cu+/Cu2+

ratio at 0.8 V is about”lO-lo. Although he\ixperiments described )
1

‘here give no indication of the state o “equi /?rium of the various e

lonic processes under the dynéﬁi& conditions involved, it seems ﬁery

plausible that the diminution in Cu dischirge currents at low Cu2+

concentrations, at low temgesa;gfgg,gn at fast sweep rates is
 primarily due to the limited rate of production of Gu+ ions in the

Cu2+ + e + Cu+ redox reaction.

As Cu deposition proceeds, the Cd+ originally present in
the double-~layer will be discharged, so that further deposition must

=,
~

involve the slow Cu2+ +_Cd+ reaction,

;nd this will giv?jgﬁe appeafance
“*of hysteresis (Fig.64(b)). Under sucﬁ'conditioﬁé (e.g. Fié;.64(b),73)
the net- cathodic current is frequently independent of potential in a
Irange between the oxide reduction péak and the first resolved Cu
deposition peak. This has been descyibed as a limiting-currenf

374 buk such terminology is misleading, since although

region
the net cathodic curféﬁi&is constant as Cu deposition begins, the
component of the cgfreﬁt arising from Pt oxide reduction falls';t less
pqﬂit‘:ive potentials, so the'c'e_tthodic‘rents due to Cu deposition are
in fact increasing smeothly in this range towards the first resolved

Cu deposition peak (at about 0.3 V in Fig. 64(b)).
©

The rate control under such conditions will be complex.
At higher potentials, the production of Cu+ ions will be slow .and both

potential- and time-dependent. At less positive potentials, however, the pro-

duction ‘of Cu+ will increase rapidly with decreaﬁing-potential and 1t will
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alsp'becomg incraﬁsingly.posaible to- deposit Cu ﬁifec¥1y~from,cu2+ ions.

The equilibria concarned arhﬁos} .
L2+ + . . |Cu2+|
Cu”, + e« Cu E° = 0.153 + 0.059 log T
: & - [Cu’]
+ ke e 0.520 + 0.0 ~
Cu' +eeCu E® = 0.520 +0.059 log [Cu ]
) .

cu?t + 2¢ @ Cu E° = 0.337 + 0.030 log [Cu®']

Although the resolution of individual cathodic deposition
states 1s largely lost under‘theée cﬁnditiona, the existence of a
peék corresponding to deposiﬁion'iﬁ states Cuql_4 and & smaller
peak corresponding to-Cu,g (Figs.64(b),73) shows that the Cu Btomsn
are still being deposited in states having definite coverage limita-

tions.

At higher tempé}atures, the r#te of production of Cu+ ions
increases, so the deposition is reversible at all coverages (Fig.64(a)).
fﬁe.deposition may a}so be madg reversible at room temperature if the
avallability of Cu+ at the elec;rode 1s increased by ‘increasing the
Cu2+ concentration and decreasing the sweep rate (Fig.65). Finally,
the slow production of u+ from Cu2+ accounts for tht:: continued UPD
currents observed wl';en kthodic sweeps ark interrupted for controlled:

periods of time under conditions where thie anodic but not the cathodic 'y

4
processes are reversible,

As the temperature i{s raised, the charge correspon&ing
<
to the dissolution of bulk Cu becomes less than that involved in its

deposition. This may arise either because the chemical stripping of

2+ +, 408,409

bulk Cu (Cu + Cu” + 2Cu’) has a considerable temperature
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coefficient, or becg@sé some of the Cu' lons formed in tﬁé‘first stage N
. of the anodie disso;ution are able to diffuse away from the electrode

‘before losing their second electron (slow process).

8.2.3 Deposition at '"coverages" exceeding 6 = 1

The‘energy of the states corresponding to monolayer coverage
' (Cul-é) is quite distinet from that of the cﬁs bonding state, which ds
itself distinct from the bulk Cu-Cu bond (Figs;54§55,73). The accuracy
with which the total charge in the Cul_4 peaks corresponds tﬁ a meno-
layer coverége (Fig.66) strongly suggests that at coverages below

QCu = 1 all the Cu atoms will occupy identically coordinated sites on
the electrode surface, i.e. in 1:1 epitaxy with Pt étéms. At higher
coverages, however, the Cu atoms can no longer all occupy identical
sites. Subaequenhly deposited atoms may,eitﬁer bond in interstitial
positiéns between Cu atoms already on the surface, or.else displace
these atoms from tEg;r epltaxial positions so as to approéch the Pt

surface more closely.

In the latter mechanism the maximum coverage of Cu in a
single ;iéne parallel to the surface is that of a close-packed mono-
. layer of Cu étqms (having no unique epitaxial relationship to Pt atoms).
Since Cu atoms are subatantiélly smaller than Pt atomﬁ, a close-packed
monolayer of them would hgve a"covérageyof ch,n 1.49 in a (100) lattiEET”/"
.plane and ch = 1.29 in a (111) lattice plane.,_Expgrimentally,bulk-Cu |
deposition is observed at about 8~ 1.5. . At:éoverégés abo;e QCu-l, each

discharged Cu atom will touch at least three ﬁfévfoualy deposited Cu



atoms, poshing‘them aside from toeif 1:1 epitaxial boudingApositions.

‘ With further depoaition, the number of Cu atoms touching one another .
would increaae rapidly until.theyformed a complete cloae—packed 1ayer,
and the development of metallic properties in the electrodeposit
(deposition of "bulk" Cu) could be asaociated with the'completion'of
this close-packed layer. It is cleay from Figs. 64(a) and &5 thertﬂ:§?
hysteresis is abaent,:he Cu5 state is fompletely fil;ed before‘metallic
pfOperties are developed. The fact that in fast (20 V s-l) sweeps the
CuAS state appears while the coverage in states CuAl 4 is still only
about eCu = 0.5, although at slow (0.05 V s ) sweap rates the states
are filled one by ooe in orderfof decreasing_energy (Fig.64(a)), strongly
suggests that the rearrangement between epitaxial and close-packed

chemisorbed states may be a relatively slow process.

In the alternative mechanism, originally proposed by
379

Breiter™ ”, Cu atoms discharged at coverages below ch = 1 remain at

the same eitgf, and subsequently discharged Cu atoms will lie between
and slightly above them., Breiter suggested that local nucleidi of
deposited Cu would thicken until they reached a critical size at ;ﬁich
they would depelop metallic properties. It is evident, however, that
states Cu5 and Cu6 cannot be associated with local second and third
layers of Cu atoms, since by its nature UPD must be uniform on an
electrode surface (atoms deposited at random or in regular arrays across
_ » the whole surface), and the coverage in state Cu5 is much less than a

gonolayer (Fig.66). In addition,:the number of nuclelil formed, and

* hence the deposition charge required to build nucleii of a critical
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size on the original monoleyer, would be expected to be temperatnre—~

dependent, which is experimentally not the case (Fig. 66).

In an experiment where Cu was discharged on to an electrode’
on which varying amounts of Cu were already present (Fig. 73), it is
cleer from the bunching together of the current-potential curves that
Cus, and

1-4'

there are three essentially different types of bondinﬁ states: Cu
(Cu and Cub ullc) ~State Cu5 could;‘according to Brei.f:e:r:i-i9 represent the forma--

tion‘bf patches of a second layer of Cu atoms, some of which (statisti-
cally) become 1erge enough to have metallic properties, but the physical
reality of state Cu6 (which Breiter did not oﬁserve) is not clear.

There is apparently no dlrect experimental data available on the per-
sistence of. epitaxy in Cu—deposition systems, altheugh it 1s known that

Cu deposits are of uniform thickness to at least ch = 1 on 0375

394

» and

to about chﬁ. 2 on Ag

8.2.4 Alloying
‘ ‘ .

BreiterBB_9 concluded that sinee the amount of Cu that could
be dissolved from Cu films on Pt electrodes was independent of the
(galvanostatic) anodic current between 20 mA and 2 A, deposited Cu did
not diffuse into the Pt. However, since his electrode had an area of
about 16,000 cm2 (qHA = 3,6C), the current densities involved were only
about half those for the anodic monolayer peaks involved in the present
potentiodynamic studies with a sweep rate of 0.05V 3_1. Thus; the
possibility of alloying which is reversible at the sweep rates studied

here cannot be excluded.



8.2.5 Effect of competing adsorbates on the bonding of Cu

Changing the supporting electrolyte solution from H,80, to

HClOA, and adding\NaCl, confirmed the result of Degeilso and Roger3368

~

that the effect of anions on the UPD of Cu increases in the order
ClOZ < SOiﬁ < C17. The main effect of anions is an apparent redis—
tribution . of deposited Cu atoms among the bonding energy states

avallable. The total coverage over all the various states is, however,

not changed. The appearance of a fifth current peak within the profile (Cu

A Al—é)

for desorption 6f the final monolayer of Cu (Fig.70) may possibly be an N

. ~

“artefact due to the addition of currents from closely-spaced, overlapping

peaks, or alternatively the-dist;ibution of Cu améng the bonding states iﬁ
absence of Cl~ may obscure the.presence of the fifth monolayer state under
normal conditions. The present results do not allow a distinction to

be made between these tﬁo possibilities. CL~ ions also increase the
potential range corresponding to the electrodiésolution of the Cu mone-
layer. This might arise from changes iﬁ the bond energies of the various
states, or from increased repulsive interaction or reduced attractive

interaction between electrodeposited Cu atoms, or both.

8.2.6 Effects of electrodeposited Cu atoms on the bonding of H

Although small numbers of Cu atoms (e.g. @ g = 0.2) are

C
deposited in a single bonding state- at all sweep rates, they prevent
the adsorption of H atoms in at least two or three states_(Figs.67,72).
Twulexplanations of this result are possible. 1In the first, all the

electrodeposited ﬁ atoms would at any given time be in identical states

(L:e. at identical sites), and would normally all transform to subsequent
¥

the
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.statos (sites) - with electrodissolution or deposition as required to
‘_achieve the equilibrium coverage -\ as the potential was changed. How-
ever, tho;reiogively larger Cu atoms, located according to iheir own_
coverage (wﬁioﬁfoili‘be essentially coostant io the potential range of
H deposition) will prohibit the access of H atoms to some sites where
they would otherwise be stably bonded at certain coverages.‘ The only
other explanation is,toat the multiple chemisorption states do not
correspond to any specific. bonding coﬁtoination or locationm, bug
instead arise from more complex quantum mechanical interactions be-
tween deposits and the substrate invoxyiﬁg delocalized bonding states,
in such alwaj'thao the bonding of one_o;écies perturbs the bonding states

subsequontly available 'to other species.'

L .
, : . ]
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' CHAPTER 9

ot
- i

THE ELECTRODEPOSITION OF Cu ON Au

9.1 Results
9.1.1 Determination of Cu coverage

The real area of Au electrodesuwés calculated according
to the method of Michri, Pschenichnikov and Burshtein83, a5 dig-

cugsed in Section 7.1.2. Cu coverages were then calculated on the

412,413

assumption that Cu 1s deposited in a fully discharged state,

i.e. two electrons are passed per Cu2+ ion discharged. The Cu

coverage 1s then expressed as

6. = ___EQE__
Cu  2x200xA

-

where Uy HC is the integrated deposition or dissolution charge, the
real ‘electrode area is A cmz, and the passage of one electron per
surféce atom on polycrystalline Au involves a charge of 200 1C cm_2

(see page 182).

9.1.2 General features of the potentiodynamic current-
potential profile
A typlcal current-potential profile at Au in Cu(C104)2 -

HClO4 solution is shown in Fig.74. The Cu coverage reaches about

gCu = 0.75 when Faradaic (coverage-independent) electrodeposition
410-412

- begins. What was thought by previous workers to be a single
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. | . . |
UPD peak in the potential range 0,65 to 0.40 V is evidently (Fig.74)
at leastafour component current peaks, with a combined coverage of

Cu

The UPD is only reversible (anodic and cathodic currents

. exactly equal) in state CuCl' As the coverage exceeds about © 0 ¢.1,

c
the bonding state repregented by the sharp "spike'" peak Cun,y begins
to, appear. Since the current peaks of the state Cu2 normally protrude
| very little beyond the surrounding current envelope, it is difficult
to'éstimate“its'coverage with any aceuracy. It is almost certainly

less than 0.1, and the half-width of the peak is less than 0.04 V,

possibly much less.

The interruption of very slow (0.001 v s-l) potential sweeps
shows that .the Cu2 pesks fepresent a normal deposition process rather
than an abrupt transformation. Holding the potential 0,013 V cathodic
to the Cqubpeak for 30s reduces the peak current by about 7% whereas
holding -.025V cathodic for 10 and 100s reduces it by only about 4%
and 6% respectively. Such results show that the Cu2 process is not

time-dependent, but only potential-dependent.

If the deposition sweep is continued to potentials cathodic
to the current minimum following peak Cuca, one further deposition
state (Cucs) 1s observed before Tafel-type electrodepositidn begins,
The electrodissolution profile then shows a peak corresponding to thé

removal of bulk Cu as well as the Cu£5 peak, (Fig.75), Additional

*
Potentlals were measured to a Pt/H2 electrode in a cell compartment
to which the Cu salt had not been added., This reference electrode
was maintained at room temperature in all the experiments.
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. - '\‘ - . -
anodic currents also appear over the range of potentials ef the CuAl-A
peaks, Since these additional currents are reduced by solution stirring,
they are to be attributed to the oxidation of Cu' ions produced in the
™ .

chemlical stripping of bulk Cu40§’409,‘t

9.1.3 The slow step in the discharge reaction

An apparentfhystefeqis appears in the cyclic current-
potentlal profile as the sweep rate 1s increased or the teﬁperature
lowered. At above about 320K, the UPD is reversible at sweep rates

1

below about 0.05 V s ~. At 277K, on the other hand, there is sub-

stantial hysteresis at 0.005 Vv s—l, although very little at 0.001 V s-l.

The characteristiqs of the hysEeresis af; shown in Fig., 76
by potentiodynamic sweeps taken to successively more negative end-
potentials. At low temperatures and moderate sweep rates all the
anodic peak potentials lie within a range of about 0.05 V, and the
total half-width of the anodic peaks is only about 0.08 V. The
potentials of the resolved anodie péaks are plotted vs temperature iﬁ‘;fiﬁh
Fig.77(a) and corresponding estimates of the charge in the composité’f$_'

Cu,,_, and Cuq,_, peaks are shown in Fig.77(b).

Figure 78 shows that the UPD of Cu tlakes place at more
positive potentials as the temperature is raised. The maximum coverage
shown is that to the current minimum between the peaks gﬁca and Cugcs
which is independent of the reaction.temperature (total va:iation-
about 6% between 274 and 363K). Thus, although the UPD currents
clearly increase with temperature, the total coverage in states Cucl_4

is constant, The effect is analogous to the constancy of the charge
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in the deposition'of O-species on Au at potentials up to the current

minimum before Ozpeﬁo;ution, nbted'by Michri, Pschenichnikov ;ﬁd
585 '

. .
™

‘Bufshtein At high temper#tufes,the CuCI‘_4 statés mefge to form
a_single peak, and the UPD occurs over a ngrrowér range of potentials
(Fig.78(a)). Thus the reversible potentials ?f the CuCléa'states
move together as the tempafature is raised, }If, instead, the

individual peaké'had all become ﬁarrower at higher temperatures, their

resolution would have improved].

At higher sweep rates (i.é.>d.05V\§zil,rbulk Cu eléctrodepositionibe-
gins‘fE less positive potentials (wi;h a Tafe;_cur;ent?poténtial curve),although
the potential of zero current during the electrodissolution of bulk Cu
remainé within about 0.04 V of the reversible Cu2+/Cu potent£al
(calculated assuming that all the Cu in the solution is present as

Cu2+). This allows state Cu.. to be resolved, which was previously

C5

reported by Schmidt, Beutler and Lorenz413 as a "second UPD peak".

At high sweep rates and low Cu. concentratioms, the UPD currents be-
come fairly constant over the potential range 0.45-0.30 V (fig. 75).
"Coverages” in excess of a monolayar may be deposited by.these "con-
gtant" currents before a Tafel-type current increase is observed.

The corresponding electrodissolution profiles show currents which fall
very rapidly at potentials beyond peak Cu,., typlcal of a coverage-
iﬁdePEndent bulk diasélution process. This type of behaviour is also

412

visible in the results of Takamura et al. (their Fig. 6).

"The "constant" deposition currents contain a diffusion-
controlled component, but are only about 20% of the maximum discharge

current observed at lower potentials in the deposition of bulk Cu.
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They are Eherefore ascribéd to a currqu limitation in the slow redox

2+

reaction Cu” + e + Cu+.which precedes the final electrodeposition

stage, as discussed in thé'previous chapter.

Whenr the déposition rate is limited by the rate of,tﬁg
Cu2+/Cu+ redox reaction, Cu deposition coﬁtinués.dﬁring an inter-
ruption of the cathodic sweep so as to rﬁise the Cu coverage to its
equilibrium value at thé.holding potential. After the potential hold,
the deposition currents are initially lower than those observéd in an
uninterrupted sweep, buF they reach the same values at mbre negative
‘potentials. The effect is similar to thﬁt observed in the interruption
of the anodic electrodeposition of O spécies on Pt or Au (Figs. 32,58),
Logarithmically different holding times have to be employed in the
UPD region to study the potentiostatié deposition of Cu which would

normally occur (potentiodynamically) at lower potentisls. The effects

of holding are not affected by solution étirring.

Evidence for a slow placi:exchange process 1s presented in
Fig.79, Constant residual anodic currents persist at potentials.above
those of the CuAl state in anodic sweeps following the deposition of
bulk Cu. The corresponding anodic charge increases with the amount
of Cu previously deposited. Since solution stirtring does not affect
these currents, it may be concluded that they represent the electro-
dissolution of Cu atoms which ha;e diffused back to the metal/%olution
interface after having dissolved in the Au surface. After considerable
ailoyiﬁg had taken:placé on an Au electrode, no potential programme
could be devised to restore the original current~potential profile,
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and the detailed gtrﬁctuxe-of the UPD peaks was no longe:-feBOIved.
Tﬁislsdggééts‘that éoma "surface conditioning" proceéé,gzsaociated
with the disruption of tﬁe Au lattice, may occur. A mﬁdel $f~thia
‘fype haé been develséed by!Smialcwski et al. for the diffusion of H

into the surface of Ni elactrodes 8097611,

-

9,1,4 Effects of specifically adsorbed anions

The distfibutibn of underpotentially deposited Cu among
the current peaks ig slightly altered when the deposition is carried
oﬁF in the presence of soi' rather than of ClOZ iﬁns, although the
t&tal coverage in states Ct_;C]:_4 is unaltered. Fig.80 shows that the
current-potential profile varies little with éhe CuSO4 concentration
in the range 6;00140.1 M, at a sweep rate of 0.05 V 5,1’ when all the
curves are plotteq from the reversible Cu/Cu2+ potential.. The sﬁike
pe;k CuCz is only';;sible in the cathodic sweep at higher Cu concen-

trations, i.e. when the slow process in Cu deposition does not limit

the discharge rate.

9,2 Preliminary discussion
9.2,1 The mechanism of,electrodeposifion

The analysis of the machénism of electrodeposition of Cu
on Au is complicated by two faptors; Firstly, kinetic iimitations in
the discharge rate of Cu2+ make the cathodic processes irreversible
except at high temperatures, high Cu concentrations, and very aslow
sweep rates, Secondly, if the cathodic sweep is continued so that

bulk Cu deposition occurs, diffusion-controlled anodic currents arise
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from the oxidation of Cu+_at the saﬁe'poteqtials.asithose for electro-

dissolution from the UPD bonding states.

- However, the revérsiblé deposition qbsérved ét.slow sweep
rates and high temﬁeratures shows that the UPD of Cufén Au can occur
in at least five distinct Pondiné'energy étateé. Bulk electro-
deposition of Cu begins . when the UPD. coverage is only about

‘eCu = 0,5 - 0.7, i.g. weli before the elect?odeposited Cu atoms would
be close enmough to touch one another. [¢u atoms will not be pre-
ferentially deposited touchihg previously-depesited atoms, or multiple
bondiﬂg states would not be observed]. At coverages above éCu = (,5-
0.7, the potential is sufficiently cathodic for(Cu to bond directly
to previously-deposited Cu atoms, and the deposition current increases

”gxpénentially as bulk Cu deposits are'formed, There seems no reason
to suggest that the underpotentially deposited Cu atoms will re-
arrange themselves on the Au surface into local close-packed arrays

before bulk Cu deposits are formed. As soon as elements of a Cu
lattice are established, however, the formation of bulk Cu deposits
will presumably occur preferentially on close-packed planes of the

Cu lattice, so as to reduce the surface gnergyGlz-

9.2.2 Hysteresls and alloying

The use of high sweep rates shows that the UPD of Cu is
reversible at coverages below about Oy = 0.15. TFigure 81 shows that
at higher coverages the Cu atoms are only dissolved from more strongly

bound states than those in which they were deposited. This hysteresis

cannot be explained simply in terms of the slow reaction in Cu deposition,

since the deposition current decreases as the electrode potential:falls -
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1

.(ef. fig. 79). It is instead thought to arise'fromAplace;exchange be-

‘twegn chemisorbed Cu atoms and the Au atoms to which they are ihitially

bound, which brings the Cu atoms to (morelétrongly bound) .sites of higher
coordination when the.deposition coverage exceeds a critical value. How-
ever, unlike the similgr (Figs. 40,57 hystéresia processes occurring in
the electrodeposifion of 0 speciles on Au and Pt, the place-exchange
(alloying) of Cu on Au is reversible at slow sweep rates and high tempera-
tures, since the overall process is :eveggible under these conditions.

The essential difference betwéen the structures formed by
the place-exchange of O species on Pt or Au and of Cu on Au is tﬁat in
the first casé the considerable electronggativity difference between the

two specles will stabilize .an ionic surface lattice having Au and O

species in alternate sites, whereas, in the second case, the bonding of

‘the Cu will be almost entirely metallic. It will thus be energetically

possible for Cu atoms.to diffuse.into the bulk Au lattice rather than
necessarily remain close to the surface. When the potential of the
sweep 13 high enough to reionize Cu from the Au surface, those Cu atoms
which are dissolved in the Au will return to the electrode surface at
a rate governed by the bulk diffusion coefficient. The Cu atoms will
be electrodissolved as soon as they reach the s;rface, since the
electrode potential will be higher than the equilibrium Cu dissolution
potential for that coverage. The rate of diffusion of Cu to the Au
surface would be expected to be constant during the anodic sweep 1if

the rate of the (non—electrochemlcal) place-exchange process were

limiting during the cathodic sweep.



The ‘arrival of Cu atoms at.the Au surface at a constant
rate would account for the constantAreéidual anodic currentslobserved
at poténtials-above thoée of.;hefCuAl peak (Fig,?g), which appear when
bulk Cu is deposited on the electrode; Similar constant cufrénts
were observed by Tilak, Cbnway'and Kozlowska®13 in the reduction of.
thick oxide layers on Ag, and the effect is present in the deposition\‘

of Pb on Au to a very small extent (Figs. 83,87,89).

If Cu atoms thus move to more stably bound sites and dis-
solve in the Au la;tice, even at low coverages, the-question must be
asked: Why do the states of chemisorption of Cu reach suéh definite
limiting coverages (Fig.77(b)) despite the fact that many of the iniﬁially
discharged Cu atoms are Bupposedly no longer on the surfacg?' After .
all, when O species are electrodeposited on Au, ﬁhe charge in the low-
cﬁverage deposition states is very much dependent on the time allowed
for place-gxchange. The difference may arise from the nature of the
chemisorption bond. Since the bond energies in Au oxidation are
governed by the formation of arrays of Au-O dipoles, the” replacement
of surface O specles by Au atoms will in a real sense offér identical
sites for further discharge. Im the case of Cu electrodeposition,
however, the chemi;orptiAn bond eﬁergies are larpely governed by delocalized
(métallic) interactlions, so the properties of the Au will be perturbed
by the discharge in the same way whether the Cu atoms are on the Au
surface or below, Thus, the states of deposited Cu may still reach
limiting coverages governed by the wave-mechanical interactions
(metallic bondiﬁg) even while some fraction of thé electrodeposited

atoms are alloyed in the Au electrode just below 1ts surface.
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The hystereéis-could alternatively arise from the stabili-

z;tion of a feconstfucted Au surface due to the disgolution of Cu in
the‘eléctrode surface. Stronger bonding-of electrodeposited Cu to

the reconstructed surface would then give rise to hysteresais. lAlthough
Fig.79 shows that the initially deposited Cu atoms apparenély do not
remain closé to the Au surface, since they take several seconds to
-diffuéé back to be dissolved in the_anodic-swegp%_;t is possible that
the recomstructed surface is continuously stabilized by the presence

(or flux) of Cu atoms amongst the Au stoms near the electrode surface.
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CHAPTER 10

ELECTRODEPOSITION OF Ph ON Au

10,1 Results

- 10.1.1 Calculation of Pb coverages

Since the coverages of undérpotentially depositea Pb
measured in this study are lower than those measured by a number of
other authors, the area of the Au electrode oniwhich this work was
carried out was checked in some detail. The geometric area of the
Au foll and its connecting wire was 2.99 cmz. The real surface area
was measured,after the completion of all the experiments,by the
method of Michri, Pschenichnikov and Burshteinsss. The data obfained,
using sweep rates of 0.1 and 0.01 V s—l and a wide range of tempera-

tures in 0.5 M H,80,,are shown in Fig.g2. Acébrding to the average
. 2 .

* of these values, the electrode had a real area of 4.13 em™, 1.e., the

roughness factor was 1.38.

The chafge passed in Au oxide formation at potentials.up
to 1.5 V did not increase by more than about ?Z during the experi-
ments with Pb, so it was assumed that the real electrode area had
remained constant. The coverages of underpotentially deposited Pb
were calculated on the assumption that the atoms were fully discharged

when deposited, i.e.

*
o, = Fb
Pb  2x200x4.13 v,
* ‘ ) - '
See page {82 for discussion of the surface atomic

density of Au.
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, 4 : : : )
g Attempts;;;‘measure the Pb eeverage.b:-taking the charge
to the current minimum precediﬁgsoz evolution as 400 KC per reqé;cmz
'in~the'{ ﬁ HC].;)4 - 10“3 §'§E(N03)i eolution commonly used for
?élect;odeposit%9§ fi_e. aseuming that the measurement of the Au area
preﬁosed bf Michri et a1.5_85 would apﬁly regardless. of the solution
‘compeeition), were discarded, A lower epparent value of thelelectrode

area I1s then obtained (averaging 3.38 cm2 in the-temperature range

. 274—%64 K), possibly because the extent of Au oxidation is reduced

by specifically adsorbed NO,

3 ions (see Sectiom 7.1.4).

10.1.2 General ebservations

Flgure 83 shows the current-potential and charge-potential.

-3 1

curves for Au in 10 at 0.05 v s_,. The ,

| Pb(NO ) + 1M HClO!+

) ]
potentials were measured with respect-to a Pt/H electrode dn 1 M
- 1 7

HClO4. "Estimates of the potentials of all seven UPD bonding states

5

found in this study are shown, although not all are resolved under

the conditions of Fig.83. o -

‘
. ¥

The Pb corerage at various distinguishable stages of the

UPD is shown for four different temperatures in Fig.84. Neither-tﬁe
energles of the individual states nor their coverages are significantly
affected by the tefiperature. The only visible change in lhe current-
potential profile as the temperature is raised is that peaks Pbl and
Pb merge to form a single broad peak at gbove about 320 K. Since

the reference electrpde remained at room temperature, the constancy

of the peak potentiala shows that the temperature coefficients of

f——‘-.

. the ‘reversible potentiale of deposition in all the states are ‘similar

i
(-3

..“<>
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and smsll snd suggests thst the surface reactions involved may also
be eimilar. In\addition it shows the acsecce of temparature—dependent
anion adsorption effects. The only anion sdsorption.effects observed
in th{s scudy were the scsll and feprcducible diffusional currehcs
agsoclated with the :eduction of Nog iocs at potentials belcw about

0.1 V and sWeep rates below about 0.02'V s’l.

10.1.3 Reversibility

The electrodeposition of Pb on Au is an unusually reversible
reaction compared to the other chemisorption systems studied in this
wcrk. The reversibility of the anodic dissolution processes is shown
by the constancy of the ancdic peak potentials at sweep ‘rates up to
at least 20 V s (Fig.85). Peaks PbA3 and PbA4 are not resolved
separately at the temperature of this experiment (300 K), and PhAG

and PbA7 have been omitted since they are not well resolved at fast

sweep rates.

As the sweep rate 1g raised or the temperature.lowered, the
rate of -Pb deposition becomes diffusion-controlled, Thus although

1}

a.c. modulation experiments (Fig.86) show that the electrochemical
-1

processes involved are reversible at sweep rates up to at least 10 Vs 7,

an unmodulated sweep at 10 V s_1 (Fig.87) has an appearance of hysteresis,
csused by a diffusion-limited supply of sz+ during the cathodic BWees.

As the so}ution temperature is rsised to 365 K, however, the increased
rate of soiucion diffusion removes the restriction on -the rate of the

" cathodic process (Fig.88) so that the unmodulated sweep is reversible
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FIG 86 CURRENT-POTENTIAL PROFILES AT Au IN 1M HCIO, +10°M .

. 4
Ph(NO.,}., SOLUTION OBTAINED WITH A TRIANGULAR MODULATION OF

32 > \
AMPLITUDE 0,025V AND SWEEP RATE 10V s SUPERIMPOSED ON A
CARRIER SWEEP OF 0.1V s~ - o
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FIG 87 POTENTIODYNAMIC CURRENT-POTENTIAL PROFILES AT Au IN

IM HCIO4 + 10-3 M Pb(N'I)3)2 SOLUTION ‘AT 298 K USING SWEEP RATES

OF 0.1, 1, AND'1IOV s™ . ( A SERIES OF CATHODIC END-POTENTIALS
_ WAS EMPLOYED IN THE DATA OBTAINED AT 10V s™)
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FIG 88 POTENTIODYNAMIC CURRENT-POTENTIAL PROFILES AT Au IN

1 M HCIO, + 107 M PbNO
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1

even at 20 V 8 ~. At 277 K, the cathodic process is paptially

diffusion-controlled even at 0.1‘V-a-1:(Figv89).

*

10.1.4 The bonding state Pbe

The unusual "spike" peak Pbs was investiéated in detail,
Figure 90 shows the effect of holding the potential within the
potential range of the spike and later re-establishing the sweep.
The. result is identical with that of holding the potential‘in any
other part of the current-potential profile for UPﬁ. Thus the Pb,
peak is not an abrupt current.impuiée spread over a small range pf
potentials by kinetic factors. It; béhaviour is qualitatively
similar :o.ﬁhat of all the other electrodeposition and dissolution

peaks.

The current-potential profile of peak PbAS is shown on a
greatly-expanded potential scale in Fig. 91. Residual currents from

NO3 oxidation have been subtracted from the data obtained at 0.002

and 0.0002 v sﬁl. The unusual characteristic of the peak Pb_ in

5
relation to those ﬁormally encountered in UPD é&stems is its high

aspect ratio. At a'sweep rate of 0.0002 v s-l, the half-width of

the peak is onlj 8 mv (Fig. 91). Theoretical work in this laBorator}rz4
has shown tﬁat Very narrow electrodépoéition peaks arise 1f the free
energy of the electrodeposition process falls as the coverage increases*,
ag 1f there were an attractive interaction between deposgited atoms.

This 1is-treated mathematically by introducing an interaction parameter

(g) with a negative value into an.isotherm of the form:

o - .
cf. the Langmuir isotherm where the free energy of adsorption is
independent of coverage. ‘
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CURRENT, mAcm 2
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FIG 90 CURRENT-POTENTIAL PROFILE FOR THE UPD OF Pb AT Au, SHOWING

THE EFFECTS OF INTERRUPTING THE ANODIC SWEEP WITHIN THE POTENTIAL

RANGE OF THE Pby, SPIKE PEAK. SOLUTION 1M HCIO, +10° 3 PHNO,),
SWEEP RATE 0.02V s 1 ‘ |
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( 5) exp(se) =K Cpb2+ exp (=% VF 16

By comparison with theoretical current-potential profiles
genératéd‘from this equation16 24. the value of g required to pro-
duce a peak of the shape of PbA5 was estimated as between -3 and -4,
With an interaction parameter ofAthis magnitude, the transition region
between reversible and irreversible behaviour stretches over at least
3.5 decades of sweep rate, compared to 2,5 decades with no interaction.

The change in the current-potential profile of the peak with sweep

rate (Fig. 91) is consistent with the change in the theoretically

-calculated behaviour for a surface reaction in the range of sweep

rates between fully reversible and fully irreversible behaviourza.

10.2 Preliminary discussion

10.2.1 Reversibility and place-exchange

e When the supply of reactant ions is not limited by a slow

Pre-electrochemical process (e.g. solution diffusion), electro-
deposition reactions can be irreversible fﬁr tﬁo reasons: (a) the
discharge of the hydrated ion itself may be kinétically slow, or

(b) time-dependent surface processes (e.g. place-exchange, lattice
rearrangement) may change the state of the deposit in thq time
interval before the electrode potential returns (in the sweep ) to a
value sufficiently positive to reionize the deposit, giving rise to
hyateresis, The high degree of reversibility of the UPD of Pb on Au

shows that neither of these features is significant in this system.
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Other workers have reported hoqévet, that bulk deposits
of Pb dissolve slowly into Au if they remain on the surface for a

421,422,427 (see Section 1.6.1.8), *°°

long time, or if the temperature la high
Under the conditions oflthe present experimenta,‘time effects were
.negligibiy'small except in a few cases where siight slloyisg was

indicated (after dePosition of bulk Pb) by small constant currents

continuing at potentials anodic to those for removal of deposits

formed only at undérpotentials:(Figs. 83,87 and 89).

]

Surface‘rearrangement processes have. already been discussed
for systems where the adsorbate species are about the ‘same size as
the-substrste atoms (e.g. O speoies on Pt), or slightly smaller (e.g.

O species on Au, Cu on Pt, Cu on Au). Since Pb atoms are sbout 25%

larger in diameter than Au atoms, the slowness of alloying in this | ’
system'may relate not so much to a reiatively small driving force
(1.e. insufficiently strong Pb-Au bonds, or weak interactions between
chemisorbed Ph atoms) as to a high activation barrier in place- =
exchange. TheaeleCtronegativity difference between Pb and Au'is less

than that between Cu and Au614

so the increased~;@d§:sibility of
adgsorption of vacompared to that of Cu may also relate to the

smaller dipole moments associated with the Pb~Au bond. The slowneas

of the rearrangement process is not a'property of the Au lattice it-
self, since both O0H (radius approsimately 1.37‘2) and Cu (radius 1.28 2)_
species show irreversibie deposition, while A3615 (radius 1.44 g) and

Pb (radius 1.75 R) are deposited reversibly. Thus the electrodeposi-~

tion of Pb on Au does not exhibit hysteresis because the surface

rearrangement processes leading to alloying are go slow that
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discharged Fb atoms do not leave the state in whiqh they were

deposited during the time intervel before the reionization potenbihl

ie,reached. The deposition of O species on 1r2 20, 616 618 ; 18 probably

’}},//’;_;;;;I;;\Ehse, although long-time variationsin the extent of

;eversible oxidation have been observed with this metal.

. . .

10.2.2 Accurate measurement of Pb coverage.

An accurate knowledge of‘phe Pb coverage as a function of

potential is essential to a valid discussion of the:mechanism'of;dts

- . : & .
UFD, and in particular of the significance of the multiple states of

" the deposited atoms. The deposition charge may be easily measured‘f’“\\\J_”

4 in pure solutions; but the accuracy of the coverage measurement
depends on the accuracy with which the surface area of the Au electrode
iSanown, and no direct method of mEasu:ing the roughuess of Au

eli?frodes has been- devised, . 4
: )
R . .\ [ M
‘Table 4 shows that published estimates‘of the total UPD
. coverege (i.e. the coverage at which bulk Pb is nucleated) vary from

L N : .
0.59 to 1.25. 1In the first four publications358’419’421’422, no

allowance was made for the roughness of the Au electrode, and the

max%Fum coverage is only quoted in terms of the geometrical area of

F the electrode.
: © 425 : i
Vicente and Bruckenstein estimated the reQT\area of their
. ) - _ 343, 619
Au disc electrode by the method of Brummer and Makrides™ ! in

which the coverage after 5 min oxidation at 1.45 V (measuted by the

" reduction charge) is taken as exactly 8 =1 for a two-electron-
' 5:# |

J | T . L5 ’ )

-
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' “TABLE 4. ESTIMATES OF TOTAL UPD CHARGE -

This wérk

A

210 * 15 uC per real cn?

- OF Pb ON Au
Authors Date - Total UPD Charge
' : 419 o 2
Mills and Willis (1953) 500 uC per geometric cm
Schmidt and Gy333421' (1967)  420-465 UC per geomatric cm2
‘ Taﬁamura, Takamuljg8 - 2
Nippe and Yeager , (1970) 400 uC per geometric cm
Schmidt-zﬁd | - 5
Wiithrich#22 - (1972) 374 UC per geogetric cm
(1.94 umol cm™9) :
. Vizcente and ' 5
Bruckenstein®25 (1973) 206 uC per real cm
AdEiE, Yeager ‘ (1974) 300 uC per geometric cm? on
and Cahan443 " . - polycrystalline Au 2
245-273 1C per geometric cm
, on single-crystal Au
N . > . N
Takamura, Watan ;e ‘ 2
and Takamura426¢’ (1974) 490 UC per geometric cm
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transfer process. fhey found that the maximum amount of ‘Pb which
could be deposited on Au without showing the bulk Ph removal peak

had a dissolution charge of 350 uC pef geo etric cmz-oﬁ an electrode

with a roughness factor of 1.7, i.e. the

imum UPD charée was'
206 uC per real cm?, which compares weéll with the value of 210 uC per

*
real cm2 found in the present work.

Adzic, Yeager and Cahan423 measured tﬁe total UPD charge
~as about 300 uC per geometric cm2 on polycéystailine vacuum-depositedl
Au films and 245-273 UC per geometric cm2 on singlq-c£ysfal surfaces
(theshvlatter figures are derived from the charges obtained t6 0,0V
scaled 'up by the same ratio.as found for the polycrystalline surfaces).
Since.these electrodes were prepared for reflectance studies, ghey:
were prébably qulte smooth., Taking an arbitra;y value of 1.1 for
thelr rouéhness would'give‘the tétél UPD coverage as 2?3 HC par real
cm2 Eor polycrystalline Au angd 223-248 HC per real cm2 for the single-
erystals. Earlier ﬁbrk in ¥eager's 1aboratory358 gave the ﬁPD charge
in ; poorlyéresolve§ Pb01,2 pegk ag 400 uC ém-z, but an assoclated
-Imeasuremeht of the oxidation charge to 1.7-V as 1.25 mC cm.-2 suggests
o that' their electrode had a roughness factor of about 3. This would
reduce Yeager'é estimdate of quCl,Z to about 130 uC, compared to th%

value of about 100 UC per geometric cm® found in the present work

(Fig., 84).

*V£:Cente and Bruckensteiu425 concluded however that the maximm de-
position charge in the UPD "monolayer" (assumed to be square-packed
Pb atoms, non-epitaxial with the Au substrate), was 247 UC per real
cmz, on the basis of a discontinulty in plots of the Pb dissolution’
charge versus the time of diffusion-controlled deposition. Never-
theless when the deposition charge was of this magnitude, the bulk
Pb dissolution peak was observed in the anodic sweep. PN

-
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Takamu;a,;watanabe ;ﬁd Takamuraagﬁ measured éhe charge in\-'
peaks Pbél_5 35'499 uc per geoﬁe;ric‘cdz. This.valpe is surpfiaingly
high, since their work invslved reflectance séésieslwhich-would ‘
normally.require smooth ele?tfodes. However a'prelimiﬂar&:"trianéular

potential pulge" employed to clean the electrodes may akso have

roughened them. - _ ' . . .

Thus, although most 'previous authors have concluded that
the Pb coverage exceeds a monolayer in the«UPD region, a critical
analysis of their data shows that their és:imated coﬁerages are in

.

almost all cases too high. i d

Measuring the Au electrode area by the BET-related method
of Michri,‘Pschénichnikpv énd Burshtein?83 in;olﬁes an uncertainty
measured by those authors as “within 10%", and in the preaént work as,
7% (Fig. 1). This error will be carried over to fhg.éoverége measure-
ments so that the total UPD charge measured in the present work is |

210 + 15 yuC cm-z,.i.e. bulk Pb deposition commences when 85,,70.52£0,04,

b
The significance.of this figure will now be examined.

10.2.3 Epitaxy in Pb depositiog

o

The fact that the chemisorption energy-of Pb electro-
deposited on Au reaches the energy for electrodeposition on bulk Pb

_#“"while the coverage is still only about 0.5 immediately raises the
question of the physical nature of the transformation from UPD to

‘ "R

3 tentatively proposed

bulk depositien. ViZcente and Bruckenstein42
- that bulk deposition might be preceded by the formation of a‘aquare-'

packed monolayer of Pb atoms haviné no 1:1 epitaxial relationship
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with the Au substrate. ' However, this would requiig a.coverage of

b

ViZcente's res&ltsazs, as well as the present data, show that

= 0.65, oxr 0.75 for a close-packed monolayer of Pb atoms. .

bulk Pb dissolution’ is already occurring at coverages of

85y, = 0.55. This does not rule out a mechanism involving non-
epitaxial deposition in a square—packed mnnolayer of Pb atoms,
although there seems no obvious physical reason why bulk Pb deposi— :

tion should commence when this monolayer is only 85% complete.

If directional and localized bonding forces locate each
Pb atom at sites wﬁere the cs—ordination by underlying Au atoms is,
identical the maximum coverage in the first layer of Pb would be
Pb = 0.5 on (100) faces of Au and ePb 0.33 on (111) faces
(Fig. 92). [Obvibusly the epitaxial momolayer coverage cénnot re ch
ePb = l since this would involve a closer packing of Pb atoms than
in Pb qetal]. Pb atoms electrodeposited on Au (100) at coverages
above 0.5 can no longer "touch" Au atoms in the electrode’surface,
but willrlie,in a layer furthgr from.the Au surface than the pre-
viously-deposited Pb atoms, and will all touch at least three or
four previously deposited Pb atoms. It is therefore possible that
the coverage at which bulk Pb depositién begins (ePb = 0,52 = 0.04)
correspogds to the maximum coverage attainable by Pb atoms having

//g 1:1 relationghip with the Au surface atoms of a polycrystalline

Au gubstrate.

o
Evidence that noble metal electrodes exhibit predominantly

(100) faces in ﬁotentiodynamic studies is found in computer simula-
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tions of thercurreqtjpo;ential_cufve\for the oxidatién ﬁf ft whefe
‘the ratios of the charges in ;he‘component peak3~c6rr§spond mnchl

:. more closely to th;se predicted-for a (100) surface than those for a
(111)-surface221. In addition, the work of Adzic etlal.423 showed
that the total underpotential coverage of Pb decreased with increasing
closenesé of packing of the Au surface atoms ((110) < (100) < (111))

as would be exbectéd if the Pb deposition were epitaxial.

Tékamura, Watanabe and Takamur3426 found that the reflectance
of Au electrodes changes discontinuously with the depesition chhrge
as Pb 1s deposited at.underpotentialf. The nature of the changes are

423, aithough one‘dis-

sengitive to the wavelength of the light used
continuity was génerally observed at a point in the current-potential
curve between peaks Pbc2 and_PbCB, i.e. at a (real) coverage (derived

426

from the present results) of 6L, = 0.13 (Fig. 3). Takamura et al,

b
related this discontimiity to a supposed iimiting coverage of a I1:1
epitaxial monolayer of Pb on Au (100) (which would really occur. at

85, = 0.5, as discussed above), They concluded that Pb deposited at
potentials negative to peaks Pbc2 has tﬁe dielectric constaﬁt of buli
Pb, while lower-coverage surface spécies have an Intermadiate di-
electric constant because the Pb  atoms, although metallically bonded
to the Au, are strongly influenced by the properties of the Au., How-
ever, a general fea%ﬁie of -the present work is the reversibility of

UPD in many systems at coverages below about €, = 0.1 to 0.15,

Fb
whereas deposition at higher coverages may be irreversible due to
place-exchangezz? or reconstruction of the deposit/substrate inter-

face, which would relieve repulsive forces between the deposited specles at

- - <
McIntyre has recently disputed the existence gfoany discontinuity in the
optical properties of Au during the UPD of Pb .
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higher coverages. ‘Lateral interactions between Pb atoms could

modify the electrical properties of the Pb layer, and thus accommt

426‘;_.however, it

for the discontinuity observed by Takamura et al.
is unlikely that tﬁey'are'fepulsive_in the coveragé range 0.15-0.5,

as in the case of O specles on Pt or Au.

The reflectivity discontinuity ﬁay alternatively result
from the changes in the double-layer occurring near tha p.z.c. of

621).

Au (0.24 V This type of interpretation has recently been pro-

posed for reflectivity changes during tha electrodeposition of H on

622

Pt at the potential where sPecifically‘adsorBed anions are

desorbed.

. A differgnt point of view in the Iinterpretation of fe—'

-

flectivity data in this system is offerred by the recent work

k1623. Their analysis éuggests that

of Kolb, Leutloff and Przasnyé
reflectivity‘éhanges during the deposition of Pb are primarily due

to eleétronic changes in the Au surface itself, rather than shcﬁing
the optical properties of Au and Pb averaged aécording to their_suf-
face occupancy. These authors concluded that interpretation éf
reflectivity changes in terms of the nature of the chemisorption bond

is at present not generally possible. £

If further Pb deposition continues in 1:1 epitaxy on top
of the original epitaxiai monolayer of Pb atoms, the resulting lattice
will not be identical with a Pb metal crystai unless all the mismatch
strain between the bulk Au lattice.and the bulk Pblléttice may be

accomodated in two lafers of Pb atoms, Various estimates have been
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 made of the maximum misfit energy tolerable in epitaxial dEpositioﬁ624.
The_theor& of Van der Merwe and Frank625 shows that, in 6he qimension,
'miqfit étrainsﬂof over 92 can only be éccomo&atégtwith a nefwork of
diélpcat%ons. The strain emergy in ghe inter%ace increases 1ineaf1y
ﬁith’the dislocation density, but with théisquafe of the lattice l
misfit, Unfortunately, a détailéd analysis of all the possigle
epitéxiallrelationships between bulk Pb and bulk Au will be rather -

complex and, in any case, little reliable experimental data ig

avallable for deposition on‘single—crystaeru.

Of course, tﬁe two-dimensional Pb lattice formed epitaxially
might coincidentally approximate to some plane section through a bulk
Pb crystal. 1In ‘this case, further electrodeposition would not thicken
the Pb layer uniformly, :;} wéuid develop close-packed planes of the

Pb lattice so as to minimfze the surface energy.

10.2.4 significance of the chemisorption state Pb5

Adéié;:Yeager and Cahan,&23 recently suggested that the Pb5

peak i1s associated with the éompletion of electron transfer to pre-
viously adsorbed and partially discharged Pb ions. This is based on
the electrosorption valence theory of Schultze386 which was .criticized

in Section 1.5.1.3.

7

Figure 8 shows that the Pb coverage up to but not including
the PbCS reak is about ePb = 0.33 and that the coverage in the bonding

state Pbcs is about &, = 0.1, A simple calculation shows that the

423,626

Pb

mechanism of Adzic et al. would predict an average charge of about
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+1.0>e on Pb iqgélqﬂaorbéd at pofentialg positive to peak-Pbs. The
conséguent electrostatic repulsion between partiglly ionized ad-
sorbe& species wbuid bé expected to prodﬁce peaks with a much lower.
aspect-ratio than is observed (e.g. Fig. 83) As already noted, th;re
may be a broad peak underlying peaks Pb3 7, but the coverage inr
such a state at po;entia}g positive to those of Pb5 is probably much
less than 6, = 0,2 (Fig. 83). “The present results show*fhat‘thé'broad

Pb
A me oy 423 L0 425
- initial peak discussed by AdZic et al, » Vicente and Bruckenstein

and recently by Takamura, Watanabe and Takamu;aazs,.is in fact.the
sum of Pbl and sz for which the iﬁgéraction parameters (g) are
probably close to zero, judging by the half~width §f the'estimatéd
component peaks; It may. therefore be concluded that Pb atoms are
chemisofbed.in a fully-discharged state.

The physical meaning of the inéfease in chemisorption bond
strength with increasing coverage in state Pb5 (éhoEﬁ by the narrow
aspect ratio of the peak) is not at present understood. it‘might_be
argued that the fact that deposition in state Pb5 is less reversible
than that in states filied at lower coverage (Fig. 85) suggests that-a
surfa;e Trearrangement is associated with deposition in'Pbs. However,
although deposition in state‘Pb5 begins at the coverage limit of
epitaxial‘deposition on Au (111) 'surfaces, the comparative evidence
from st;dies of Pt elecfrodes suggests that the predominant surface
orientation on polyerystalline Au electrodes is that of (100) planes,

as mentioned on p. 239.
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CHAPTER- 11
GENERAL DISCUSSION

11.1 Common features of.the electrodeposition systems studied

The previous chapterq degscribe the initial stages of electro-
depoaitipn on a bare metal surface in'six deposit/substrate systems. A
congideration of the feaéures common to the data from all the.syatems
will now be used to build up a general picéure of electrodeposition

mechanisms. The common features are as follows:
" ' ' . * ’
(1) The first species to be discharged (A) bond more strongly

to the substrate (S)
» - Iz .
AG2. y

b
A+ st e —ER, A

than those discharged later when the deposit begins to behave thermo-

i "
dynamically as bulk A and the bonding occurs as if between A and bulk A .

: AG?
+ OPD
A+ (Asolid)n'i €

LY

(a )

solid ' n+l

It follows® that in UPD the coverage must always be uniform and not involve

any local thickening. OPD; on the other hand, may occcur by nucleation.

and growth. The deposited layer always behaves as bulk A by the time its

thickness exceeds one or two atomic layers (see, e.g. references 4,627-

631). | - \

*The "bond strengths".referred to in this chapter are in fact measured
as standard free energles, AG°, i.e., the electrode potentials at the
current peaks which occur at .approximately half coverage in the bonding
states concerned.

%k .
See Section 11.6.2 (page 269) for further\;}hcussion of this point.
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(i;) UPD Bccurs in a serles of bonding sga%es characterized by
distinct standa;d free energiés.' As the coverage‘increases, states of
aﬁcceséively sméllgr bonding enérgy are filled.

(iii) Spedifically adsorbed fons restrict UPD iﬁ‘states filled at
iow coverage. Howéver none of éhe lons studied reduceﬁthe total electro-
deposition charge passed at underpotentials. L

(iv) The shape of the current—potential profile for UPD appears
to depend ;ore on the nature of the substrate than on that ;;'the deposit
(e.g. the curve for the UPD of Cu on Au is more like that of Pb on Au
than that of Cu on Pt). |

(v) The electrochemical éct.gf discharging an A" fon at a metal
surface is fréqéently followed by other non-electrochemical reactions,
and these can lead to (a) the formation 6f two-dimensional surface com-
powmds, (b) non-epitaxial deposition, or €c) alloying or intermetallic

compound formation.

.Detaileé consideration will now be given to the origin and
significance of the mult%ple states of bondiné observed'in UPD. The
modification of these stétes in the presence of other surface species
gives additional information about the nature of surface bonding, and a
general distinction may be made betwreen Faradaic electrodeposition and
specific adsorption. Finally, the information about the nature of the
. surface xe;ctions obtained as a functlon of coverage in the six systems
studied will be used to construct a general scheme to clas;ify the sur-
face reactions occurring at all stages of Fafadaic*electfodeposition

processes.
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11.2 The origin and significance of multiple states of bonding in UPD

The energetiéally—distinguishéble sub-monolayer free?energiéa
of deposition observed in the six UPD systems studied are also .a“general
feature of the 77 metal electrodeppsition systems- for which dgﬁ& ié

available. [Data in which only-one UPD bonding state was deteétéd were

¢ .
- 4

generally obtained using unpurified solutioﬁs, and may;therefore be
discounted]. Many examples of multiple subnionolayer bonding energles
have also been reported in the adsorption of gases on metals_(e.g.
reférences 70,76,117,632,633). Five possible causes of the multiplicity
of surface bonding states.will ﬁow be examined:
L Intrinsic heterﬁgeneity of substrate due to polycrystallinity
(2) Deéorption of anions or other adsorbates |
(3) Formation of a series of surfgce compounds similar to bulk
compounds
(4) Repulsive electrostatic interactions between electrodepositea
species h
(5) Modification of the electronic properties of the gubstrate
assoclated with UPD, possibly leading to reactive recon—

struction of the substrate surface,

11.2.1 Intrinsic heterogeneity of substrate due to polycrystallinity

Any discussion of the origin of multiple states of bonding
in UPD must first consider whether the states arise merely from in-
trinsic heterogenedlty ﬁf the surface, viz.,;éolycrystallinity‘with
exposure of varlous principal lattice planes, or from induced hetero-

genelty ariéing from effects of previous depoaition.
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. The theory that the muitiple‘bond energles observed in the
electrodeposition of H and metal atoms on poiycrystslline Pt and Au

LI .
substrates are related to successive deposition on different crystal

15
faces exposed in the surfacelm’sal’423 is disproved by the present
experiments with single-crystal Pt substrates.(Section 5.1.2 and 6.1,2).
The ssme states of bonding found on polycrystalline substrstes also
appear on carefully chsrscteriéed homogeneous surfaces. Similar results
have been obtained by Bagotskii et al.248’249, and by Sotto in the

oxidation of single-crystal Au353. Experiments showing the redistribu-

tion of electrodeposited H amongkbonding states at Pt slso lend support )
to this conciusion. The populations but not the energies of the bonding
states of H are changed by'specificslly sdsorbed anions (Séction_S.l.G),
by changes in the solution pH (Section 5.1. 4), snd by previously deposited
Cu atoms (Section 8.1. 7) - Since anions and Cu atoms cannot mntérislly

" change the surface crystallography:ltbe different distributions of bonding

states cannot be associated with deposition on surfaces containing dif-

ferent distributions of crystal plsnps. -

11.2.2 Desorption of anions or other adsorbates

The fact that the distribution of underpotentially deposited

' species among the surface ‘bonding states apparently changes as strongly
adsorbing species are added to the solution railses the possibility that
the energies relate to the:structure of the double-layer at the electro~.
deposition potentials concerned. Frumkin8 was the first to propose
such a mechanism, In view JF the earlier surface potential studies of

Mignolet465, he suggested that the two predominant bonding states of H

¢
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(ch and'HC4 observed in deposition on Pt from acid solutions were .
‘ _Ch, 4 : _

_;égpocieted with ¢t o orientations of the Pt-H surface dipoles. Hore

-recently Begotskiisl and Breiter¥66 have suggested that the H A3 peak

_also arises from effects of specifically adsorbed anions. However,

while the unueual properties of the HAB peak do’ relate to some extent
to- the specific adsorption of anions (Section 5.2. 1), the occurrence of

multiple bonding states is a general feature of UPD from all typea of

solutions. In particular, as the concentration of specifiéﬁlly adsorbing

"~ 1lons 1s reduced, the current-potential profile for UPD becomes independent

of the nature of the ions present ig; 12). There is no evidenoe from:;
) radiptraeer”%tudies of specific ‘ rption that the surface ekeesa.of
ions changes dscontinuously with changing potential, and ohan\ging the
ionic concentrations in the solution does not create new bonding states
for UPD. It may therefore be ‘concluded that multiple bonding states-

-

do not arise from the effects of specifically adsorbed ionsl
. ) \

-

11.2.3 TFormation of a gseries of surface compounds similar to
bulk comﬂ% unds

x

11.2.3.1 Oxides ' -
A number of workers studying the oxidation of Pt166’168’169
and Au353 have suggested that the different states of bonding observed —~___

represent the formation of a series of oxides in which the metal -takes

up a serles.of increasing oxidation states. This theory may be ruled

oxidation is. greater than the sum of all chemically reasonable integer

states of oxi&ation, even if surface compounds may have oxidation states

' . -
. - e
S .
. .-



- which .are not stable in bulk materials; (b) the thebry would require .
; the unreasonable assymption fha;‘sone areas of the surface cqpld be

L highly oxidized while other areas were unoxidiied, since the coverages

[P

corregsponding to each of the six current peaks detedtédhin‘poténtio;n

dynamic oxidation (e.g. Figs. 49 and’ 54) are‘all‘auﬁstantially below

a monolayer.

11.2,3.2 Inteimetallics ; ~

The fact that pairs of matals studied in UPD reactions often

form a "series of intermetallic compounds with one another in bulk alloys
372,421,428

‘has raised the possibility™ that the multiple states of bonding

might relate to_the formation of a seties of surface intermetallics.
This theor& is, however, disprovea by the reaso;ing applied ‘sbove to
oxides,,i.e.i'the number of pefks is greater'khan the number of bulk
intermetallics (Cu-Pt: ﬁ‘peakgg 4 intermetallics; Cu-Au: 5 peaks, 3

intermetallics; Pb-Au: 7npeaks: 2 intermetallics), and the coverage in

each peak 1is shbsfantially less than a monolayer,

11.2.4 Repulsive interactions between electrodeposited species

It has been suggested in Sections 6.2.1 and 7.2.1 that in -
systems where the electronegativity of the deposited species differs
considerably from that of the substrate, dipole—dipole repulsions will
tend to max;mize the~separation of tlie SpeciES from one another, 8o
that deposition will occur in a serles.of symmetriigg'superlattice
arrays. The component of the electrodeposition ehéfgy relatingAQz.the

dipole-dipole repulsions will vary accorﬂing to the geometry of phé

i

o
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array being filled, so that the isotherms associated with electro-

- deposition in successive increments of coverage (successive arrays)
. .

will have successively higher g factorszzl. This model gives e good
‘?
account of the multiple states of bonding observed in(;;\“oxidation of

Pt -and Au (Sections 6.2.1 and 7.2.1), but cannot be applied to the UPD

of metals, where the bonding is largely non-polar.

v

. 11.2.5 Mbdification of the electronic properties of the substrate
agssociated with UPD .

; : o
- . A Y
The theoretical work reviewed in Sections 2.3.2 and-2.3.3

;hows that the wave: functiofjg calculated for electrcnié‘states at a
metal 'surf‘ace depend critiﬁy on the potenﬁial?funcifion uged to ‘
repregent the surface. The interfaclal fields associated with electro-
deposition may be considered ea the sim of the double-layer field
controlled by the external‘circuitfy and the localized short-range
fields arising from’tﬁb-presence of foreign species. Presently avail-
able theoretical treatments of chemisorption unfortunately do not show
whether the perturbetion of the surface states caused by these fields
wili cause the boncing energy to take up a serles of d;screte va;uea

as tce coverage (field) increases. Realistic calculations of bond

L4

enetgles are much too complex to be eveluated rigorously. = The mechanisms

considered below are thus largei? hypothetical at this stage.
. . L ‘

11.2.,5.1 Localization of surface states for polar boénding
: 4 .

528

Grimley pointed out a number of years ago that 1f the sur-

face density of states function is such that the fapplied substrate/solution
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¥ : L. ,
potential-difference only localizes a fraction of an electron at each

. _ -
atom in the surface, the maximum coverage of a specles which forms

polar bonds can only be a fraction of a mbnolayer at the potential con-

cerned, because localized surface states are required to form the image

T e .

cﬁéfgéf:‘lf, in’ad&ition, surface density-of-states functiong/at

individual surface sites‘pass through a serles af maxima as hanges in
» . , , , .
the electrode potential change the. Fermi energy, as in the calculations

of Penn for surface sites on'W634, it seems plausible that the successive

.. localization of hew surface states with increasing potential could

. account for the appearance of multiple (pdlar) bonding statés, Such

effects would arise in addition to those‘originating from direct inter-.

action between the eleétrodeposited species as discussed in 11.2.4 above.

11.2,5.2 Ligand field effects: use of a series of y
~ hybrid bonding orbitals

:

Multiplé bonding energies in the chemisorption of H70’;}2’113

and 0253:254 on Pt from the gas phase have previously been ascribed to

-

‘bonding at a succgssionvdf different surface sites at which diffexent

ﬁybrid bonding orbitals are available. Theoretical bonding energles jg
different surface'sites have been evaluated for a number of- chemisorp

tion system3114"120:1273128,131;

Ligand field theory'is used to find

the loéation of possible bonding orbitalg, which are generaily‘hybrids

oFf the dangling bonds produced by the splitting of~the electronic levels

of the metal atoms according to the geometry of-the field of tbe'posiEEng”
ilon latticé‘at,the metal surface (Section 2. :3.é}. Present ligand. "

field theories do not, however, predict that the most stable surface . .
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bonding configuratinn will change diacontinuously as the coverage in-
creases, i e., in such a way as would give. rise to multiple states, of

bonding.

Ed
%

It is possible that liganq field effects would account fbr-
multiple states of bonding if (a) local fields arising from the presence
of the'electrodeposited spacles. cause a secondary splitting'of the
bonéing orbital levels or (b), gradu&i chgngés in the energies of the
split levels'with‘increasing interfatial field.lead to tte stabilization
of one hybrid bonding érbital over another. Some justification for

this last proposal is offered by Kelly's ééiculationsssa_showing that

" the density of states curve differs at different sites on singlefcryétal
surfaces. However, there is at present insufficient evidence to prove
or disprove whether the multiple states of bpnéing arise from these‘ L

ligand fleld effects. - S | .

Since the maiimum amount of UPD corresptnds to léess than one
m;nolayer in all the systems studied*, it seems reascnable to-expect
that if different bonding sites are stabilized in turn by ligand field
effects, at any glven time all the discharged atoms will be in sites of
identical coordination, i.e., that species discharged earlier move (over
distances small compared to the lattice spaEing) to sites tf different

coordination similar to those at which discharge is occurring at the
L3

coverage concerned.

*

For discussion of alternative mechanisms involving coverages in excess _
of an epitaxial monolayer. in the Cu on Pt and Pb on Au systems see

PP 215,/243.

. L)
’ * .
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'11.2,5.3 Formﬁtion of surface superlattice arrays because
of indirect interactions between deposited spacies;
reactive reconstruction of substrate surface

A»number_of authors have attempted to evalﬁate the effects of
previpusly deposiked specias on the energy of éubsequently available
bonding sites in terms of the wave mechanics of the surface. Grimley635’636
has shown that thenaﬁplitude of the surface wavé_functions oscillates with
distance from a chemisorbed speci;s. The indirect intefgction experienced
by another species which is later deposited nearby arises from the pexr-
turbation of the bulk states caused by the earlier bonding, and the
model may thé;efore only be ﬁpblied to deposition systems in which the
bonding is partially delocalized*. The indirect interaction9635’636
ﬁersist over.muéh greater distances thén those over which direct attrac-

tions or repulsiogfrbetween deposited species are significant.

637

Einstein and Schreiffer found that in the case of a simple

cubic tight-binding solid the indirect interactions were about an order '
of magnitude smaller than the bonding energy at zero coverage., The

calculated nearest neighbour interactions were frequently repulsive

while the next-nearest, third-nearest and fourth-nearest were attractive,

*Although Grimley 46 has suggested that the bonding of foreign atoms at

a2 metal surface will usually be only partially delocalized, the real
extent of delocalization in UPD bonds is poorly understood. For_example
Bowles and Cranshaw®38 concluded from Mbssbauer spectroscopy of 119gq
electrodeposited on Pt that the bonding was metallic even at sub-
monolayer coverages. On the other hand,Kolb639 concluded from differen—
tial reflectance spectroscopy that there was substantial polarity in the
bonding of Tl atoms electrodeposited on Au. Even in the Lage of the
substitutional solid solution of metal atoms in the lattice of another
metal, there is no general agreement on whether the bonding will be
delocalized or whether states will "screen" the foreign atom492,506,507
(P- 91}, T 0
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Einstein and Schreiffer suggested that such interactions could lead to.
the formation of the surface auperlattice arrays of chemisorbed gas
atoms: c(2x2) 2x2 and c(4x2) frequently observed in LEED studiea of

the chemiaorption of gases on (100) surfaces. o

U
-

These effects of indirect interaction;>show that the filliné
of successive surface superlattices during UPD may be a gReneral feature
of systems in which the bonding is predominantly metallic as well ag
those in which it is substantially polar (discussed in case (iv) above).
It is at present impossible to calculate whether the modification ‘of the
bonding states arising from direct repulsive forces will be more important
in determining the spectyrum of Jbonding states than the indirect inter-
‘actions via the electronic properties of the substrate. The resolution
of two peaia (Ocl and OCl') in the reversible reduction of " low oxide
coverages at Au might, for example, be interpreted as showing that the
effects of indirect interactions may be observed at coverages below
those at which repulsive forces alqne would be aufficient to oause place- °

exchange in the surface,

Reactive Reconstructioen

Since theibonds formed in UPD are of comparable strengtn'to
those between atoms in the substrate surface,it might be expected that
the electrodeposition of foreign species could cause slight movements
of substrate atoma.near the deposition site in order to ichieve the
noat stable bonding configuration. This rearrangement of the gubstrate
surface, known as reactive reconstruction, will clearly depend on the

. dilstance of the deposition site from other previously deposited species.

1
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Electron-optical dtudies of thé deposition of H on Pﬁ123’134'137. 0 on

pel37:253,258 (W 137 L e ang adl

, and S on §t596 show that
the structure of the reaffanged substrate surface changes discontinuously
with coverége as the deposited specles fill successive surface super-
lattices. The varioué‘ordere& sfructu:es producgd by reactive recon-
struction have very similar surface free energieezss. The surface re-
construction invqlved ié a two-~dimensional analogue of order-disorder
transformations in bulk solids. It may be noted in passing that the
fact that current-potentialﬁ;rofiles on different crystal faces are
relatively similar (Sections 5.1.2 and 6.1.2) 1s evidence in favour of
reactive reconstrucéion raﬁher than ligand field effects being the cause
of the multiple states of bonding. The crystal féelds associated with
the different principal index planes of the substrates would be quite

different from each other, regardless of the coverage of the deposit,

whereas the reconstructed surfaces may well be similar.

Comrie and Weinberg have very recently correlated multiple
bonding enefgies in the chemisorption of CO from the gas phase on Irén
(1li) surfaces with the-estabiishment of-ﬁew surface s;ructure9633.
‘This confirms the theory that multiple states may be caused by the
succegsive development of surface superlattice arrays arising ffom

direct or indirect interactions between the deposited species.

11.2.6 Summary

The foregoing discussion proves that the stabilization of new
o .

bonding states during UPD is not related to any pre-existing properties

of the gubstrate, but arises directly from the process of deposition,
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i.e., from direct ‘or indirect intefactions‘Between the deposited species, ]
‘Although the multiple states may cossibly‘relste to bonding at randcmiy _
~distributed sites involving a succession of different coordinstions by 71"-‘/*”\
substrate atoms, it seems more 1ike1y thst UPD will £il1l a succession .

of surface superlattice arrays, and that the appearance of each state

will signify deposition within a particular array.

- 11.3 Significance of the similarity of currept-potential profiles for
UPD of different atoms at a single subdtrate

A
;L

Csmpsrisoﬁs of the curfent-potential profiles obtained sé?%t

and Au in this work in the presencc of various dischargesble ions show -
that the fprm of the profile dspends much more on the nature of the

substrate than on the deposit. For example, the profile for Cu deposi-

tion at Au 1s quite different from that at Pt, but rather. similar to

that of Pb at'Au (Fig., 93). A comparison with data from the potentio-

dynamie profiles for.UPD;cf other elemants at_Au sﬁows that a composite
1cw—coverage§peak of the same. general shape as Pbl_2 or Cul_4 on Au

exists also in Q&e UPD of T1411’640, Sbﬁhl, Biﬁal and Sn6€2 at Au,

Data for the UPD of Ag411’615 and Cd643 at Au, although less well

resolved, are not dissimilar.

In the same way, the current-potential profile for the UPD of
Cu st Pt shows gsimilarities co that for the UPD of H at Pt, if conditions
are chosen so that the coverage of specifically adsorbed ions is mini-
mized (viz., UPD of Cu at very slow sweep rates, Flg. 65 and UPD of H
in dilute acid, Figs. 12, 21(b). Comparative data for the UPD of gtﬁsr

elements which could deposit in an atomic state at Pt are harc to find
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-because so few have a range of underpotentials between those for H and

'0 species at Pt.

There is also some evidence from the work of Schmidt and co-

workers that current-potential profiles for the UPD of Bieéf, Pb644

1y 644,645

and at Ag are éimilar, and not unlike those at Au.

If these similaritie; are more than coincidental we may
Teason as follcws.‘ Since the passage ‘'of charge as a function of under-
potential dependé’more on the nature of the substrate than the deposit,
it may be.concluded that the occurrence of suxface bonding states at
particular energies depends primarily on ﬁroperties of the substrate,
Lowering the substrate/solution potqptial difference in a cathodic sweep
reduces tﬁe Fermi energy of the substrate metal, and i? UPD does not
alter the density-of-surface-states function of the substrate, the sur-
face states associated with the interfacial field wiii be fully detexr-
mined by the electrode potential. The surface states are involved .
directly'in the bonding, so it is to be expectéd that the coverage in
the various surface bonding statés as well.as the energies of the states
will be deterﬁined primarily by the interfacial field* rather than by
the chemical nature of the dep;sit. .

This theory is consistent with an analysis of Kolb et alu623

who recently showed that reflectance changes occurring during the UPD
“ :
of Pb at Au were primarily csused by changes in electronic properties

of the surface of the Au.el?ctrode itself (changes in its complex

*

The localization of -surface states will be governed not only by the
applied surface field, but also by the microscopic local fields arising
from polar bonds and place~exchange. ,
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(ff‘\\ﬁielecfric constant ) rather than by superimposed effects related to

 the properties of the electrodeposited layer.

.

. .. f - .
The changes in the electronic propaerties of a substrate
rasulting from UPD may alternatiﬁely be described in terms of reactive

reconstruction (Section 11.3.5.2), and Somorjai258

has emphasized that
' reactive reconstruction effects depend largely on properties of the
substrate metal. LEED studies show that reconstructed surfaces bear a

~, greater similarity to the substrate structure than to the bulk structure

of the deposited speciles.

‘It is important to note that similarity of current-potential
profiles for different UPD systems on a given metal iq not assoclated’
with similarities in the total charge paﬁsed in UPD. As discussed in
Section 11.2.3, the coverage at which UPD gives way to OPD is thought

to relate to combined properties of the pair of reactants involved.

11.4 Modification of UPD states by specific adsorption -and by UPD
of other speciles

Even i1f the origin of multiple bonding states were to be

established, thére would remain the equally interesting question of how

underpotentially deposited speciés bound in various states® react dif-
ferently to the presence of other species at the substrate surface, as
for example in the sensitivity of the HA

(Section 5.1.3) or the properties of Pt oxide states in relation to

3 state to adgsorbed anions

electro-organic oxidation processeaﬁAG. The present experiments'have

' .M
shown that the presence of other species at’a substrate gurface.on which ,
is occurring affects the UPD bonding in one of two ways, according to

]

,
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_whether the other species are apecifically adsorbed ions or electro-

.deposited atoms.

-
,',Y

The UPD sysfems in which the effects of specifically aésorbed
.iéns were studied are iisted in Table 5. \Specifically adsorbeﬁ ions.
regtrict the avallability of surface sites for UPD. ,AQ anions desorb,
however, an overpotential will arise for UPD in bOnding‘gtates"normally
filléd at lower potentials. The decreased deposition currents at high
underpotentials. and increased currents at low underpotentials gi&e the
impression that the specific'al}y ads_'_orbed iong change the coverage
associated with each bonding state. Since the anions are all desorbeq
by the time the reversible éoteﬁtigl for bulk déposition is regphed, the
total UPD charge is unaffgqted, and the fihal-uﬁﬁding of -the under—_
potentially deposited layer is the same as if the iﬁns had never.been

$
present.

TABLE 5
i

SPECIFICALLY ADSORBED TQONS STUDIED IN UPD §YSTEHS .

"

Specifically Underpotentially Section where

adsorbed ion deposited species _lSubstrate.' . .effects discussed
HSOZ H Pt : '5.1.6,5.2.1
Hso; 0 Pt - '6.1.4,6.2.3
HSO, o, Au 7.1.4,7.2.5
NO_, 0 Au 7.1.4,7.2.5
3 p ..
o, | 0 - Pt 6.1.4,6.2.3

c1 Cu Pt 8.1.6,8.2.5
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N A ;n cerfain cases, species previously deposited at underpotential
can modify the bonding stateé'avaiiaﬁle for the subsequent UPD of another
species.‘ The critical parameter apﬁears to be relative sizé of the | ;
previously deposited atoms and the substrate atoms. If the previously-q
deposiged atoms are larger than those 6f the substratg!mthe distribition
of energieé_inuthe subsequent UPD of H is.ﬁnaffected,.but the maximum
UPD charge is ;educed390 in proportion to their coverage and relativé_
cross—sectional'area647. 'Ififhe~previously deposited atoms are smaller,
eig., Cu on Pt (Section 8.2.6)‘fhey change the distribution of e;ergies

N ;
but do not affect the total UPD charge. It is not possible to say
‘whether this rédistribution of energies relates to Interactions betweén
the two types of deposited particles of the types discussed in Sections

11.4.4 and 11.4.5 or to the physiesal unavailability of certain hybrid

surface orbitals due to the presence of previou81y‘dgposited metal atoms,

. o | .-
v The UPD bonding states 'are also modified whan cyclic OPD leads

to. irreversible alloying in the deposition of Cu on Au (Section 9.1.3)

~and of Hg on Au, probably because tha conce tion of deposited atoms

withiﬁ the subétrate lattice becomes sufficle to modify the bulk pro-

perties of the substrate and consequently the properties of E&e surface.

11.5 Thehdistinction between Faradailc electrodeposition and specific
adsorption , 3

11.5.1 The electrical character of chemisorbed spacles at electrodes

“ There 18 considerable confusion in the Iitdrature conecerning
TN
the terminology to be applied to the adsofption of ions-in relation to

the electrodepohition of atoms or radical intermediateé at electrode

\



‘paper by Vijh deacribes the gpecific sdsorption of ions as "surface

‘position sites are blocked by-{h\\deposited atozf themselves TN

e . ~ . . . Lo
{,-' - - : : ~
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sufﬁaces._ For example, a rgéent paper by Lorenzuet al 416 refers to

the UPD of metallic monolayers as the "adsorption of ions while a o
* > .

'compound formation”. -

~

The:qualitative difference between specific sdsorption of

ions &nd UPD is indicated from the fact that the (pseudo) capacitance

LN

- -assoclated with UPD is often 5-10 tines.ggeater than that of the double-
. - A

layer. 'The reflectance behaviour of a layer of underpotentially dePosiced
- ) " % t

Cl atoms can also be quite dif redt from that of the double—layer at Hg

containing specifically adsorbod Cl™ ions at potentials on the positive

655 ot
side o?ﬁfhe pP.2.c, but below that forAcalomel Tormation. )

The genéral criterion for specific adsorption of an anion at

.

an electrode 1s whether the surface excess, f_, falls to zero at the

- > ' . . ‘ ‘
actions, and lie in the inner Hélwholtz plane, Faradaic glectrodeposition,

‘on the other hand, is defined in terms Pf the formal equality ’of the

charge on, an ion with ‘the number of electrons supplied in discharging

4

jét at the substrate surface Fsradaic electrodeposition is normally a .

continuous process. It is only non—continuﬂqﬁ in UPD becaqse the de-""

L

’ /' '; \|

~

Ao,
Gerischer et a1.466»’467 récently showed that the»strength of

k

L 4

bonding (UAS) of underpoﬁentially depogited metals” 99) on various substrates

(S)is related to the difference of electrgnegstivity between A and 'S

[Nl -

4
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_ (Section 2.2.3), as are the bond energies of ¥on metals '~. The
) : . ‘ [ 4 - . .
--dgéctronegativity difference dlso determines the partial charge on the

, Farsdaically_deposited metal atom, as is the case in the £lectrodeposi-~

. . : — §
tion of H at various metals. .

¥

‘Examination of the form of resolved i—V profiles provides &

sensitive experimental method for: establishing whether appreoiable

~

residual charge is held.by-eleotrodeposited ad—atoms. ‘For example’ 1t

, 15 usually possible to analyse the form of the pg€udocapa tsnce peaks

in terms of their half-widths and establish if any appreciabie positive ~
or negative’ values bf the interaction parameter g is involved (Section
1-2)., With the pesks generated in H and metal deposition, g is usually

Y

near to zeid or even slightly negative, thus indicating that no signifi-

\cant net charge resides on the deposited atoms. Only in the case of.0H

and 0 species on Pt 1s a small positive (repulsfve) g factor required221

. to account for the overlapp%ng peaks in the anodic sweep profile in-

dicating a significant polarity in the OH-Pt or O-Pt bond.

~ . wv

Recently, “the nature of Fsradaically deposited species has

been extensively discussed with regard to the extent of charge transfer

involved in ‘the deposition process. Conway and Bockri3650 651 examined

-

this question in their microscopic theory of metal depositién procesges

in relation tp the state of charge of metal atoms in bulk metals. "More

recently Vetter and Schultze published a serles of papers220 382 383
L

concerne‘?hith the degree of charge transfer, Y, arlsing in surface

electrochemical processes. Schultzég ,called vy the "electrosorption

‘valence” (see Section 1.5.1.3) while Frumkin, Damaskin and Petrii?s4

-

[ _ :
X _ .
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identified this- factor(i%?ﬁgtﬁe thermodynamic coefficient (—7 BP)E T -

L]

familiar in electrocapillary thermodynamica (they called this factor the

' "formal coefficie t of charge tranéfer ). More particularigg Vetter and

Schultze s papers drew attention to the apparent inadequacy of the- conig%
ventional distinction between apecific adaorption and Faradaic electro-"
deposition, because the species involved in both these proceaaes can

cause similar charge distributions at the éahatrate/depoait interface.

"There is no doubt that Faraday'swlaws are exactlx obeyed in

OPD processes. However, as Conway.apd'ﬁockris pointed out so0 s

650 651, this is not inconsistent with the dEPOSitEd atoms having a

Ll

partially ionic character at the surface ({.e. polar bonding). With

eventual incorporation of the depoaited atom’ in the bulk crystalline

electrodepoait, th# total average charge passed from the.external

clreuit is ze for‘each z-valent cation deposited.

-~
(2]

The partial charge om a deposited metai‘atonris exactly
balanced bp an eoual and opposite charée in the metal surfacée, which
originates from the deposit/subatrate electronegativity difference and .
is associated with tne formation of surface states under the influence
of the interfacial ‘fleld, .as discussed in Chapter 2. ‘Rediatribution of
charge in the A~S bond does not reznire the passage of chafée‘in the

external circult except where a change in the polarity o the bond

"with Increasing BH cauaea a change of double-layer cap ity. This

cffectlwill however, be amall.in the deposition of meta*\atoma gince,

the double-layer capacity willxprobably not change by more than 10- 20/

~on account of partially polar M-5 bonda. | A .

N R

\\ i . Lo
- A . ‘Q
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When M atoms are ucderpotentialiy deposited.qp a substrate S
diffefing from‘M, it 1s difficult to see hoﬁ the pfocess can be quali-
tatively different from the OPD of M on the surface of bulk M, By
analogy, a formal charge of z electrons must still be supplied to depos£¥
an M atom from an Hz+ ion. As was rcviewed-in Chapter 1._there is in
fact qqutiéhtive experimental proof that the coefficient of charge -
transfer is exactly unity ?n the UPD of%H anc Cu at Pt and‘of Pc at Au.
Whether the resulting A\species, chemisorbed on the metal substrate ;
has partial ionic character due to pGEBrity in the chemisorption bond

is a different question connected with the chemistry of A and S \and in

no way diminishes ‘the formal applicability of Faraday's laws for the

" microscoplc process of electrodeposition.

. -
b ) . ,

ll 5. 2 Relation between chemisorption o} ions and atoms, and
ligand-metal interaction

-

A usefullgasis for conside¥ing the relationship between sur-

face cotfipound formation resulting from UPD and specific adsorption of

.anlons seems to be offered B& dcmpariné the situatipn at a metal surface

with that in ligand complexation of acceptor metal ions, usually of the
transition metals, The analogue of specific adsorption is the com~
plexation of transition metal cations by ione such as 17, CN or CL”

which occurs without changing their formal oxidation state, e.g.//

et 6 o+ Fe(CN)g—
or o omgPt e a1 e mery ,
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Nuclear gquadrupole resonance studies have s‘hown652 653 that i other

oases Y- S GeCl6 ’ SnClg » there is an appreciable electron shift

(about 0.5 e) from the C1~ ions to the centrel metal atom (¢f. the

~
654

apparently discharéed state of I aE Pt " ). The analogy between specific

.adsorption.and ligand complexation is subported by the similarity of the

o

order of ligand strengthe for various ions and‘ﬁhe order of specific

adsorﬁtion bond strengths et Hg, i.e., F < Cl_ < NO; < Br; <I < Cg_ %

CNS” < SH . In this conneotion, the chemisorption of Cl_'at Hg is parti-
. . _

cularly in;eresting, since there is a transitionfas the surface charge

;hcreases,wfrom'specific adsorption without formal charge tl;nofer to

stronger bonding with chafge transfer, and electroreflectance studies

suggest655 that th#s change in state occurs quite abruptlyw

The analogue of UPJ or OPD' is the case where complekation algo

involves oxidation or reduction of the metal atom, éag.

Co(I1).6 H202+ + 1/2 1, > Co(IFI) 5 H

2+
20.1' + H20

or ' Fe(C0); + 2 NO  Fe( II)(C0),MN0"), + 3 O

- It is thus'possible to make a useful qualitative distinction

n

between Faradaic ‘electrodeposition and gspecific adsorption in the same

way as between complexation procesées invoiving'formal ohanée of valence,

and those which merely involve a redistyibution of charge between the

interacting-donor/acceptor species.

Syt
N

11.5.3 Summary of characteristics of different types of
surface bonding '

In the light of the above diecussion, four types of" adsorptiog
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‘tééjélec;rddg §;rfgceé mgy be usé%ully distiuguished,;hs foilows:
If;iPhY;ical (electrostatic) adsorption
"'(a) Adsorbed ion retains its full‘charge.
(b) Surface excess falls  to zero at the p.z.c:
(¢) Attraction is weak (probab1y~<100 cal mol-l) nd purely
electroptaticfffetwaeﬁ the charge onJihe ion and that iph the surface

states which forms' the classical image charge.

II. .Specific adsorption '
'(a) The surface exceaéjdiffers from zef; at the p.z.c.

(b} Adsorption can be strong (several kcal molfl);

(¢) TIon be aves as a 1i§and§fo metaliatoms‘in the sﬁrface, but ™

no/net Paradaic charge is. transferred in the external eircuit. The

metal—to-spéciftcallyfadsorbed-ioﬂ bond may be onlyApartially ionic

owing to internal redistribution of electrons. Q Co !
(d} The adsorption bond islprobably not localized at the

* "
adsorption site .

I1I. UPD

. (a) The electrodeposition chafgé passed in the external circuit
equals that originally catiie{)by the ions in solution which ﬁere
deposited. _ f

| (b) A shﬁﬁace compound is formed, involving bonds, which are
polar if electronegativity-Eifferences between the deposit and sub-

strate cause a separation of charge.

*If the polar bonding were localized, one would expect the adsorbed
ions to form mutually-repelling arrays and thus to show multiple states
of adsorption as in the oxidation of Pt and Au (Sections 6,2,1 and 7.2.1)
In fact measurements of the double-layer capacitance asaoc#gted with
_specific adsorption show no evidence of multip}e adsorptionJenergies,

3 a’

*+
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. ) : . ‘ . *
(c) Bonds formed are probably localized at the deposition site ,

and are never fully metallic (cf. IV below).

A *

IV. OPD —— _ . _ -
(a) Continuous electrodeposition .currents may be passed at negli-

gibly small overpotentials. . |
(b) The electrodepositisn charge pasgbd in’ the ex&e;nél clrcult

equals tﬁat originally carried by the ions in solution wh;ch were

deposfted.
(c) The bonding is always fully metallic {in the sense of being ,

indistinguishable from thaf at the surface.of a bulk metal).

Lo
The formal distinction between UPD and specific adsorption

discussed above involves parameters which are not easily measurable.
In practice, however, some empirical experimental characteristics may:be used t%\w\

i ¥
identify the main features of the surface iInteraction, as follows:’

(1) Specifically hdsorbéa,ions gén be displaced by UPD‘a£0ms “
or can be removed bx washing. Thi; is not the .case with Faradaically
degosited atoms, which can be removed only by papéage of current.

(ii) The polaﬂi@y‘of surface honds;ﬁay be estimated from the-
energy of interaction between the surface species, as represented by-
the g factor (eqn. (1)). In particulaf, the half-ﬁiggaé of curreént peaks
obtained in potentiodWc experiments give a direct measure of the

lateral interactions involved, as discussed in Section 1.2 and above.

*The~e&idence for place-exchange in surface oxi{dation (Sections 6.2.2
and 7.2.2)suggests that the surface states forming the image chaige
will be localized at the deposition site, forming a local dipole. The
interaetion between adjacent dipoles is relieved by place-exchange
which 1s evidenced by the well-known hzsteresis in oxddation. >

) ! (\

o
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11.6 Classification of the processes involved in Faradaic glectxro-
deposition ’ - -

- In this section it will be shown that-a general.classif;ca—'
tion scheme (Table 6) may be developed to include all types of Faradaic
electrodeposition processes, The criteria involved in the various !

branching pointé'of Table 6 will be discussed in turn. .

In soﬁe systems, e.g. the electrodeposition of H at Au, \\\\\,/
siénificant coverage Qy deposited R dnly arises when the potential_is
"over" the‘reﬁeysible potential for bulk K* deposition while the coverage
of A.ls still too small to measure (i.e., <2%). Bfaﬁch (a) of Tab}e 6
represents the condition of OPD occurring without prior‘UPD. This may
‘wgll be a hypqthetical condition, however, since it is probable that
OPD is always nucleated on some coverage, héwever small, of under-

s

potentially deposited species.
N
11.6.1 Epitaxy in UPD - ?
\f‘
When UPH begi$s on a bare metal surface, there is no reason
to doubt that the electrodeposited specles will all occupy identical
.site:/?gifﬁé substrate surface, i.e., that the UPD will be epitaxial.
In ‘vd@es where the deposited species is smaller than thé atomsypf the
substra:e_éurface (e.g., for H on Pt), epitaxial UPD would normally be
expected to continue until the coveragfzgeaches a monolayer in terms
of bonding to the substrate surface atoms., If the deposited specles -

are larger, however (e.g. for Pb on Au), the maximum coverage which can

* . '
In this section, as in Section 11.1,A will refer to the deposited
atoms and S’to the substrate.
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be deposited epitaxially will be considerably less than a monqlajef in

terms of bonding to all substrate surface atoms-available‘(Section 10.2,3),

|

The most reversible electrodeposition teactions studied are

" those in which the coverage was below the maximum epitaxial 1imit and

place-exchange was abéenf, i.e., H on Pt, Pb on Au (branch (b) in

Table 6). All the ;;Rér systems :involve features which éomplicate the

-
-

. assessment of ;eversibility, viz. the slow redox step in Cu deposition

(Section 8.2.2) and irreversible ‘place-exchange in the oxidation of Pt~
.

"and Au (Sections 6.2.1 and 7.2.2). y

. In the UPD of Gu on Pt, the coverage definitely eiceeds that
of an epitaxiél monolayer before OPD begins. As discussed in sectich 8.2.3,
this probably ipvolves a progressive loss.of epltaxy as t?e monglayer
coverage is passed,-and the formation-ef an non-epitaxial almost planar
layer of Cu atoms essentiali;#similaf to that In a close-packed plane in
bulk Cu, with no unique geometrical relationship between Cu atoms and Pt
atoms. The alternative explanation, that Cu ato;s deposited at coverages

]

above eCu = 1'1ie above the wndisturbed epitaxially-deposited Cu layer

cannot, however, be ruled out (Section 8.2.3). /

11.6.2 Significance of the coverage at which OPD begins

The energy required for UPD might be expected to inerease
significantly as the coverage exceeds the maximum ﬁhich can be deposited
epltaxially in a single layer. The distortion of the previously=~

deposited layer involved in subéequent non-epltaxial depositioﬁ would

.be expected to cause an abrupt increase in the electrodepoéition energy.
N LY

{
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_Another abrupt increase would be expected in cases where UPD continues
by deposition of a second layer onla previously deposited epitaxial or
‘rearranged monoclayer. The‘experimentai‘results! however, show 'a con-
sliderable variation in the maximum U?D coverage according to the nature
of t deposit. In some systems, e.g., Cu on Pt, Pb on Au; H on Pt, the
ponsel of 6PD 1s assoclated with .one of thé energy discontinuities
‘mentioned above, i.e., the limit of epitaxial coverage or the deposition
of"g second layer.\\gn others, ‘gwaver, {(e.g., Cu on Au, H on Pt at‘

elevated temperatuiés) OPD begins before the limit of epitaxial coverage

»

in a single layer is reached. Since the coverage at which OPD beginé
%ppears to be a cooperative property of the pair of reactants involved,

no fundamental significance should be attributed to the maximum coverages
measured in UPD. Even the’'l:1l maximum coverage of H underpotentially.
[ ]

deposited on Pt, for so long used as a measure of the areas of Pt
electrodes, appears to be merely a fortunate consequence of the tempera-

ture range in which most experiments are conducted, as disCusse;\iT

Section 5.,1.5. . f "

-

From a general thermodynamic point of view, the coverage.at which

4

OPD beging will depend on the sfandard free energy AG® of the process

AGS
) A-A + 25 ==—=DFD. J24-5

(cf. p.244). The free energy of this process is given by

s
!

e
A -~ RT 1n 31/2

= -]
AG = AG° + RT 1n 6T iy

and AG = 0 when underpotentially deposited A is in thermodynamic equi1i~

—

brium with bulk A (as A-A in the present example).. Strictly, deposition

¢

1c
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in multiple states will be represented by multiple equations of this

e
type. Hence, in the absence of kinetic effects, the more negativa AG®, 1;
the larger will be the‘eA at which OPD arises.

\.\\ .

11.6.3 Processes fd%}cy}ng UPD

There is strong evidence tﬁst in many systems the under-
potentially deposited species do not remaln at the surface sitesrwhere
gﬁﬁav were discharged. Electrodeposited A species will tend to mix with
surface S atoms in cases where &he mlxing reactionlis exothermfgé;\ﬁow~

ever, even 1f the heat of mixing is zero, ‘considerations of entropy will

tend to make A species d%ésgive in the surfagf. The tendency to mix will
my .
be opposed (a) by the coference of the metal lattice (e.g. an electro-

deposited metal will disdolve wuch more easily in an Hg substrate than

.

in one of a solid metal), and (b) by attractiveekorces between the

. electrodeposited species or the local surface compounds Fhey form.
p .

11.6.3.1 Place-exchange - the tendency te form ionfcally
bonded surface phases

P,

o

In systems where the eiectronegativity of the deposit (XA)
differs considerably from that of the substrate Xg the UPD will follow é
branch (i) in Table‘6. As was,discussed in Sectio;s 6.2,1 and 7.2;2,
the bonding'of electrodeposited O species on Pc and Au has a polar
character. vThe dipole-dipole repuls;ons between adjacentlyfdeposited
species nct only create a tendency for electrodeposition to occur at .

sites spaced out in geometric arrays, but also tend to assist the

8
exchange of A with substraté-surface atomsg §:

\
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. E A-§ ~ S-A _

N - ‘ L | - ag L
The tendency for place-exchange to occur will increase with iﬁcreases_

in (a) the interfacial field, (b) the dipole-dipole ipﬁeraétion energy, e

3

(k) the stabilization energy associated with the .formation of the re-

arranged ArS‘éurface‘compound. Place-exchange will be opposed kineticali&\\jh/dp

. by the coherence of the substrate, The coverage at which_blaée—exéhange

becomes meddurable will depend on the ‘interplay between these four

¢ . 4 .
factors. )

The coherence of the new surface phases ﬁoiﬁ!d by place-

exchange is shown by the fagt ‘that their standard free energies of »
refluction aré more negative than those of the electrodeposited speciles

. which have not undergone place-exdhange, and which are still distinguish-

able eipe%imentally. The hysteresis observed in the oxidation of noble

metals (cf. the typical current-potential profiles at Pt, Fig, 1; and //
. . S
Au, Fig. 49) shows that the place-exchange is normally irreversible, 1i.e.
. -
- w T »
A+ 5 ——=—3 A-S o,
«x\\t?\\\\\ l ’ ‘
: S-A ’
. : . .
et However, if at sufficiently high temperatures kT becomes com-

parable to the stabilization energy of the rearranged phase, place~ '
exchange will become much more reversible, and the hysteresis will

begin to.disappear:

. . " A ‘+ S 'f’—.*-_%-‘!"" A-8 .
d? . N ~ L/ Y
-e™

S-A .o #

3 J
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This type of behaviour was obse§d in the high temperature,cyclic ~
N oxidation/reduction of Au (Sect n 7.1.3, Fig. 52).
'No further distinct bon@ing”énergies are observed when the .\\\

. coverage‘exceeds the equivalent of a monolayer of place-exchanged 0

\_ atoms, and 02 evolution beginsu The continuing electrodeposition under
\_/ .t

these conditions is not strictly OPD however, since the substrate is

no longer a metal. It may bettdr be regarded in terms of a nbrmal field-
\ - £

assisted film—thickening process- (Sections 1.4,1,8 and 1.4.2.8) and the

parallel reaction of 0 evolution, both of which follow the electro—

Sy

deposition step.

11.6.3.2 Alloying L

The dissolution (alloying) of electrodeposited atoms in a
substrate surface is normally obfserved only after OPD. However, it will.
- be discussed briefly at this stage because it was observed in the initial

stages of OPD of Cu on Au (Sestion 9. 2 2) and of Pb on Au (Section 10.2. 1)'

F

The extent of interdiffusion bdtween atoms of the metallic, overpotentially

'

deposited layer, and these o gﬁé/Eubstrate metal will depend\ontthe
enthalpy and éntropy of mixing, and will thus be relaged to thg silze
difference between A and S atoms, and to the doh%zence of the aubstraqe
lattice. When therg is a jéosiderable difference between the elecéro—
\\:egativities of A and S, ordered intermetallic éompounds;fill be expected
- .

to form rather tham random substitutional-solid solutioﬁe (Section 2.3,1.2).

.
Intermetallic compound formation has been gbserved in/the OPD of Pb on Au

L ¥
by Schmidt and co—worker3421 422, 428’ as discussed in Sectton 1,6.1.8, in
. i . -
the OPD of Hg on-Pt656 and Au657;'é§;*of In on.Pt658J af'
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-equipment659 (e.g: the positions of individual adafbﬁa

\ 1; 7 The usefulneee of electrochemical data in the understanding of

surface bonding

Perhaps the most atriking concluaion of the preaent work is

that the techniquea of modern electrochemietry allow a far more detailed

resolution of the energetics of aurfaee‘boadiag?than has been achieved

I

in studies of adsorption from the gas phase, Preaéntly available

theoretical analyses of surface bonding have been developed with regard

to the poorly resolved gas phase adsorption data and do not even provide -

¥

qualitative explanationa of the well resolved multiple states of bonding

" theoretical models of the systems studied will be developed within the’

next:deeade since, in addition to all the difficulties of ealculating

surface bonding states discussed in Chapter 2, the electrical properties

éf the metal-solution interface are poorly understood on an atomic

L

scale even at single-crystal surfdces. For the present, the main value

D of. electrochemical studies such aa the present one is that they provide

:accurate and relatively well resolved data on the multiple states of

nding involved in chemiaorpéion, how these states depend on the sub-
&frate, aed how they are modified by the’ co-adsorption of ions from

the solution.

+It is to be hoped that accurate thermodynamic and kinetic
data obtained electrochemically will in the future be ‘collated with
surface structural data obtained in higﬁ resplution electron oetical
| 661-663, .o

quantifative data could then be used to test more refined theories.

-observed in UPD, * It appears unlikely that even' semi- quantitative '

-
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