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. PREFACE

rochetical hydrogen evolution reaction (h.e.r.) has
served aé a model system in the development of ideas on the
kinetics of electrode processes. Theoretical “and experimental
investigatipns on the kinetics of the h.e.r. have raised éwo
important general questions concerning the nature of hetero-
geneous coupled electron/atom‘transfer reactions.

The first relates to the &;ature. of the activation process in
proéon dischérge: in the elaborate treatment of Dogonadze,
Kuznetsov and ievich, the required activation for proton dis-
charée tc occur was considered to‘arise from long-range fluctua-
tions in solvent polarization, while rlier treatments based on
.the pioneering work of Gurney and of Butler involved a more
specific thermal activation of an 0O-H bond in the solvated H3O+
" ion that was undergoing discharge; Thus two rather different
views on the nature of the activation process have been advanceag.

The second question concerns the experimentally-observed
temperature-dependence of the Tafel glope, b. In particular, b
only rarely exhibits the conventionally-assumed temperature-
dependence @ﬂRT/aF), and is usually found to be temperature-
independént or to have some tempqraturerindependent component.
It has been noted fhat, formally, for b to be independent of
temperature, the entropy of activation should be a function of

electrode potential, and theoretical reasons for the origin of

such an effect have been suggested.

In the present work, the kinetics of the h.e.r. at different
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metal electrode surfaces and the electrochemlcal desorption of
st_rongly bound B at Pt from different states of solvation of H30
were 1nvest1gated. It is shown, from a consideration of the
experlmentally determlned potential-dependence of the entropy and

enthalpy of actlvatlon for the h.e.r. at Hg, that an

"unconventional® temperature-dependence of b is in fact expected.’

, Some of the work described in this thesis has already been
published or submitted for publication and other‘papers are in
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aj) B.E. Conway and D.F. Tessier, "Comparison of the Kinetics of
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b) B.E. Conway, Lijun Bai and D.F. Tessier, "Data Collection
and Processing of Open Circuit Potentihl- Decay Measurements
Using a Digital Osgllloscope° Derivation of the H-
Capacitance behaviour of Hz-evolving, Ni-based Cathodes”,

J. Electroanal. Chem., 161(1984)39.

) B.E. Conway and D.F. Tessier, "Proton Discharge from the

Unhydrated and Hydrated States of the H3O+ Ion at

Electrodes: Frequency Factors and Activation Energy

Differences", to be submitted.
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ABSTRACT

The mechanism of the activation process in coﬁpled
atom/electron transfer procésses, such as is involved in the
cathodic H, eﬁolution reaction, is not yet well understood. 1In
particular, two distinguishable modes of activation have been
considered: " OH Hpnd stretching" or "solvation'ghell
reorganization"” The work desqribed in this thesis is designed
to provide new results that may contribute to a better
understanding of this problem by examination of the entropy and
energy components of thg_free energy of activation in proton
transfer aﬁd neutralization at electrodes, from the hydrated
proton in two well-defdined states.

Experiments are described in which the kinetics of the
cathodic hydrpgeﬁ evolution reaction (h.e.r.) from the unhydrated
H3O+ ion in pure CF3SO§H3O+ are compared with tﬂose-from a dilute
(1 MS aquéous s&lution of CF3S03H where the proton is mainly in a
fully hydrated state as “HQOZ". From the acid hydrate,® which
exists as the ionic compouné CF3SO§H3O+, rates of H, evolution at
Ni and Pt eleétrodes, measured at a given overpotential or
-expressed as exchange current densities, are between 3.5 and 20
times slower than those from the same electrolyte in dilute (1 M)
aquedus solution. Alloﬁing for the concentration differences in
theée two soluticn media and double-layer effects, a "slowness™
factor for the h.e.r. in the CF3SOEH30+ melt of.g§.9.4'and 216

times is indicated.

In the experimentally accessible ‘range of current densities,
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the rate of the h.e.r. at Hg in the Cﬁ%SO§H3O+ melt is greater
than in 1 M agueous CF3S04H, e.g. at ‘= -0.8 V RHE, by a factor
of 60 times. The h.edu at Hg in 1 M agueous CF3S0,H showed fﬁe
usual Tafel slope of ca. 0.12 V, while in the CF3SO'3'H3O+ melt, a
rather unusual (for the h.e.r. ét Hg in acidic solution) wvalue
0.09 V was found. Extrapolatlon of the llnear Tafel. relatlon for.
the h.e.r. at Hg in these two media 1nd1cates that, owing to the
dlfferencg in Tafel slopes, the rates become egual at an
overpotential of ca. 0.17 V. A relatively small-H/D kinetic
isotope effect (2.6 x) was found with the CF3SO3H3O /D ot melt;
the-smaller distance of‘approach of the H3O ion to the electrode

in the monohydrate melt than in 1 M CF3503H, especially at

' potentials where H, is evolved, together with tfe similar Tafel

slopes in the H30+ (D3O+) melt, does not indicate the presence of
significant quantum-mechanical proton tuﬁneling.

Apparent activation paramefers were evaluated from the
temperature-dependence of the steady-state polarization behaviour
for the h.e.r from the two media of interest at the above metals.
The activation parameters for steady-state hydrogen evolution at
Hg, Ni, and Pt indicéte that difference¥ of heats of activation
determine the relative rates of proton discharge in the two
media.

By means of.non—isothermal potential measurements, "true"
activation parameters for the Hoy evolution reaction at Hg were
derived as a function of electrode potential; it is shown that
the true entropy of activation or the corresponding freguency

factor for the proton discharge step in cathodic H, evolution is

-
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appreciably potential-dependent, ard not constant as usually
assumed. This entropic component makes a significant
contribution to the diminution of free energy of activation which
is usually associated with change of electréde'potential and
Iattributed in previous work to an energy change due to the change
of Fermi level.

Tﬁis sitﬁatioﬁ leads to an expected temperature-dependence
of Tafel slopes, b, which is not that conventionally’assumed viz,
b = é.3iRT/BF. The actual behaviour is rather of the form b =
2.3tRT/(BH + BgT) where By and BST.are enthalpic and entropic
components, respectively, of the overall symmetry factor, s OY
transfer coefficient, g. -

The observed behaviour shows that the effects of potential
on electrode reaction rates are éo be represented not as usually
assumed by a simple variation of the Fermi level by "+AVF" with a
correspondi;; relative change of transitien state energy by gaAVF,
but in addition by an appreciable variation of the molecular
state of the transition complex with change of field across the
double-layer. The origin of such effects could be the changing
splvational and solvent-structure enyironment of the double—layér
due to potential-dependent solvent dipole orientation and
changing volume fraction of solvateq reactant ions in the
interphase.

The kinetics of desorption of strongly bound H at Pt in the
CF3SO§H30+ melt and in 1 M agqueous CF3S03H was investigated by
means of linear potential sweep cyclic-voltammetry; this system

allows an elementary electrosorption step to be studied, e.q.
<
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independently of the continuocus hydrogen evolution reaction. In

this case, the measured values of s. and hence rates for H

o]
desorption at Pt were ca. 10 x greater in the 1 M agueous Cé3SO3H
than in the CF3SOEH3O+. Analysis of the derived apparent
activation parametérs for the desorption of H from Pt indicates
that, unliké in the‘case of the h.e.r. meﬁtiohed above, this
difference in rates is.due primarily to frequency factor effecés
related to the entropy of activation. H/D kinetic isotope
effects we¥e also evaldﬁted for H desorption from Pt.
18O—labelling expefiments indicate that, in the CF380§ﬁ30+
melt, anodically evolved oxygen gas contains O atoms from H30+
only; no oxygen originating in the oxy-anion CF3SOS was
detected. Gaseous products indicative of the anodic
decomposition of the anion were not found. At constant
electrode potential in CF3SO§HgO+, the kinetics of growth of
sub-monolayer surface oxide.film at Pt showed a linear oxide-
charge vs log[time] growth curve similar to that found in dilute

agqueous acid solution.



._ CHAPTER 1

" INTRODUCTION

SN
1. The H.E.R. as a Prototype Electrochemical

Atom Transfer Reaction

The electrochemical hydrogen evolution reaction (h.e.r.) has
often been regarded as a model for the investiqgtion and kinetic
treatment of more complex multistep electrode reactionsirZ,.
Indeed, the fundamental understanding of interfacial charge
transfér processes has gained from the study of this prototypical
electrochemical atom transfer reaction and the basis of its
treatments has found diverse applications in investigations of
metal deposition, corrosion, organic electrode reactionq,
eleétrosorption processes, redox reactions and especialiy
electrocatalysis. At first considered a simple model reaction,
the h.e.r. has provided a variety of interesting and complex 7
experimental and theoretical problems: the role of electron and
proton tunneling processes, evaluation of kinetic iso£ope
effects, the behaviour of adsorbed kinetically-involved
intermediates, and the significance of widely varying kinetics
depspdent on electrode material and surface préperties, solution
composition, and anion and neutral molecule adsorption.

The h.e.r. was one of the first chemical processes to be

treated by means of quantum mechanics3 and served as an example

for one of the earliest applications of activated complex theory
to an heterogeneous reaction inveolving species in solution?.
Recent developments in ideas concerning the nature of the

the discharge step in coupled electron-atom transfer reactions



have centered on the solvated-proton discharge step in the h.e.r.

2. Problems Previously Addressed in Respect of the H.E.R.

(i) Consecutive Step Mechanisms and Tafel Slopes

in Relation to H Coverage as £(V)
The electrochemical hydrogen evolution reaction at metal

electrodes proceeds by the folléwing possible steps:
& I
&*
4 o) 0

(discharge, D)’ M + Hy0%(ag.) + e~ = MH, (1-1)

ds

followed by the alternative succeeding desorption processes,

- . - i
(electrochem%cal MH, 3¢ + H30" + e = M+ Hy + H,0 (1-2)
desorption, E)
or
(heterogeneoug chemical MH_4o + MH, 3, = Hy + 2M (1-3)
recombination, C) .

where 8y is the fraction of the surface covered by adsorbed H,
(1-8y) is the corresponding fraction of unoccupied metal sites,
M, and Cq islan appropriate surface concentration of H30+ ions,
e.g. as determined by the state of ion distribution in the
double-layer and V is the electrode potential. Analogous
equations can be written for the h.e.r. from H,0 as the proton
source, e.g., as in alkaline solution.

A number of.édditional reaction intermediates have also been

proposed in the literature: the'Hz+ molecule ion>, the hydride

ion® B-, the hydrated electron e;q 748 and alkali metal atom

intermediatesg’lq in solutions containing ions of such metals.
The participation of H2+ is not well supported by experimentlo'll
while Conway12’13 has shown that e;q is unlikely to be important

under ordinary polarization conditions in agueocus media. For



hydrogen evolution from aqueous acid solutions, H  is too
unstable ﬁo be regarded as a reaction intermediatel4.

Ah empirical equation due to Tafelld relates the current
density, i, flowing in‘an electrochemical electron transfer
reaction in terms of the overpotential, n, defined as the
difference between the operating electreode potential, Vv, and the

corresponding reversible value, V thus n ( =V -V ) is

rev? rev

given by

n=a+b logli) (1-4)
where b is the so-called Tafel slope and the associated transfer
coefficient, @ , is given by & = 2.3RT/bF. The value of & Eor a
given reaction depends on: a) the value g%zthe symmetry factor B
(see section (viii), p.55) if a charge transfer step is.rate—
determining; b) the type of sequence of steps in the reactioﬁ
pathway and c¢) the potential-dependence of coverage of the
surface by the reaction intermediates; e.g. adsorbed E in the

6

h.e.r. Parsons” and Bockris16 have derived b wvalues and the

“

.. * .
related transfer coefficients for limiting cases of the reaction

scheme in eqnsdl—l;l42,l-3); the resulting values of are shown

in Table 1-1.

can be related to the total number of electrons passed in the
" overall reaction or “in the rate-controlling step through 8 and

the stoighiometricznumber\;. ThiSf%atter has been treated by
Horiuti~‘, Bockris® and by Gileadi=®.



Table 1-1 °

Iransfer Coefficients fd¥ Various Mechanistic Routes

in the H.E.R.

Mechanism* a** Conditions

D* + T 0.5 low In|

D+ ¢ 2.0 / oy << 1

D* + E 0.5 --

D+ E" 1.5 8y << 1
coupled Df + E* . 0.5 -

* Rate-determining step. D = discharge, egn.(l-1l); E =
electrochemical desorption, eqn.(1-2); C = heterogeneous chemical
recombination, egn.(1-3).

Assuming B = 0.5 in charge- transfer steps.

For both D, C mechanisms considered above, chemical
desorption leads to a limiting current at sufficiently large
cathodic overpotentials; practically, under these conditions, the
potential-dependent E step becomes more facile and eventually
provides an alternate and usually preferred path for the
desorption of Hagg to give Ho.

Values of o« > 0.5 can arise depending on: a) the particular
rate-determining step and b) the potential dependence of coverage
of electroactive intermediates. Valdes of a < 0.5 may arise with
' reactions proceeding at barrier-layer films which exhibit non-
Ohmic charge transport through.them.

The potential dependence of the coverage of, e.g. H will
affect the overall rate equation; the potential dependence of
equilibrium coverage can be represented to a first approximation

by an electrochemical Langmuir isothermlg,



. /
KC exp(-VF/RT)
1 + KC exp(-VF/RT)

where K is an equilibrium constant for adsorption of H and C is |
the concentration of H30+ ions, as in HY discharge from aqueous
solution; in egn.{1-5), V is taken negative for a cathodi;
reaction such -as discharge of H'. This expression for the
coverage corresponds to the case where the discharge step (D,
egn.(1~-1)) is taken to be at .quasi-equilibrium. At large ca-
thodi¢ V, the terms in 8y or (1-6y) in the kinetic equations f?r
the rate-determining step then are given by 8y = KC exp(-VF/RT),
or (l-eH) = fKC}-lexp(VF/RT); thus terms in VF/RT arisé&ih'the;
raté_expressions. For example, in the case of rate-determiﬁiﬁg"'

electrochemical descrption (D, eqn.(1l-2}), we have

d log(i) _ if.* d log(8g) _ Ei . i_ iEH (1-6)
a.v RT d v ' RT BHdV
where deH/dV { = Cé/Q) will be recogﬁized as the adsorption

pseudocapacitance divided by the éharge for monolayer

20,21 Cyr
coverage, Q, of electroactive adsorbed H. The Temkin iscotherm
which includes a 6-dependence of XK in eqn.(l-5) through a factor
exp(g8) yields an expression analogous to egn.(1-6) for the Tafel
slope of the formzé'23

av . 2.3RT l—GH

b = = g+ C(1-7)

In general, the Tafel slope will consist of a potential-dependent

coverage term, in addition to the charge transfer factor related

to B.

In the analysis of egns.(1-1,1-2,1-3), steady-state



~
F 3

conditions of current and coverége can be considered, provided
that the concentration of H30+ and of H, are constant; thus a
complete steady-state treatmenti® can be given for reaction (1-1)
followed by the desorption steps in eqn.(1-2) and/or eqn.(1-3};
1nclud1ng the back reaction for each of these steps. The
requlred steady—sta@e coverage, Bss, is then given by the

requirement

|
o

deg/dt =
= k] (1-8y) - xY;0, - k3oy
+ kIp1-8) - k¥oy + kY5 (1-0,) (1-8)
which then yields

-B + (B2 - 4ac)1/2

B = ” (1-9a)
where A=ky - k3 ‘
B= kY + k¥ + k¥ + k¥, + 2x_, '
c=-%y ~ k¥ - x4

or, when the chemical recombination reaction (1-3) is omitted, 85e
is given by .
8gs = (kY7 + k¥, / (ki + x¥) + k§ + kY, (1-9b)

where,-for brevity, ki has been used to refer to the product of
potential-dependent rate constants and any applicable
concentration for the i-th reaction, e.g. kv = k°C exp(+ RVF/RT).

The steady-state current for an overall process ‘involving
passage of n electrons is then given by

igs = -nFl k{(1~6.5) - k¥ 8. + xJe _ - kYp01-8.5) 1 (1-10)
where the contributions of the chemical recombination reaction

(1-3), if included, are contained implicitly in the 855 values



(see'eqnsdl—Qa,l-9b)L This analysis leads to the expectation
of limiting coverages as shown in Tabie 1-2 for sufficiently

large cathodic or anodic polarizations.

Table 1-2

—

Limiting Values of H Coverage

for Possible Mechanisms in the H.E.R.

Mechanism™ BH(éathodic) 8y (anodic)
D 1 . 0
E 0 1
o 0. O o o o

DE K3/ (k3 '+ k3) k2,/ (k25 + kZ3)

DC e 0

DEC K9/ (kg + k3) k2,/ (kS5 + k2y)
*p = discharge, eqn.(l-1); E = electrochemical desorption,
eqn:{1-2); C = chemical recombination, egn.(1-3).

¢

For the DE (and DEC) mechanism, limiting cathodic coverages, 8y < 1,
will occur, depending on the relative values of the composite
rate constants shown in Table 1-2.- In practice, the conceptration
of Hy is usually rather low-(< 1 mM) and so back-reaction steps
iqvolving Hy are expected to become mass-transport limited,
especially at anodiq-overpotentials; this limitation is much less
severe in other ion discharge reactions, e.g. B;*“ion discharge
where appreciable Br, concentrations in a suitable solvent such
as acetonitrile may be used. This solubility question aside, for

a particular range of values of rate constants, it is even -

possible to have 8y decrease upon going to more cathodic

potentials, e.g. eéim(anodic) > eéim(cathodic), as shown for the



1.0

0.6

9,=|‘01'> ‘

0.2'._-'

-

.-;I L ' 1
0=—"66 -04 -02 00 +02

'7/V_

Fig.1l-1 ,Variation of g5 1in the DE mechanism with

potential for wvarious values o¥ the rate

parameters: kg/kez = 1000 and vy = k§/x9

&,



~
- |
DE &echanism in Fig.l-1. It is interesting to note that this
seemingly novel behaviour leads to a "negative" pseudo-
'capacitance, Qdess/dV. Regardless of the choice of rate
constants, the DE and DEC mechanisms (under activation control5
lead to b = i2.3RT?BF at sufficiently anodic or cathodic
potentialé. |

An additional feature of the DE mechanism arises in relation
to the linear regions of the cathodic and anodic branches of the .
Tafel plot (cf. Fig.1-2): extrapolation of these linear regions, .
i.e., from apprgg;able magnitudes of n, gives an intersection
point the boten£ial of wh%gb'differs from the reversible
potential. An asymmetry-in the respective curves as n > 0, 1i.e.,
as 1 » 0, is also evident in this figure. 1In contrast; the
simple Butler-Volmer equation%4'25 for the currené of an

electrochemical reaction, viz.

i= zF [kf exp[aVF/ﬁT]‘— k. exp[-(l-a)VF/RT] ] (1-11)
leads to the usual intersection of the extrapolated cathodic and
anodic log i vs V relations at the reversible potential.

In the DE mechanism, both reactions (1-1) and (1-2) involve
the reduction of a ?roton'from H3O+ to vyielad MHads,(Dﬂ egn.{1-1))
or Hy (E, egn.(1-2)), while the electrochemical desorption step
(E)'glgg involves breaking an M-H_4

Q - .
relative magnitudes of the energies of these bonds, one would

g .bond; considering the

expect, from a generalized Brgnsted point:of view, that the

factors inreHrand (1-8y) as%ﬁe, the intrinsicvrate of step‘E'
should be greater than that for'step D since Eg_g > EM—H'
The‘Tafél slope, b, or the related transfer coefficient a,

\-
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does not providé unique criteria for diagnosis of a-mechanism for
the h.e.r. in a particular system. The value a = 2 expected for
heterogeneous chemical recombination contrecl is only observed
over a limited pbtential range at .Pt but this value may also
arise from the effect of slow diffusion of H, away from this
catalytic eleqtrbde as discussegd by Breiter?® and Schuldiner27.
In the analogous anodic halogen evclution reactions,‘such Tafel
behaviour characteristic of chemical recombinati&n contreol is
co&plicated by temperature- and potential-dependent halide
adsorption as well as by the state of surface oxidation of the

anode metal, e.g. Pt28.

(ii} Relation of Mechanism and Rates (log i,) to the

Electron Work Function g, and Energy of H-Adsorption

The rate of the h.e.r., as characterized by the exchange
current density, i,, is found to vary over ca. 10 orders of
magnitude,'depending on the electrode metal used; thus there is
considerable interest in identifying the metallic property(ies)
@Pich gives rise to this wide variation. In the 1920's,
Ellingham and Allmand?? and Bonhoeffer30 noted that the
cvervoltages for the h.e.r. on diffefent metals at a given
cufrent:density varied periodically with atomic number. More
recently, interest has focﬁssed on the effect of the metal work
function, gy, and of H-adsorption energy on this electrocatal?tic

behaviour3l'32'33'34.

From a consideration of an appropriate thermodynamic cycle,
the effect of the work function, ¢M' on the free energy of

reaction for electron transfer to an ion may be shown to be
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given35 by:

O - _opgQ — - o -
AGg = -zFdp = zdy ~ I + S(AGg j4p) (1-12)
where I and AGg,ion refer to the iqpization energy and solvation

energies pf the reactant/product ions, respectively. This direct
dependence of AGY on & gives rise to a change of BzAgy in AGO#
as the electrode metal is chasged, owing to a "vertical" shift of
the potential energy curve of the initiél'state. However, AGO* =
AGOF - AgRzF; but according to eqn.(1-12) 842 is also determined
by By, so that the electrochemical standard free energy of

activation is independent of the -work function. Thus" the

observed correlation32¢33 between log i. for the h.e.r. and the

o}
work function of the electrode metal must arise from an indirect

effect. '

Ruetschi and Delahay36, and Conway and Bockris32 showed that

[ | S

this behaviour paralleled the dependence of the H-adsorption
energy on the work function of the metal. Some indication of the
h.e.r. mechanism at various metals was deduced from the
dependence of log i1, on. the heat of H—adsorptionBz:'a)_in the
case where H' +ey + M=MHis the rate~-determining step, a more
favourable 8H_ 35, which stabilizes the final state, would result
in a smaller activation energy; b) whereas if HY + ey + ME =M +
H, or 2MH = 2M + Hoy were the rate-determining steps, a more
favourable AHads' which stabilizes the initial state, will give
rise to a larger activation energy. Analogous arguments have
been used to exﬁlain the experimentally observed relation between
log io for the h.e.r. apnd the number of d-holes per atom in
transition metal alloy£37.

Parsons38 has considered a more general relation between the
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exchange current for the h.e.r. and the heat of adsorption, for
different assumed forms of the equilibrium adgorption isotherm
for the overall reaction. A "volcano" relationship (reminiscent
of those found in gas/solid heterogeneous catalysis) was found

between log i. and AH

39

X

, ad shown in Fig.1-3 . In the case of

o ads

a Temkin isotherm, log i, can show a region of independence on
H-adsorption energy. .

In a more recent study, the relationship between log io and
work function {using an updated set of critically-selected éM

40), Trasatt133 has identified two groups of electrede

values
metals: one group comprising all transition metals and sp metals
with negaﬁively charged surfaces, and a second group consisting
-only of sp metals with negatively charged surfaces. Similar
behaviour wa; also noted in the“;ssociated correlation between
log i, and the heat of H-adsorption. (Note that heats of
chemisorption usually decrease with coverage, so the "initial"
heat of adsorption, as 6 > 0, is considered).

Tﬁe role of formation of solvated electrons as general
intermediates in the h.e.r. and its relationship to the electrode
metal work function has- also been ceonsidered; except under
conditions of very iarge cathodic overpotential, ;he

participation of .e.. is not indicated’r8.

ag
Another indirect and usually weak effect of gy on log i, may
occur through a-shift in the potential of. zero charge and a
related change in the s;ié%fure of the electrical doublg;layér;

in strong solutions or when anion adsorption arises, this effect

may become significant.

@
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(iii) Nature of e~ and H' Transfer Reaction

| Reactions involving only the transfer of an electron, e.q.
heterogeneous and homogeneous redox reactions, have been studied
extensivgly. In these processes a single reaction coordinate in
the sense of an energy profile is not obvious, unlike the case of
atom-transfer reactions. Electron tunneling, as considered by

3 and Butler24, constitutes the act of electron transfer.

Gurney
The required activation arises from solvational fluqtuations
which serve to bring the the reactants into a configuration
intermediﬁte between reactants and products,_from (or teo) which
radiationless electron transfer can occur to yield the product
state. The rates of these homogeneous and heterogenecus redox
reactions have been treated theoretically by Libby4l, Hush42,
(R.A.) Marcus43, Levich and Dogonadze®? and others45:46,

Proton discharge reactions at metal electrodes involve both
electron transfer as in redox reactions, and H atom transfer to

3 and. Butler?4 treated this problem

the electrode surface. Gurney
as a radiationless quantum-mechanical electron tunneling process.
The specific atom transfer aspect of ut discharge led to the
apglication of activated complex theory to this problem by
Eyring, Glasstone and Laidler4, Horiuti and Polanyi47 and later,
in more detail, by Parsons and Bockris48, éonway and Bockris49,
and Despic and Bockris®O. The concept of thermal solvational
activation was implicit in these works. More recently,
Dogonadze, Kuznetsov and Levich-1 have developed an elaborate

theory of proton discharge based on activation via long-range

fluctuations in solvation polarization: this work parallels
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closely the theoretical treatments of redox reactions.
The question of the theory and mechanism of the activation
process in the proton and coupled electron transfer step will be

L]

considered in some detail in the following Chapter. éﬁ‘

3. Aspects of the H.E.R. Addressed in the Present Work

The present work is concerned with the comparative study of

the discharge of, and hydrogen evolution from the unhydrated H3O+
ion in the state well characterized in strong acid "hydrates"”
which are oxonium ien (H3O+) salts of the acid anion®4s53:54  4pg
from the aquo H¥ ion in solutions of the same acid in excess
water. The temperature-dependence of the rates of the discharge
step and of the h.e.r. are reported for different cathode metals;
the resulting electrochemical activation paramefers will be
discussed in relation to the nature of the activation process and
the temperature-dependence of the Tafel slope,.b. Results on the
temperature—dependence of the rate of the discharge step at Pt to
vield strongly-bound Hiygg {(the so-called UPD H) are compared with
the corresponding behaviour for steady-state'H2 evolution; H/D

kinetic isotope effects for these processes are also reported.
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CHAPTER 2

CRITICAL REVIEW OF THEORIES OF PROTON DISCHARGE IN THE H.E.R.

AND THE STATE OF THE PROTON IN SOLUTION

1. Theories of Proton and Electron Transfer in the H.E.R..

The cathodic Hy evolution reaction has come to be recognized
as a prototype for consideration of mechanisms of electron
charge-transfer processes at electrodes that also involve a
coupled transfer of a neutralized atom. Other examples are the
anodic evolution of halogens and metal deposition reactions from
metal ion salt solutions. These type of processes are to be
contrasted with the ionic redox reactions where both initial and
final- states of the electron transfér-reaction at an electrode .
are solvated or ligand-compléxed ions, e.q. Fe3+aq./Fe2+aq”

Fe(CN)g-/Fe{CN}g_, etc. In this chapter we examine the bases of

various theories of proton and electron transfer in the h.e.r.

(i) Theory of Gurney

FolloQing_the phenomenological studiés of the h.e.r. of
Tafell® and of Bowdenss, the phenomenon of hydrogen overvoltage
came to be associated variousl; with the formation of a thin film
of gas, bubbles, or of a layer of oriented solvent dipoles in the
course of the reactioHSGT“In 1931, R.W. Gurney3 published a
quantum—mechan;cal theory of proton discharge which provided a
basis for the understanding of the h.e.r. in cases where the
electron transfer step is rate—-determining. This paper became a
landmark in the subject of electrode kinetics and the treatment
of electron transfer at electrodes.

The central event in the process which this theory treats
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consists in the gquantum-mechanical tunneling of an electron in
the metal surface to an acceptor state of equal energy in the
solution. This transfer was considered to be radiationless in
nature, e.g., it is consistent with the u;ual absence of photon
emission from the products of electrochemical reactions. The
essential condition (activation) for electron'transfer to sccur
was ldentified with acquisition of the required energy in the.
thermal population of a rotational-vibrétional band in solvated
H0™.

The relevant energy séates are shown schematically in Fig;z-l
for the reduction of a cation (H3O+), in vacuum and in solution.
Jhe process considered is: H3O+ + e(ﬁ) = H + H,0 where e(M)
represents a state of electrons (see below) in the metal. In the
vacuum case shown, electron transfer from an occupied level in
the metal to the nearby acceptor state of equal energy is
possible. For the barticular case in solution, illustrated in
-Fig.z—l, the loss of electrostatic'solvation energy, -W, upon-
neutralization causes an iqcrease in potential eneréy of the'
final state and no electrons of abpropriate energy are available
in the metal; the availability of electrons of suitable energy in
the metal depends on the applied potential. The energy of
electrons in the metal is characterized by the Fermi level of the
metal, + the energy VF associated with the applied potential.

Gurney also considered the repulsive energy, R, of the
product H / OH, pain; the energetic condi;ion for electron

tunneling to be able to occur is then

I -W-RD>¢+ev (2-1)
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where I is the ionization energy of the resulting H atom and the -
quantity ¢§ - eV is the energy of the_ Fermi level as modified by
the arbitrary applied electrode potential, V, referred to-above.

Thus Gurney 3

showed that the overpotential is not due to
the progressive formation of an obstructive film but, rathér, is
a necessary and fundamental condition for electron transfer to

ocecur. ‘ )

The resulting expression for the total electrical current

k.
flowing across the interface is then of the form

\ Itot = J n{(E,V) N(E,x) P(E,x) dE.dx (2-2)
In the evaluation of the above integral, Fermi-Dirac statistics
were used to describe the poéulation of electronic states, n(E,V)
in’the mégéi at the applied potential V. A ceontinuous spectrum
of rotation-vibration energy levels in the_reaéting’ion was
.assuméd, and N(E,x), the number of ions at a mean distanée X from
the metal surface with a neutralizatipp:potentia; E-({ =W + R),
was derived from a thermal Boltzmann diétribution.' The Gufney-
Condon®’ result for tunneling through a rectangular barrier was
used for the required electron tunneling probability, P(E,X)}, in'
.egn.{(2-2). The rectangular form of the barrier assumed in this
work is probably inappropriate for moderate activation energies,
40 - 890 kJ’mol_l; better models for the form of the barrier were
taken in later work.

The contributions of the ion solvation eﬁgrgy and of'the H
atom / water molecule repulsion are shown schematically‘in Fig.2-2.
When the solvation contribution W shifts the initial bound state

curve from EF to DG, the H / H,0 repulsion interaction decreases

so that the change in W - R is greater than that in W. In Fig.2-
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2 from ref.d,'Curney omits the work function, ¢M, of the metal

which determines the energy of the electron; inclusion of By"
lowers curve DEFG yielding the familiar representation of

intersecting initial and final state energy curves. As a first

- approximation in formulating N(E,X), Gurney assumed dW = RA{W-R)

where 0.< B8 < 1l; thus B is determined by the relatlve slopes of'

the curves in. Flg 2 2, which are effectlvely lgnearlzed in the

h-J
region of 1nterest.

The approximate integration3 of egn.(2-2) above was then

shown to result in an equation of the form of the. empirical Tafel

relatlon given in eqn(l 4). . . .

-

- Thus the expllc1t electron—tunnellng theory of Gurney3 fer<
rate- llmltlng proton dlscharge in the h. -e.r. accounted
qualitatively for the potential—dependence of the rate of
reaction and, significantly, showed that the overpotential
requ1red to cause a net current'to flow was a consequence of tV

condltlons reguired for a radiationless electron tunneling

/'\

" process to take place. Further, a theoretical basis of the

symmetry factor, 8, was provided intuitively in terms of the

geoﬁetry/of initial and final state energy.curﬁes. A clearer

formulation ofrzhe éignificahce of 8 was, however, apparent in
_ . "

Butler's subseguent treatment. Gurney's theory predicted

activation energies for the protan dlscharge process that were

much larger than those observed experlmentally. The assumed

flnal State of‘theiiaton1 free 1n solutlon near the metal

surface (rather than in an adsorbed state]) was the origin of

-

these large estimates.
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(ii) Theory of Butler ' ,-e'-
Butler24 1mproved on-the. Gurneé theory by considering the
product. of protcn discharge to be adsorbed H on the electrode
surface. The final state energy then includes two additional
components:.a) a term for tne adsorption energy of H bound at the
‘ﬁetal surface, which was'assumed to vary with distance’in a’ -
mannerl_similar to that in a diatomic hydride, and b) a term due
to the H / OH, repulsion,_ﬁ’mas in Gurnef’s:original treatment.
The.condition for raéiationless electron transfer then

becomes

g +eV +R-AI-L o (2-3)
and the associated energy profile as a function of distance along

the reaction coordinate is shown schematically in Fig.2-3. Curve
’§§ represents the H / OH, final state, R, and curve CC consists

of the sum of R and A representing the net energy of the bouna M-H
state adjacent to the H50 left as the other product of electron
transfer to H3Q+.- Inclusion of the H‘adsorption energy leads to

a significant reduction in the reguired activation energy (for
radiationlesé electron tunneling to occur) as measured by the
change of the intersection point X to X' (Flg 2=3) and from
estimates which Butler?? made for the rate of the hear. at a Ni

-

electrode surface in comparison w1th that at Hg. Note that the ~

representation of the level BB relative to AA is different from-\\c___

,
-~

that in Gurney's figure.
Allowance for the energy of adsorptlon of the product H atom

in Butler s treatment has two 1mportant consequences. Flrst,
. significantly smaller activation energies.are predicted than from

the Gurney model, in better agreement with the experimental ¥

e
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behaviour; of course, strong adsorption of H may lead to
alternate steps in the overall h.e.r. being rate-determining
(e.g. the reéction of H recombination at the surface) but-the
primary discharge of H onto electrode metal sites must always
occur as an initial step in the h_gaﬁ Secondly, a basis was
provided for explaining the extremély wide variation (ca. 102 x
on going from Hg to Pt in ag. acid solution)-in the standard
rates of the h.e.r. at different electrode metals.

Introduction of a charge-transfer factor, a, in the rate
expression for forward and backwdfd directions of an electrode
reaction was made exélicitly by Volmerzs andlprovided the first
proper rationalization of the Tafel eQuation in terms of
exponential dependenée of reaction rates on potential, which,
expressed logarithmically, gives the familiar form of the Tafel
equation as n=a + b l'og i where g is the ovérpotential and b
the Tafel slope, “2.%§g/aF“: Volmer's representation together
with Butler's treatment of the energy profile aldng the reaction

coordinate, has come to bé known as the "Butler-Volmer" equation.

(iii) Construction of Detailed Energy Surfaces
. LS W)

The transfer of & proton from H30+ﬂtc>an adsorbed state on

the electrode surface was viewed in early work of Horiuti and

Polanyi47

in term§ of the gradual breaking of the H20-H+'bond and
the forma£ion éaf a M-H bond; these authors were the first to
point out that the energetics of the adsorption of H Pﬁ the
electrode surfadeé would affect the rate of proton discharge. Ion

neutralization was assumed implicitly to occur at the “"crossing .

point” of thé HZO--H+ and M-H energy curves, which in the Gurney

S
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treatment, corresponds to somE initial state of thermal
ac£ivation of the H3O+'ioh3. Calculations based on this approach
and using suitably éonstructedsenergy profiles were first given
by Butler and subseduently developed in more detail by Par;ons-
and Bockris?® for the discharge step, and by Conway and Bockris4?
.in a theoretical stud& of the electrochemical desorption step
(e(M) + H3O+ + MH 434 = Hy + H,0 ) from various metals, leading to
an understanding of the relation of the kinetics of the h.e.r. to
M-H bond energies. ’

‘Thermal activation of the reacting bond(s} in H30+ was’
envisaged in this work; a Boltzmann distrihution of H3O+ energies
was employed in view of the near-continuum of energy states which
results from the strong coupling of H3O+ in solution.with
surroundiné water molecules (through H bonding and the
electrostatic field of the ionic charge). These theoretical
studies were useful in comparing reaction paths and assessing the
effeét of factors such as H adsorption energy, strength of ﬁ*
solvation in various media and metal work function differences'on
‘rates of the h.e.r.48:49,50 |

An important proBlem was recognized in these papers48'49'50:
how is the course of the activation process to be represented
along a reactign coordinate when two rather different processes
_are‘invol;ed simultaneously: ion neutralization and dehydration
together with atom transfer from the ion in the Hélmholtz plane
in the double-layer to the electrode as an adatom? The ion
dehydration process must be represented energetically by a
multidimensionél.energy sufface while the HT transf?r from the

H3O+ molecule 'ion can be represented, as in Butler's treatment,
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in terms of O-H bond stretching in a quasi-diatomic molecule
configuration, H;OHz. In this early work48'49'50, this problem
was circumvented by taking, as an approximation, the whole

-
sb}vation energy, W, of H30;q into ac;ount in the energy diagram
representation, i.e. the proton affinity of H,O0 ( -786 kJ mol_l)
+ the energy of hydration of H3O+'( viz. ca. 320 kd mol~1l), ang
writing the course of change of W along the reaction coordinate
in terms of a Morse-type function based on a force constant for
the H+—OH2 interaction in H30+ alone; the latter accounting for
ca. 69% of W.

Quite apart from attempts to account for overpotential in
electrode reactions through mechanistic treatments involving
- profiles of energy change of 'the particles in the course of an
elementary act of the reaction, it is possible to understand ﬁhé
origins of overpotential in a quasi-thermodynamic way in terms of
the'tﬁermodynamic treatment of irreversible processes.

At equilibrium, a classical reaction process is associated
with éome well defined standard free energy or "affinity" change
and corresponding ffee-ehergy of activation for the forward and
backward directions of the process. In an electrode reaction,
the electrochemical free energies of activation for forward and
backward directions of the process are identical at eguilibrium,
In order for a net rate of a chemical 'reaction to océur, it is
necéssa;y‘to establish a diminution,.é, of the affinity chahge
associated with the activation process to some new value AG? -

GG# for the forward reaction. In an electrode reaction, the

modulation guantity, §G¥, required to promote a net direction of
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reaction' is achieved by imposition of a potential, &V, different
from the Nernst reversible value obtaining at'equilibrium. In
‘chemical reactions, the increment® of affipity change must be
ntroduced by a modulation in G due to a change of pressure or
temperature (Eigen's proceduresss), or to introduction of a non-
equilibrium concentration, giving rise to a temporary differenée:

in the chemical potential of reactant and product which

quantities, at equilibrium, must be equal.

(iv) Role of Proton Tunneling

In any proton transfer’ﬁrocess, the ﬁossibility of proton
tunneling through the energy barrier must be considered: this
arises on account of the wave-particle nature of matter according
to the familiar de Broglie59 rélation _-

A =h/p = h (2mE, ) 1/2 (2-4)
where p, m and Ep are respectively, the momen;um,\mass and
kinetic energy of the particle, and the other symbols have their
usual significance. Penetration through the energy barrier (and
hence deviation from classical behaviour) is expected if the
wavelength A is comparable with the barrier width; for the proton

. With Ey = XT and T = 300 K, one finds A = 1078 - 10”9 cm which is
comparable with' the HY transfer dlstances along the reactlon
coordinate in. chemical systems. '

-Bellso and ngner61 recognlzed that proton tunneling could
play an important role in chemlcal reactions inveolving H and that
this tunneling would lead to an H/D isotope effect in addition to
that due to differences in zero-point energies. Subsequent

calculations on H tunneling in the h.e.r. have paralleled closely
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the general treatment of Bellso._
Bell60 calculated the effect of tunneling for a generalized

proton transfer reaction using an-Eckart62 energy barrier

-

funection,

A exp(2mx/1) + B exp{2mx/1)
Vix) = (2-5)
) 1 + exp(2wx/1) (1 + exp(z-rrx/l)]2 ’

where 21 is the barrier width, A"is the energy change in the
reaction (cf. Fig.2-4) and the actifation enerqgy E* }s related to
B by E* = (A+B)2/4B (=B/4 for a symmétrical barrier, viz. a=0).
Note tﬁat the form of the Eckart barriersz-is believed to be a
good approximation to the barrier shape for simple a@om/diatoﬁic
molecule processes, the potential profiles for which are usually
based on Morse funcglons. Such a barrier shape is, of course,

much more realistic than the rectangular barrier assumed by

3

Gurney” in his treatment of electron tunneling. Providing that

B > h2/8m12, the permeability function for this barrier was given
by Eckart®? as
cosh[27(a+8)] - cosh[27m(a-8)]

G(w) = (2-6)
cosh[2n(ae+B)] + cosh[276]

where o= (2mw)1/21/n, 8= [2m(w-a)]13/21/h, c=hZ/8m12, 6=1/2 [(B-
C)/C]l/2 and here W is the kinetic energy of motion of the
“p;rticle" representing the systém which strikes the barrier.
Assuming Fhat G{W) =1 for W > E*, the rate of reaction is then

derived by considering a Boltzmann distribution of proton °
energies, W, to give the r;lative number N/N, of particles
crossing the barrier: ' '

N/N, = (kT)71 G(W) exp(-Ww/kT) dw (2-7)

In subsequent work®3 using a parabolic energy barrier, the
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curvature at the saddle point was expressed in terms of a
frequenc;‘v = (WI)'I(E*/Zm)l/z: the épproximate ratio of quantum-
mechanical transfer (solely due to tunneling) to classical
transfer rate constants was found to be

| Kquant/Ke1ass = H/12 sin(u/2)] (2-8)
where u-= hv*/kT.

Using realistié values of the energy barrier width ana
height, énd for various degrees of asymmetry (e.g. overall energy
change in the reaction) with energy barriers of the forms
described above, Bel1160:63 concluded that H tﬁnneling could be
significant in some chemical proton transfer processes. The
principal experimental manifestation of H tqnneling was conclu&gg\
to be the observation of a temperature-dependent enerqgy of
activation, i.e. a deviation from the linear Arrhenius plot, and
the approach to an almost constant rate at the lowest

L}

temperatures.

64

Bawn and Ogden and Appelby and Ogden65 discussed the

contribution of proton tunneling in the proton dischafge step of
the h.e.r. along the lines of Bell's treatment referred to above.
In these early calculatlons, the particular choice of energy
barrier parameters and the neglect of dlfferences in zero-point:
energy led to high values og\lhe H/D separatlon factor” r S, (ca.

70), which do not agree with the values (ca. 7-10) that have been

determined experimentally at several metals. However, Topley and

Eyring66

attributed the then known values of S primarily to zero-

*s for' the lh.e.r. from a dilute solution of "D¥" ip H,0 is given
by, S = [C(Blgas)/C(D,gas)]/[C(H, solution)/C(D,solution)].
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< Point energy -differences.

Christov has considered the role‘oﬁ pProton tunneling
Systematically in a series of gaper567'68. éoth Eckart and -
parabolic energy‘barriers wefe used in studying the Tafel
parameters and H/D separation factors, and their dependence on
barrier parameters; in particular,- the linear potential drop
across' the double-layer was considered to add, e.g., to the =~
energy ajong the Eckart barrier as. represented in Fig.2-4, and
hence lead to potential;dependent ratés.

The total current, ip, associated .with ' discharge was
divided into two components -

ip = iq + i ) (2-9)
corresponding to penetration through (iq) and passage over (ic:‘
classical) the barrier. Both types of barrier led to Tafel
behaviour over an appreciable range of potential®®, with a
parabolic barrier, the Tafel slope b was found to be greater than
the classical value (ca. 2.3 RT/0.5F) at low temperatures where
the tunneling route becomes important, and also to be independent
of temperature; the rate similarly approached a limiting valle
while the model led to nprmal Arrhenius behaviour at higher
temperatures ( above 220 - 300 K ). These deviations from
classical behaviour (at low T) were less marked when Eckart
ba;;iers were used and the‘associated rates remained temperature-
depéndent in the classical waysa.

The experiﬁental results of Post and.Hiskey69 for the rates
of thelﬁe.r.at ﬁg from ag. HC1 were used to adjust.the barrier

parameters®8, Optimized values of 24 = 0.47 and 0.165 nm were

found for the Eckart and parabolic energy barriers, respectively,
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taking a barrier héight = 1.6 x 10717 3. Christov conclhdéd that
the parabolic barrier was more satisfactory since the value of 24
= 0.165 nm agreed with the double-layer thickneés (0.175 nm)
accepted at that time; this conclusion is, however, at variance
with subsequently proposed models of the double-layer region,

e.é. of Bockris, Devanathan and Muller70. Christov's neglect of
the effects of zero-point energy differences in the initial and
activated states was‘criticized by Bockris and Matthews’:,

72 evaluated the consequences of proton transfer

Conway
occurring wholly by tunnelihg through an Eckart barrier and was
the first to take the zero-point energy differences into account;
the effect of a quantized distribution of HZO-—H+ levels was élso
examined. An H/D mass dependence of the Tafel slope b was found
when tunneling is important (cf. Fig.2-5); this behaviour was

72

shown to obtain for barrier widths of 24 = 0.05 to 0.15 nm and

the mass effect on b was proposed as a agagnostic critericon for
proton tunneling. At low and moderate overpotentials,
respecgively, classical Ohmic and Tafelian behaviour was found,
while at high overpotentials, a limiting current was approached.
A linear increase in b with ?gmpe;%tﬂre was found but @he rate of
decrease is less than that éxﬁeé@ed classically; thus a
difference i% b for H and D ( Fig.2-5 } was expected to be
experimentally detectable.

Complementary experimental studies’3+74 on %he h.e.r. at low
temperatures in alcoholic HCl solufions did not show the expected
characteristics, indicative of sighificant'tunneling. .From the

results of detailed calculations, Conway and Salomon’3+75

o5
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concluded that the rsetope effects found in the h.e.r. could be

explained satisfactorily from a consideration of zerc-point

N _ . . .

enerqgy dlfference effects. . - .

-

Bockrls and Matthews71 reexamined the role of Y tunnellng

”»

in the proton discharge process employiqg a range of temperatures

and of parameters for'an unsymmetrical Eckart barrier. A
parallel classical + quantum "mechanical route for at transfer was
treated. Calculated currents correspondlng to -0.5 to ~1.0 V

were extrapolated to 0.0 V in order to estimate exchange current .
densities in a manner like that used in the analysis of steady-
state polarization_measuremente. The Tafel slope was found to be
only a weak function of 'isotope mass and temperature, and hence
not a very sen51t1ve test for proton tunnellng. However, rather
large and improbable HT transfer distances {>ca. 0.2 nm) were
considered, in accord with the BDM’C® mogel of a water-molecule
covered eieetrode surface with hydrated cations located in the
OHP beyond this inner water dipole layer. From an adjustmentref-
'the model parameters in order to reproduce the potential-
dependence of the H/T separation factor, it was concluded that
69% of H' transfer.at -1. 0 V occurs by sub- barrler proton
tunnellng71 ‘ -
The predictions associated with various ecriteria for proton
tunneling in proton discharge, including those expected to aﬁply
at low temperatures, have not-beep observed experimentally73'75;
however, the potential-dependence of the separation facror has
been_attributed to a siqnificagp degree of proton tpnneling7l.

Examples -of tunneling in homogeneous (solid or ligu¥d phase)

proton transfer processes have been found and will be dealt with
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further in a following saction (and see Bell's monograph,lrgf.?G,

for a complete accountk)

-

(v) Non-Equilibrium Polarization Model of Proton Discharge

A substantial departure from the earlier approaches to the
treatment of the activation process in electrochemical charge-

transfer has originated from work on the mechanism 6f electron

. transfér in redox reaéfiops, boéh homogeneocus in solution and
heterogeneous at-electrodes. Early embodiments of the thgory of
such reactions took 6ver the elements of éolafoﬁ treatments of
the creation of charges in dielec;rics and thus we;e bésed on
long-range polarization efffcts in the solvent medium caused by
changes of charge og the ions of the redox system.

Such an approach has been the basis of téeatments of the
kinetics of charge—transfér in so-called outer-sphere redox
reactions” as developed .in the work df Libby4l, (R.J.) Marcus et
21,78 '
State 1is viewed as requiring the reacting ions to approach each
other, as in the treatment of Sacher and Laidler79'80, and
undergo environmental fluctuations in the solvating medium which

satisfy the energy requirements for radiationless electron

transfer to occur; an important component of this activation

. [(R.A.) Marcus43, and others42:44%, Generally the activated

"Outer-sphere"” redox reactions are those that- are net mediated
by sharing of an electron transfer facilitating ligand in .the
collision complex of the conjugate pair of redox ions. In the
electrode situation, this implies a lack of specific adsorption
of the reacting ions. Generally this has been interpreted as

. meaning that.outer-spheré reactions at electrodes are associated

with an activation process that involves only long-range
polarization fluctuations but recent evidence, e.qg. of*Wegver77,
indicates that more specifiec ion-solvent struétural interactions
are involved which, in fact, is what would be expected.

-

n~
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process is said to result from long range, non-equilibrium
polérization fluctuations. Theée coﬁstitute part of the so-
called "reorganization’ energy” which is a major component of the
activation energy. The theory of {Rug.) Marcus?3 has been
particularly successful in_the cross—correlation of homogeneous
-redox electron transfer rate constants, and has also yielded‘é
'simple‘theoreticﬁl relation between expected values of
homSgeneous and corres?onding heterogeneous rates constants for a
given reéction.

An elaborate treatmenp of proton discharge whlch stresses -
_the role of fluctuatlons in solvent polarlzatlon in the
activation process for the hJLr..has been given by Dogonadze,

——

Kuznetsov and LeviéhSI'al-(DKL); the treatment is an extension of
. the theoretical formalism for outer-sphere redox electron
transfer. reactions. Iﬁ this theory of proton discharge, th
‘motions of the electron, proton and solvent are considered in
terms of three subsYstemsal: | ‘ -

a) The electron.is corisidered as a "fast" quantum subsystem, -
relative to the time-scales of motions of the proton and solvent
dipoles. Within the electrode-surface, 2 Fermi distribution of
electron energies is assumed |

n(E) = [- exp((E-Bp)/kT)+1]71 (2-10)
corresponding to an electron energy density which is a smooth

function of E, e.qg. that for a gquasi-free electron was used. The

final state of adsorbed H was taken to constitute a local, bound

state energy level:; this-corresponds to a low surface coverage by
H and to the absence of a surface band in the electron energy

state spectrum as a result of adsorption. These conditions



correspond closely to the situation obtaining at the high’
overvoltage metals in acid solution, e.g. Hg, Pb.
- b) The proton was viewed as a slower but still (vibration-

ally) ﬁuantized‘subs}stem and considered to be strongly bound i

beth initial (H3O+) and final (MH_4 ) states; only stretching

modes normal to the surface were considered. Proton transfer as

regarded as occurring by tunneling through an energy barrier to

the metal surféce. Discrete vibrational states were éssumed for

the initial H,0-B* (v
L ’

= 2 x_lOlQ.s-l) states; the former frequency corresponds to that

expected for an isolated H3O+ ion,*e.g.. in the gas phase. Since

=5 x 1014 s71) and final adsorbed M-H (v,

‘both v; and v, * kT/h ( = 4 x 1013 s'l), Dogonadze, Kuznetsov and

Levich®l/81l conciluded that HY exis{;.only in the-ground
vibrational state in H3O+ in both initial and final states; this
important but not necessarily correct conclusion indicated; in
their discussion, the need for an éctivatioh process.other.than
the usual (see below) thermal bond stretching &ne (which may
itself-involve va;ying degrees of proton tunneling, e.qg. aé in
the treatment of 21160y which implies vibrational activatién.
This conclusion is at pariance with the considerable H3O+
vibrational bénd—broadening (e.g. see refs.82,83) which results
from strong interactions Qith solvent dipoles in the condensed
aqueous phase, as well as with the approacheg of Gurney3h

Butler?4; this point "will be returned to below.

¢) The solvent around the discharging H30+ dion was treated
as a classical subsystem and taken to cons®st of an_inner-sphere

ofﬁkolyent dipoles performing small vibrations and of outer-

—

v

=

J

f,_
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sphere solvent acting as a dielectric contlnuum, subject to
thermal fluctuatlons of polarlzatlon. This representatron is .
similar to that used\igbthe ;reatment of outer-sphere redox
reactlons in the theories of Hush42 and of Marcus?3 referred to
above.

These' three levels of processes that are involved in charge
transfer in reactions also inﬁolving atom transfer correspond to .
the tlme sc;Tes dlstlngulshah by Kornyshe v84 in his treatment of
solvation processes involving ions. ;

Two energy barriers in the process result from considereéion
of these three subsystems (electron, proton and solvent). The
actual HY transfer is considered to occur by tunneling throqgh_an
energy barrier along the proton coordinate normal to the
electrode surfaces tge assumption, that is basic in this
treatment, ﬁhat only the ‘ground vibrational states of H3O+ ad.
and of- M-H, 44 are populated led DKL to regard the activation
process as involving only long-range fluctuetions in solvent
polarizaﬁion oufside the proton source, H3O4. These fluotuations
along a multl- imensional solvent coordinate actlvate the H30

initial state gnd permit proton tunneling to an adsorbed state of

equal energy. The potential energy surfaces envisag in this

4

model for proton‘discharge are shown diagramatical y in Figqg. 2—64
The activated state is reached alongpthe splvent “coordlnate", g,
(whlle the HY coordinate is fixed -- corresponding to ground- ’
state O-H vibration ;E;HBQf) as a result of eolarization
fluctﬁations. -From this eEtivated state, proton tunneling is
considered to occur directly to the ground vibrational level of

ghads’ then relaxation of the Solvent Yields the equilibrium
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MH,34.%+ OHjp finél,g?ate (cf. Fig.2—6)z

The rate of prdéon discharge'is then written as’

1= zF.C(H30+) /n(E) P(E) B(E) d4E ' ' (2—-11)

where n(E) and (E) éré‘tﬁe Fermi distribution ;nd electron
density of states funct;ons respectively, and P(E) is a thermally
averaged transition probability. .

The Born-Oppenheimer approximation was used to express
initial- and final-state wavefunctions as a product of
electron,proton and solvent harménic oscillator. wave-functions;
pKL81 justify this assumption for—thg pfbton‘relative to the
solvent system by noting that .the relevant vibrational -

frequéncies for H30+_and MH referred to above, are ca. 3

ads’
orderg of magnitude higher than the frequencies of the solvent
‘orientat;on (librational) modes. |

~ Three kinetic regimes in the log[current] - potential (i.e.

Tafel) relation result® from the DKL theory as illustrated.in

Fig.2-7. At very low overpotentlals) so0- called "activationless

w85

discharge (Fig.2-8) is predicted with a]charge transfer

coeffiéienf a = 1. At intermediate values of the/ovzrpotentiaL,
normal Tafel behaviour is found with @ = 1/2, while at high |
oyerpotentials, so-called "barrierless" ( o = 0 ) behaviour is
seen (Fig.2-8). More detailed comparison with experimental

activation energies requires accurate estimates of the

reorganization energy which is not yet possible. °

* Not‘éthat these 1imitj.:ng'cases are not a urrique conseguence of

the way DKL treat the activation process -- they can arise in
other treatmen}i such as those based on Butler's
represeniftlon : . T
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Limiting activation behdviour along the
solvent coordinate for low {(barrierless),

moderate (narmal) and high (activationless)
overpotential.
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Modifications and extensions cof the basic DKL theorf ﬁave
been made in an effort to obtain agreement with experiment, e.qg.
the usually-found potentiai—independence of the transfer
coefficient; these matters will be considered in a following
section.
s+ » The DKL mbdel deemphasizes the molecular mechénics of the
activation of the H3O+ iéﬁ itself as an ion-in-soclution problem
and the way in which H becomes transferred'(gg. ref.24) to an
adsorption site on the electrode metal. An important deficiency
of the DKL treatments is that they domot take into account the
known manifold of lower energy "lattice modes"82 associated with
the hydrogen-bonded hydrated proton in aqueous solution, whigh
are required to account for its high partial molar heat
capacityas. The divergence of fhe DKL approach from the thermal
bond—étretching models of activation in proton discha;ge
originates from‘the view these authors take of the the
vibrational state of H3O+ (i:e. widely spaced levelé) in soiutidn
which led to the proposed alternate polarization fluctuation mode
of activation.

A general point éan also be made in regard to their view of
the- lack of vibratiocnal activation in proton transfer from H30+:
%n any reaction, even those that involve H or broton transfer, it
seems there can always be a finite probability that reaction will
occur through states corresponding to‘the high-energy side of the
Boltzmann distribution fQr the system. This is the b:;is of the
Arrhenius Law for reagt;%n rates. Sucﬁ energetic states can
always arise with thelprobability exp(-E*/RT) independently of

the coarseness or otherwise of the structure of the vibrational
¥
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levels. s we have mentioned, in solution, especially in H
.bonded, ssociated solvents, the relatively coarsely quantized
vibrational levels which “HX"}molecules.have in the gas phase
( hv= 40 kJ mol™! ) become spread into vibration-libration bands

having quite wide energies.

(vi) Developments of the DKL Model

The non-equilibrium polarization (bkL) model for the proton
discharge process has been developed or examined in a number of
theoretical and experimental investigations, particularly in
order to: a) extend the predicted region of botential exhibiting
normal Tafel behaviourSI, b) assess the agreement of the
theoretical predictions with experiment in connection with the
predicted limiting activationless and barrierless kinetic-
85

regimes®>, and c¢) determine the influence of the nature of the

proton donor and solution medium on the kinetics of uY

discharge87

- Some of these developments will be outlined in the
sections which follow.

(a)'.Potential—Dependence of the Transfer Coefficient,

' In the Marcus treatment of heterogeneous electron transfer
‘rates, harmonic fluctuation pf solvént polarization was the
basis of the activation mechanism. On such a model, it can.
easily be shown that the potantial-dependence of reaction rate
involves a quadratic term in overpotential; thus an apparently
Jpotential-dependent o arises in the Tafel slope, so that a linear
log form of the Tafel relation is not expected on the bééis of
the "harmonic" model. Various workers {( see below } have

attempted to detect the quadratic dependence of electrochemical
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reaction rates on potential but only with limited success in
often ambiguous experiments.

The effects of a number of factors on the potential-
dependenée of the transfer coefficient within the DK;Bl framework
have been examined. Kharkats and Ulstrupss, and also Dogonadze

and Kuznetsov89

considered the contribution to the transition
probability due to the participation of excited 'vibrational levelé
of the proton and the associated anharmonicity; the bulk solvent
beyond a central Hgoj ion was treated as a dielectric continuum.
By a judicious adjustment of model paraﬁeters, Kharkats et al.88

-5

obtained a linear Tafel relation (b = 0.106 V decade™l) over ca.
1Vin potential whi;h was attributed to the inclusion of
anharmonicity; the curvatures predicted using a harmonic
potential for.H30+ were concluded to arise from the particular
choice éf the intramolecular potential funﬁtion, and not as a
consequence of tﬁe notion of distinct activation and tunneliﬂg
barriers along the solvent and proton "coordinates®. 1In these
calculations, the limiting barrierless and activationless
conditions were not reached.

In a photoelectron emission investigation of electrochemical

desorption of H, a similarly linear a Tafel relation wasg obtained

by Ovchinnikov et a1.%0 by considering a linear dependence on

separation for the po?éﬁ%ial energy for the MH_,. bond. More

\ . C .
recently, Kuznetsov?! ‘has considered variations in charge on the
adsorbed H in relation to the activation process in the HY ion
discharge step; in ﬁhis calculation, these variations in charge

result from a modulation due to fluctuations in the medium

’ -
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palarization-(these same fluctuations along the ‘solvent
"coordinate" are those that activat; the discharging particle i;
the DKL theory). Tafel plots showing the usual linear behaviour
(b = 0.12 V) were found; however, for some values of the
parameters considered in a LCAO description of the adsorbed state
\(or surface molecule), a non—monoténic variatién in a?ﬁith
‘3’&otential was found?l.
These theoretical investigations on the potential-dependence
of o bring the DKL theory of proton discharge into closer.
© agreement with the usually found linear Tafel behaviour; the
inclusion of anharmonicity effects and excited vibrational levels
in the initial H30+ ( cf. above and ref.88) seeﬁs the most
ﬁromising approach which is, in fact, implicit in the earlier but
less sophisticated £reatmeﬁts48;49 based on Morse—function
calculations of the barrier for proton transfer. However, the
relatively wide spacing of vibraﬁional energy levels assumed for
the initial state (H3O+) seems at variance with the spectro-

scopic82'92'93

and thegmodynamic behaviougse'of /H30+ in excess
-water -- H3O+ is ?ot a "quantum molecule” in solution! It should
be noted that there is somé uncertainty as to fhe reason for the
applicability 6f the Tafel_‘law over such a wide range of
ovérpotentiél, even in.treatments based on a conventional thermal
bond activation process (allgwing for HY tunneling effects where
indicated). -

A potential-@ependent transfer coefficient has been reported
for thé reduction of t-ni-trobutan.eg-4 and fhe 6xidation in the
95

Cr3+/Cr2+ system””. 1In contrast,the reduction of chromium

complexes in water exhibits a potential-independent transfer
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coefficier}t96 while the h.e.r. at Hg gives a constant transfer
coefficient over ca. 9 decades of rate, i.e. over ca. 1.0 V with

a= 0.5+0.05 .

(b) Limiting Activationless and Barrierless Behaviour

The experimental demonstration of a transitidn froma =1
(activati;nless[ to a = 1/2 (normal dischargej‘is hampered by a)
the small currents which obtain at Hg at the required low
overpotentials, b) the effects of the presence of trace
quantities of depolaéizing impurities, e.g. 0,, in solution at
such low polarizations, gnd c) changes in the ¥y potentiai and
surface concentration of H3Qf ions near the potential of zero

97,98 especially when surface-active ions such as I~ are

charge
used in the suéporting electrolyte.as in Krishtalik's ﬁbrkss.
Bowden et al.gg{ in a careful experimental study of ;pe h.e.r. in
dilute acid so?ﬁtién at Hg, found linear Tafel behaviour with ¢ =
1/2 down to current densities in the nA range (V = -0.25 V RHE).
Krishtalik85,100 has reported an apparent transitign froma = 1-
to o =1/2 at V = =-0.5 V for the h.e.r. at Hggfrom, e.g. 6.0 M KI
+ 0.5 M HC1 aé. solutions. However, these results were obtglned
only over about 1.5 decades in current density and may well be
due, at least in some part, to anion adsorétion and discreteness-
of-charge effecté in these very concentrated solutions of halides
that are known to be stéongly specificaliy adsorbed. Generally,
for the h.e.r. at Hg and at other high overpote;tial metals in
agqueous acid solution, linear Tafel behaviour ( i.e., constﬁnt o )

is found over four to nine decades in current density.

The transition from normal (a¢ = 1/2) ﬁo barrierless (a = 0)

Y

{
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proton discharge has not been observed experimentally. In
experiments at very high overpotentials, Krishtalik et al.101
have reported estimates of probable limitiné_currents suggestive
of barrierless disoharge behaviour at Ag; the uncertain
1nd1catlons found in this workl0l are the result of severe
solutlon resistance losses and mass transfer-limitations which
occur in this regime of overpotential and which lead to llmltlng
currents and correspondlngly large Tafel slopes (g > 0), which
thus arise for essentially trivial reasons.

It shoulo be emphasized that linear Tafel behaviour is the
""rule", especially at Hg where a linear potential - log i
relationship holds over ca. 9 decades in curreft density ( or 1.0

V of overpotential) for the h.e.r. as mentioned above.

(c) Nature of the Medium and of the Protén Donor

- In the DKL theory of‘proton dischdrge, considerable emphaksis

was placed on the role of the solution medium i bringing the
H3O ion into a state from which proton tunnellng to an adsorbed
state of equal energy may occur. Krishtalik and
coworkers87,102,103,104 have eramined this gquestion in a series
of papers on aedium and bond—nature effects " in proton discharge.
Accordingly, apparent (at constant‘overpotential) activatron
enerdies and log[frequency factor] quantltles were evaluated from
steady-state polarization measurements for the discharge of
CH3CN-H+ and H3O in acetonitrile solution at H987'102. The
raspylts were compared w1th preyious results for discharge of

Veous H3 ( see Table 2 1 ).

-
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Table 2-1

.. Y - i :
Apparent Activation Energy and log [frequency factor] for Proton:

Discharge at Hg from Vdrious Media (after Krishtalik et al.87l

: + + +
CH3CNH /CH3CN . H3O /CH39N H3O /HZP
-1 | " )
E} p/kJ mol 18.2 18.2 21.9
log K 2.1 . 3.2 3.4

* a value of.4.g‘was cited.by Titova and Kyﬁshtaliklpz

The dlfference in E:pp values obtalned (regardless of the
discharging 1on) in CH3CN. and in H,0 was taken to indicate: a) a
strong dependence of the activation process on'the'selution
medium, and b) an independence of the nature of the bond (N-E' or
0-ﬁ+) being ruptuied; the similarity in bondlleﬁgths in the
CH3CN—H+ and H20-H+ was considered to give rise to neafIy
'ideatical solvational enbifoﬁments. However, khant%5 has pointed
out that, on the basis of'the DKL approach, significan®ly
dlfferent free energies of activation should be expected OWlng to
the dlfferent radii of the CH3CNH (0.25 nm )} and H3O‘7(0.14 nm)
ions. .

< .

This éiisicism not, withstanding, this line of inﬂeStigatipn
initilted by Krishtalik seems promising in the study of tse '
nature of the acﬁivation'process in péoton discharge. In the °~ ¥
light of the recent work of Weaver77, wherein the absoluteAEEEa{gsk

—

soluti potentlal difference was flxed by means of non-
. - isothepmal cell measurements, it would be useful to investigate,
e.g. "true" activation parameters and H* donor effects under .

coﬁgzgﬁons of constant field, rather than at constant
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overpoteﬁtial. Research along these lines is currently in

progress in this laboratory106

-

{(vii) Re}ation to Homogeneous Proton Transfer

Strong siﬂ&larities exist between proton (and electron)-
transfer to.electrode surfaces and proton transfer between .
solution.specigsi These commonalities relate principaliy to the

dependence of proton transfer rates on overall free energy
107 |

changes and to the participatioh of proton tunneling in these
related processes76, °

Brdnsted.and Pedersenld8 firsﬁ related the effectiveness of
a catalyst to its acid/base s%reﬁ%ﬁh by the relation

' . , kp = Gpx? v (2-12)

where kA'is the catélytic rate constant Tor acid catalysis, K is
the dissociétion cohitant for the acid and ¢ is the so-called
Brgnsted coeffﬁciént,_analogous to the transfer ééefficient a in
electron-transfer processes at electrodes. Gp and @ are often

-constant ‘for a series of_$t§ycturally similar catalysts and given

solvent and_temﬁérature. This relation aﬁplies to direct proton

-’ - . ‘ . -
", transfer‘rfactions of the type N L
3 ; ik g | \
.‘ ant + B = A + BBY . (2-13)
" Noting ‘that AG® = —RT ln (K) and‘taklng logarlthms,‘eqn (2 12)
can. be'zgwrltten as .': - . T PR ’
In kp = ~aAG®/RT + 1n G, . . (2-14)

This equatlon,\the so—calléd Brgnsted relaégon, was the first’

- iinear free. energyhrelatlonshlp to be-formulated and was . 7

lnterpretegggtherms ‘of potentlal energy diagrams - by Horlutl and

.Polanyl109 and by Bellllo., The 51tuat10n is §Egyn schematicallxj
- " - " ’!.

N - . . \
- - - - } ' . . - . \
. : R _ .
-
. L. r . .
B s « . . .
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. in Fig.2~9 in terms of intersecting energy curves for AH' and EB
in eqgn.(2-13). ‘In this figﬁre, curve B, is "shifted" to curve B
on account of a change in free‘energy ART ln K associated with a
change of acidity constaﬁt. This brings about a reducfion in the
free energy of activation Gf - G§.= (l-g)} ART 1n K and a
cofresponding iﬁcrease in rate in according .to eqn.(2-14) above.

The connection between the Brgnsted relation and. the
kinetics of electrochemical proton transfer was pointed out by
Brgnsted and Ross—Kanél;l and treated further by Frumkinil? ang
CcnwéyllB. Thus changes in electrode potential in the
heterogeneous case are equivalent:to_changes in acidi;y constant
in homogeneous proton transfer as.shown comparatively in Fig.(2-

9); as a consequence of a change in agpiied potential, the free
energy of activation for electrochemical proton transfer is
N

v modified acéording to _ . -

< N 88O = 4G & (1-a)AVF ©(2-15)
where AGO* is the electrochemical free energy of.activation and
(l;a) is the charge transfer symmetry factor which is usually
found  to be constant over a wide range of potential. 1In
contrast, in thé homogeneous- case, the Brgnsted coefficient is
founng to vary a?prec'iably with Alog K in a number of systemle7.

This is because, iﬁ-tﬁé electrochemical case, changes of electric
energy AVF change prigqipa%ly-thé Ferm%;level energy af 9}ectrons'.‘\
ig the metal without changing "épprec;iably the form of *

~

'moleculaq potential function .of the proton donor, e.q. H3O+, at

the"electrode interface. - On. the other hand, for homogeneous

proton tXansfer between a series of acids and bases, change e.q.

of acid ( HA ) strifq;h ( bKa ) is uéuailf associayed with a
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/7y

Compérison of a5 the effect of change of base
strength ART In K, in a homogeneous B;énsted
a.'d—base proton-transfer process in terms of
aC;lee energy profile diagramme with b} the
effect of an electrode potential change AV on
the potential-energy profile and activation
energy for a heterogeneous electrochemical

”
proton-transfer process with chemisorption.

&
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e
change'of A-H bond strength and assooiated force constant, so
that the potential profiles for the course of the reactlon ( as

1n Fig.2-9 ) also change their form as their: relatlve energy

4

level, determined by ART leog K, is changed in a serles oﬂ proton

donors.

Later, however, we show from results obtained in the course

of the present work that the entropy of activation in the h.e.r.”

is experimentally observed to vary with electrode potential, a

s;tuatlon of great interest in the klnetlcs of the h.e. I. and

other electrochemlcal atom-transfer reactions,

qu

Homogeneous proton transfer reactions may also 1nvolve "

tunnellng76 and a’ number of striking examples have been
dlscovered. Be11ll4 found the first clear evidence of proton
tunneling in a study of the Arrhenlus parameters and H/D kinetic
isotope effect in proton abstraction from 2-ethoxycarbonylcyclo-
pentanone. More recently the participation of H tunneling has
been shown in the-proton abs:raction reaction { ;CH3 + CH4JCN =
CH4-+ CH2CN ) of photochemlcally generated- methri radicals in
'the solld statellS, 116, the rate of react;on was'followed by .
monitorzng the e.s.r. spectra of the reactant "CH; and product -~
"CH2CN redicals. at 77 K, kg/kp > 28000 for,the‘reactionllG was
'found; which exceede the marimuﬁ value kH/kD = 1500 prediéEaa on
the basis of differences in zero point energies. .

The participation of protoi tﬁnneling has also been
1ndlgaJed by significant curvature in Arrhenius plots, e.g. in

the 1somerlzatlon of 2 4, 6 tr1 t~- butylphenyl117 which involves
é

&)

the intramolecular transfer of an H atom; the H/D kinetic isotope

~\ N »

=
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effect ( ky/kp = 13000 at 123 K ) further indicated the presence

-

of tunneling in this system.

Low temperature measurements of elecn;cchemical proton N
transfer are limited by the freeéing noint of the e}ectrclyte
solutions commonly employed. Conway and Salomon's investigations
on the h.e.r. down to 163 k used CH30H and C,HZ0H. The use of
‘solid electrolytes should allow the range of tempergtures
accessible to study to be extended, %}thouéh mass transport and
eiectrolyte conductivity effects may be limiting. Stimming and
Schmic}cler118 have recently used solid HC104°5.5H50 a£
temperatures down to 123 K in an exploratory voltammetric study
of surface pfocesses and of the FejT"/Fe2+ redox couple at Pt;:
diffusion coefficients and exchange current densitiee for.the
redox reecticns were‘depermined as a function of temperature.
This work and a subsequent investigat:ion119 on the‘rue.r. from
this frozen eiectrclyte demonstrate the feasibility of direct
low-temperatare electrochemical investigations, e. g. of the role

of pratoen tunneling in proton discharge.

(viii) The-Symmetry Factor B

~

Rl

The significance of the syhmetry factcf}g » derived from the :
éefel slopes for electron-transfer reactions has been discussed
in terms of the effect of changestgelectrode potential in the
,nariqué theories of electron tranefer35'120._ It is necessary to

distinguish the "symmétry féctor" (g) from the ”transfer

-~ ]

coefficient“ {a). B refers to’ the potential dependence of the'{. s
‘rate of an elech§n~tzansfer step (elementary reaction) while « .

applies to the potential- dependence of ‘the rate of the overall
N9 -
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-

- reaction. Thus o derived directl} from the Tafel reiation may
result from several elementary-steps, e.g. involving the
potentialfdependenCe bg coverage by any'adaorbed.intermeaiates
involved in Fhéj;eaction sequence -- see eqﬁs.(l—s), (1-7) in the
overall reacéion., In SOme‘cases} the'electroh transfer’ step may
be rateQdeteémining, e.g. for :he h.e.r. at Hg, and hence o = 8.
.General expressions for o for the h.e.r. when a single.step in
the overa&l reactioa/ds'clearly rate-determining havé‘been given
in the literatures'16 and were discussed .in a_previous sectlon.
In the context of activated complex theory, changes in

applied potential are'considered as modifying the electrochemical
free energy of activation according to |

: i  AB%F = 4G%* - gyF (2-16)
where 8 #s a barrier symmetry factor and V is the metal- solutlon

potentlal difference. A_sjimple 1nterpretatlon2 of the

51gn1f1cance of 8 can/be given by manipulating the energy profile
*diagram shown s ematlcally in Fig.2-10. The applied potential
shifts the init ai state energy curve for M + HY + o~ (Fig.2-10)
by arf amount VF; is re§ults in a change (1-B)VF in the relative
eneréy of the tranaitioB:Ltate and in.a change BVF in the
activation energy for the forward reaction. For symmetrical
eneroy curves which are approximately liaear in the region- of

" intersection and have similar’ SIOpes, it is obvious ,from Fig.2- 10
that 8 = 0.5 for appreciable cha‘%es in V. Such a relation
between activagiOn energy and the energetiés of the ov rall

reaction is analogous to the Brénsted108 relatlon, e.g.'for

homogeneous proton transfer.- Slnce/the effect of potential 1s

prlmarlly to change the Fermi level/of electrons inTthe metal by

P
-
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~ L
eV, leaving the form of the energy surface essentlally unchanged
such "llnear free energy relationships” for electrode. processes
"are often llnear over wide ranges of change of energy
(potential). oOf J;urse, this energy profile representation is an
oversimplification since the course of activation in a charge-
transfer pProcess involves fluctuations in the reacting ion's
solvation ehell, in additicn to the physical transfer of an atcm
down a single- coordinate as in Cl, evolution or in the h.e.r.;
for the proten transfer, proton tunneling76 must;also be

considered, as was mentioned earlier.

In ionic redox process which do not invelve atom transfer,

Hush4%2:121 has 1dent1f1ed BA\with the fractlonal charge ’
transferred in formlng the gctivated complex. Symmetrical
heterogeneous redox reactions, e.qg., fe(CN)g'/Fe(CN)g",_then
should have B = 0.5, in the absence of differences in specificb
adsorption of the ions of the conjugate redox pairlzz. This
repreéentation a;so gives an indication of the relative
electrical and structural similarity of the activated state with
respect to initial and product states. B may also be taken as a
measuresof18 of Ehe.“aistance" along the reaction coordinate at
which the activated complex occurs ‘and hence as the fraction of
the potent1al difference across the Helmholtz layer through which
the electron ch rge is’ transferred to the actlvated state.
_Conway123 has podinted out that 1f botn‘fractlonal charge transfer
:and the loval fleld at. the ‘activated complex are considered

'Slmultaneously, then' B= 0. 25 would result ( a\conclusion - )

1nconsrstent with experlment L\;ssumlng near;y-symmetrical .
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behaviour in both cases; this was taken to imply that electron
transfer occurs by electron tunn;iing, as proposed by Gurney3 to
© a suitably activated reacting particle.

In the present work, the form and temperature-dependence of

for.the h.e.r. at Hg will be considered in the light of true

activation parameters.

~
(ix) Synppsis of Remaining Problems with the H.E.R.

The following problems’ remain incompletely or unsolved:

S .

a) a clear indication of proton tunneling in the rue.n.;ati
» . -
some metals. This requires work at temperatures lower than those

hitherto reached, with evaluation of the Arrhenius plots and H/D

isotope effects dqwn to sﬁéh"temperatures; ) "
b) the mechanism of activation in the h.e.r. -- "bond

stretching” or H30+ solvation shell reorganizatioh;

c) evaluatioQ~gf the entropy of activation as a fun&éion of

electrode potential and hence the temperature dependence of Tafel

-

"slopes:

d) clearer evaluation of the effect of_varying proton
source and prdton-acceptor soivenf on the kinetics of the proton
discharge stépﬂ in the h.e.r.; and

e) evalu;tion of the béhaviour of overpotential—aeposited H
" species that are kinetiéally—invélbed intermediates in steps ef
the- h.e.r. at appreciabie faradaic éurrénts.

‘ Several of the above topics are the sdbjéct of the work

‘described in this thesis. Others, 4) angd e), are also under

investigation in this laboratory by various co-workers.

S
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2. Temperature Dependence of the Tafel Slope, b

1Y

The temperature—dependencé of the Tafel slope, b, is
intimately connected with the origin and nature of the effect of
potential on electron ‘transfer rates at electroées and, in the ,
particular case of the h.e.r., with the molecular asp;Ets of”
coupled electron and atom transfer. We ﬁénce consider this
important questio? in éome deta%l in this seétios, as i? will
have a bearing on the discussion of some of the results to be
given later.

The potenfial-dependence of the rates of many elecfro—
chemical electron transfer }eactions is adequétely described by
the Tafel relation (éqﬁ.l;4); the so-called mafel slope, b, is
conventionally written as

b = 2.3RT/0F _ (2-17)
where a is the transfer coefficient ( = B in some cases) and the
other symbols have their usual siggéggcance¥ Such an expression
for b occurs implicitly in the widely used Butler-Volmer24{25
equation for the rate of an electrochemical charge transfer
reaction. ‘The representation of the Tafel slope-as RT/oF arises
from thé supposition that some fra;tion, a (ca. 0.5),‘g§”the
applaed overpotential sgrveéqzo modify.the free energy of
activafioﬁ AC* which appears in an Arrhenius expréssiog for the
elect:ochémical rate constaﬁt. In particular, soﬁe fraction of
the applied potential has usually been assumed to modifj tpé
enthalpy or energy of‘activatioﬂ'fo; the procegs through a
" change of the ' Fermi level &f elethohs’iﬁﬁEhe'mgtal by +AVE; the

- entropy of activation has beeg_assuméa'implicitly to be

independent of eslectrode potential120 but veryllittle;disddssign

* g -

%
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on the significance and behaviour of the enrrogz of activation of
electrode reactions is to be found in the electrochemicél
literature, except recently (ref.77).

The widely adopted form of b given above in@icates.that for

a sen51bly constant, b should be proporticnal to temperature.

However, follow1ng the early work of Stoutl?4 on the- anodlc
decomposition of azide ion, it has been found experlmental;y thar
b is rarely.repre ented with resoecr‘to its temperature-
dependence byﬂﬂﬁfc%mmonly assumed relation shown above. In
particular, b 15 offen found to’ be lndependent of temperature or

to contain a temperaiure 1ndependent component, implying

temperature-depen

ce of the symmetry factor (or transfer

coefficient) ipdelf.
Since v;riation of the energy of activation with.potential,

as referred to above, .can lead to only a classical linear

‘.-varietion of b with T through the Boltzmann factor expl+gpVF/RT],

i

it is cleaxr that‘thereteni‘ists a mla’jor hiaj;us-j:n the fqndgmenta,l
understabdihg of the mechanism and molecuffar mechanics of the
process oﬁ actlvatlon in electron and atom trensfer in electrode
processes. Thus, the problem of the temperature dependence of
the Tafel slope74 123 is central to an understanﬁ;ng of the
effects of potential on the rates and megbanism-of écéivation in
eieotron transfer reactions. c

-Relatively few detailed investigationsbof bhe temperéture—
depemdenoe of b;heve,been madeg 'Bociris endAParsons48‘125 and
subsequently Conway, MacKinnom and Ti].;ak-M examined!the variation

-

of b over a wide range‘%f”tempera_ture. A full crltlcal review of

P ) 9\
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defails and exdmpies of this problem has_been-given recently by
Conway123. _ : _ T
Bockris and Pars.ons‘“;'l.‘?‘5 end Bockris, Parsons and

Rosenberglz.6 found an—“unconventional",temperature—dependehce»of
b in thelne.r.a; Hg in methanolic EC1l between.EE;Z?G aﬁd 303
.K: at lower temperatﬁ}es, b apparently veried in the conventional
way with T, although the derived values of B showed some scatter.

' Consideraﬁioh of this and of more recent WOrki3'iﬁdicates
" that the "unconventional® dependence does.ggg arisé.from - B
incidental imﬁﬂgity effedts. Bockris and Parsqns48 suggested
that the temperature-dependence of b for the h.e.r. at Hg could.
result from an expansion of the '!ner'regibn of the double-layer
with temperature, althouqh this effect was found to be of .
1nsuff1c1ent magnitude to account for the "unconventional®
experimental behaviour. They 3§So noted that, formally,.for b to °
be independent ef T, the entropy of activation, 48*, should be a '.’
function of electrode potential, but this point wes not pursued
further until the study of Conway, MacKinnon and Tilak74, who
examined this matter quantltatlvely 3nd suggested theoretical
_Yeasons for the orlgln of such an effect on as¥.

Post and Hlskey69 vnvestigated the h.e.r. at Hg 1n aq: HC

over the teqsgrature range 270 ~ 360 K and found an a
unconventlenal" temperature-dependence of b; their b values are
shown in Fig.2-11 along with the cpnventional.b (=2.3RT/0.5F).
The resultsiof'Conway, MacKinnon and Tilak’? for thé h.e.r. at Hg
in methanolic HC1 over the -range 180 - 335 Fare also shown'in .
'Fig.2-ll; it is evident froﬁ this plot that eqn.(2-17) for b as

£{T) does not epply. The teﬁperature—dependence of b is better
. .

2
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represented by an empirical equation of the form’4

b = 2.3RT/B'F + K (2-18)

-

where g' is the symmetry factor which is derived from the’

derivative of b w.r.t. T .
db/4T = 2.3R/ gF (2-19a)
g = (2,.3R/F) / (db/d4dT) (2=19b)

rather than from a given single value of b at a particular
temperature, assuming the conventional form of b, eqn.{(2-17).
Note that for the h.e.r. at Hg from acidic solutions, the proton
discharge step is generally céonsidered to be rate-determining
(but see Horiuti et al., ref.127) so that « = R .

As a conseqﬁence of the iinear dependence .of b on T shown in
Fig.2-11, B' is a constant with T but may differ s:.gnlflcantly
from the conventlonal g = 0.5+0.05 usually obtained using eqn {(2-
17) at T near 29A K. It would appear then that for the h.e.r.,

it is incorrect to evaluate a temperature-independent 8 from

egn.(2-17} at some particular temperature T since, in fact,
eqn.(2-17) does not adequately represent the férm of b with T.
Conway123 has called attention to the remarkable coinéidencg tﬁat
' B evaluated from eagn.(2-17) at "room temperature", ca. 298 K,
turns out to be very near the conventional value of 0.5 .
Yeagerl,z8 has emphasized a similar point in discussing
experimental results for O, reduction at Pt in HyPO, over a wide
temperature range. If B is considered to be temperature-
depgndent,'then the relation between g and 3' from egns.(2-17)
and (2—18).is

B = B[ 1+ BKF/RT ] (2-20)
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sc that é is ap?arently-temperature-dependent.ﬂ An increase in B,
with temperatﬁre, evaluéted’according to egn.(2-17), has been
Eoted in earlier work.

In a followin; chaéter of the present thesis, an alternate

expression for the tempefature-dependence of hh will be deduced

from an analysis of the experimental activation parameters for

. the h.e.r. at Hg in acidic media. ] - T

A temperature-independent b was reported by stoutt24 for the
anodic evolution of N, from the discharge of azide ion.at Pt in
agueous solutions; this corresponds to & b;ing-apparently linear
in T. Qualitatively, this caée may be expected to differ fnom
that for the h.e.r. since here the detailed mechanism and N3
radical participation or other adsorbed intermediates is not
known; alternatively, the azide oxidation may be viewed as a
limiting case of the empirical relation in eqn.(2-18) where K >>
é.BRT/BTZ Although very little is known about the surface
electrochehistry in azide discharge, this reac;ion-probably

occurs on a Pt surface covered or partially covéred by surface OH

or O species (see ref.l29}); this is the situation in anodic
129

halogen evolution and in carboxylate anionl30 discharge from
agqueous solutioms. The state of the Pt surface itself will be
temperature-dependentl31 and hence complicate the identification
of a single reason for the indepen;ence of b on temperature.
Conway, MacKinnon and Tilak’4 reported a temperature-
independent Tafel slope for the anodic Br, evolution reaction at
C in’'CH4CN; it was concluded that in this relatiyely unstructured

solvent, the "unconventional" temperature-dependence of b cannot

be attributed to changes in the structural factort32 in the
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sotvation of the rgactanf ion. A possible contribution to the
entropy of activation from potential- and temperature-dependent
solvent ordientation in the inner region of the double-lagbr was
suggested in ref.74; this question was examined in terms of tﬁe
BDM70.2-state moael of solvent dipole orientation in the double-
'layer..

133

"Appleby and later Yeager et‘al.128 have found b to be

constant (with tempe;atu:e)-for 0, reduction at Pt and Os in
H3PO4 over a 220 K and a 115 K range of T, respectively. The
values of o derived from b by means of eqn.(2-17) are sh5%Wn in

Fig.2—12128; clearly o is temperaturé-dependent, corresponding to

the "unconventional” behaviour of b. This example shows that

this type of behaviour may also arise for a reduction reaction as-

well as for anodic processes where the coverage of surface oxide
,‘t

at, e.g. Pt, may be considerable. Yeager128 has stressed the

importance of the témperature—dependence of a to thel

understanding of the effect of applied potential on the rates of

electrode processes. .

3. State of the Proton iﬁ Solution
In considering the molecular mechanism and mechanics of
discharge of B from aqueous acid seclutions, it is obvious that

the state of the reactant proton in solution is a matter of major

importance.

(1) Solvation Energetics and its Relevance to =

'the'Topics Treated in (1) Above

The initial-state energy curve for B' discharge in relation
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' Oz-reduction at Pt in H3PO4 (ref.128).
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to the Brgnsted relation should b%,FShifted" by changes in proton
solvation ener%y, as well as by changes in energy of the electrcon

through changes in electric potential. Accordingly, changes in -

-

the state of splvation of the ?roton change the free energy of

activation'by o times the fr%b energy change of the initial
: w
state; this might be expected to give rise to large differences

in rates of proton discharge {and hence for the h.e.r.).
However, Krishtalik134 has shown that hydrogen ovenpbtentials in
a number of non-agueous’ solutions -differ very little, and-that no

simple guantitative relation exists between these values and the

corresponding proton solvation energies in these media. This

situation is peculiar to electrochemical Brgnsted relations and .
]

is due tc an exactly egquivalent but opposite change of the metal-

solution potential difference at the reversible potential with
changes in solvation energy of the reacting ion; since
electrochemical kinetic measurements are usually compared at
constant coverpotential, these two effects change the free energy
of activation to equal but opposite extents and so no net primary
effect is expected according to the Brdgnsted relationi®8, 1n
practice, howeye;, some changes in free energy of activation can
occur due to changes in the energy surface or transition state
other than those predicted by Brdnsted effects based on shifting
initial-state enefgy curves "up" or "down" on the energy scale.
It is of some interest to cdﬁpare the rates of
electrochemical reactions-ét constant metal-solution potential
difference, and, e.g. vary a) the proton source, b) the solvent,

or c¢) the temperature.

a) The work of Xrishtalik87 on the rates. of the h.e.r. from
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H3O+ or CH3CNH+ in CH3;CN suggests an épproach for varying the
proton source while keeping #y. g constant: thus kinetic

measurements can be made for various proton donors J[in a. given

solvent) and comparéd with respect™to a reference electrode‘which‘
is reversible to, say, the anion of the acid, or to an ion of ﬁ
supporting elect;olyte; Provided that the proton donors are -x -
chosen so as to leave the reference electrode potential-
essentially unchanged (i.e., there are only minor effects of
these modifications on the activity coefficients, as with éhe use
of a supporting electrolyte)}, then to a good "ch&mical“
approximétiong ;M—s at the working electrode may be taken as
constant. Unter these conditions, a comparison d? the proteon
discharge kinetics will reflect changes due to éhg specific
solvational state of H'. A kinetic investigation employing this
approach in the study of the h.e.r. from series of N-alkyl
ammonium salts is currently in progress in this 1aboratory106.

b) Cbnsiderably more uncertainty arises in attempting to fix
¢M_S_whi1e changing the solvent. Here a reference electrode
which is reversible to some ion other than the proton source is

required and in addition, éR_ for this reference electrode must
M-S

be independent of the solvent used (or at least amenable to a

suitably accurate solvation energy correction, e.g. based on
solvent dielectric constant). The drastic change in medium
effect on éM—S resulting from a change of soclvent makes this
approach rather unreliable for use in electrochemical kinetic
studies: | |

c) The question of practically fixing ¢M-S while varying the
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temperature has been addressed by Wweaver’! and will be considered

in some detail in a following section of this thesis.

(ii) Existence of §3g+

Thé H3O+ ion is indicated as the possible cationic species
in aqueous solutions of strong acids; the "chemical” existence of
free HY (a sub-atomic particle) in water ié extremely unlikely83.
Earl;-evidence for the exisﬁenée of a specific oxonium species
arose from Goldschmidt's workl3> o acid—catalyéed
esterifications, and from Bagster é -Cooling.'s136 investigations
cof the conductivitieé of solutions of HB:‘in’SOz'with the
addition of smgl%hamounts of H,O.

More direct evidence for gge existence of H30+ has- been
obtained from proton n.m.r. studies on the monohydqﬁtes of strong
acids (e.g. HyS50,, Hﬁ03, HC1 and HC1O,4) by—Richardsﬁand smithi37
and by Kakiuchi et a1.138,  tne line shapes in solid state proton
n.m.r. of the monohydrates depend on the-geometrical arraﬁgement
‘of the interacting nucleilBg; the observéd three-band spec;rum is

137,138

-consistent only with a trigonal pyramidal structure, H3O+,

analogous to NH3. CF3S50;H.H;0 has been shownl?l to be a similar
salt: H3O+CF3SOE. The structures of these acid monohydrates

-~

have, in some cases, also been determined by X-rayl41'l42'l43 and
neutron diffractionl44: the'expectﬁﬁ, nearly trigonal, (Csy,)
pyramidal geometry-of H3O+ was'confirmed. |

Mass spectrometry haé been used in the study of H3O+'and of
higher complexes of H* with two, three, four or more water

moleculest?® in the gas phase. The work of Kebarle and

Godbolel4® showed the presence of hydrated protons up to
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H4(H20)5’ the most abundent ion is H30+ and Hboz is apﬁarently
not.significantl§ more stable than-the othew species. The
enthalpies of successiﬁe stgges of prdton Hydration gnd the
kxnetics of complex formation can also Seen studied by this
ﬁethod. .
! In the liquid agqueous pbase,_early investigations ﬁailed to
yield an observable characteristic vibrational spectrum fon¢H30+
ionsl47; this was attributed to the supposed short lifetime of.
H30+ associated with the "anomalous™ mobility exhibited by the
;pédton in aqﬁeous solution. However, Conwa&, Bockris and

148

Linton made kinetic calculations on the mechanism of proton

mobility and predicted a significant lifetime for the H3O+ ion.
82

Falk and Giguere succeeded in characterizing the H3O+ and

corresponding D3Of.species by i.r. spectroscopy in concentrated
agueous solutions of strong acids; baﬁds were observed
corresponding to those which had been assigned previously to H3O+
in crystalline "acid hydrates". Thus the chemical existence of
H30+ in aqueous solutions is well established.

Sherman149

calculated the proton affinity of water, P(H,0),
associated with the reaction

H,0 + HY = H,0" + P(H,0) (2-20)

2 3 2
by means of energy cycles for oxonium and ammonium perchlorate,
taking the crystal lattice energy of these two isomorphous salts
to be equal; a value of P(H,0) = 761 kJ mol~!l was found, which
was revised, in the light of more modern thermodynamic data, to
)

-

786 kJ mol~?t by Sokolovli®0,  The related standard free energy

changelSl for the gas phase protonation of H50 is =677 kJ mol~l.
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The proteon affinity of Hzolso-and thg best estimates for the
entharsgiogfhfaraﬁion of t@e protonlsz indic;te'a hydration
erergy of H3Of in excess watefiéf -355 to —339 kJ‘mol'l;-the
nature of this residual hydration of H30+'in water has been

considered with regard to hydrogen bonding and .formation of the
86,153 +
H904.

H-bonded complex This species is one oflséveral
stablelgas phase species studied by.mass spéctrometry“s’146 and
is consistent w}th éstimates of the primary coordination
numbert34 of H3O+. The large partial molar heat capacity pf H;q
apd its.tempe:ature-dependence can only be explained according to
Ackerma;m86 in terms of the complex hydrated ioq,_Hgoj, and not
by the stfuctdre H3O+ alone. The céﬁfigﬁfation around the H3O+
ion is envisaged as an almost £etrahedral Hgoz primary solvation
shell as shown in Fig.2-13; as a result of this configuration:
rapid exchahge of H* can occur between the central H3O+ and the-
three H-bonded H,0 molecules, yielding a kind of delocalization
of HY on a somewiuat lenger time scale than that for an OH
vibrationl5l;

The nature of Hgoz'in excess water and of the additional

coordinated water molecule (Fig.2-13) det ine the molecular

mechanics of processes such as "

lous" protion conduction and

electrochemical proton discharga.

(iv) Overall Solvation of H

From the foregoing discussion, it will be seen that three
stageé'in proton.hydration can be identified: a) protonation of

an H,0 molecule in the gas phase to form a stable molecule ion,



Fig.2-13

Coﬁfiguration of the'HBOZ ion with extra

statically bound E,O molecule.

electro-



74

~ .

H30+, b) the specific hydration of H30+;.eag. with three H,0
molecules giving the labile H—bondeq_ﬁgoz cdmplex, and ¢) the

[

further hydration of this charged domplex associated with'ldngj

range dielectric polarization.- . . Corve

-
t

For absoiute heats of solvétion.of-the HY ion to be dgrived
from experimental data, séme extra-thermoaynaﬁic principle for
division of the observed enthalpy of solution_ for a :salt must be
introduced. A critical review of such procedures which are
based, e.g. on consideration of inner-sphere ion—dipole‘a d ion-
quadrupole_interaétions in addition to a Born~type solven
polarization, 'has been given by Conwaylss. ‘Lister, Nybyrg and
Poyntzls”6 give a value for the absolute heat of hydration of ﬁf
as =-1096 kJ mol—l, using the extrapolation procedure of Hal;iwall
and Nyburg157 for doubly charged compléx ions. Combining this
result with the value for the absolute entropy of H+,'aerived
from its individual partial molar éntropy in aQueoﬁs solution,
gives the free energy of hydration of the proton as -1079%29 kJ mol';.

The strongly hydroéen bonded state of H3O+ iq excess water
. i$ reflected in broad bands in the vibrational_spectrum,‘and ther
above-mentioned large and clefsical heat capacity{ thié.may be
expected to influence the nature of the a;tivation and molecular

mechanics in electrochemical proton discharge as will be

discussed later.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

1.+ Choice of Methods

a) 1In the evaluation of heats of activation and frequéncy-
factor data for the h.e.r. and d.e.r. steady-state current-
density vs overpotential information was reqguired.over a rahge of
temperatures. A computer-controlled steady~state measurement
procedure was used in that part of the work.

b) In corresponding evaluations of the kinetic behaviour of
adsorbed H and D ionization, linear-potential-sweep experiments
were conducted over a wide range of sweep-rates (s) to evaiuate
the reversibility parameterlss, Sor With corrections for the

.~

uncompensated resistance effect (see below)} at hiéh's values. )
¢} Computer-controlled experimentation and data—colleﬁtion
procedures were used where appropriate and the requiéite data -
handling and reduction softﬁare dgveloped. And .
d) A new method of data acguisition and proce551ng for

open- c1rcu1t potentlal decay measurements was developed w1th Bai

and leads to information on.the adsorption pseudocapacitance and

coverage behaviour of the kinetically significant intermediates -

=

in the h.e.r.

2. Cheoice of Systems

The monohydrate of CF3SO3§ provides a source of protons in
the unhydrated H3O+ state, from which the proton discharge
#eaction can be studied. Dilute (1 M) aqueous CFSO3H in which
the proton exists as the extensively hydrated “HQOZ" species (cf.

ref.86) was used in the comparative study of the role of. the



76.
e
state of the proton sdurce in the” kinetics af the h.e.r. and of
.the ionization of adsorbed H at Pt. The thermal stablllty of the
anlon, as well as its inactivity as a Tedox reagent, fac111tates
the purlfcatlon of ‘the CF3803H by distillati®n. The relatively
inert salts of CF3S03H are inZreasingly replacing the correspond-.
ing perchlorates, especially in studies in non—aqueaus solvents, .,

since the latter salts .can cause the viclent oxidation of these

solvents.

The h.e.r.- was atudied comparatively at Pt, where the

/ .

electrochemica;/aesorpti?n of H is usually the rate—-determining
" step, and at Hg;-whe;e the coupled ;lectron/atom transfer step.is -
.. generally believed to be rate—détermining. The anodic desorption
of under-potentiaily deposited H at Pt prpvided an opportunity to
study directly an elementary reaction inaalving electron transfer‘
with single atom Eraaafer. ‘Hydrogen evolutlon at Ni was also of
interest due to the poss:.ble formation of an hydrlde phase in the

electrode'surface, which has been indicated at cathodic

potentials in a number of electrolytes.

3. Preparation of Reagents and Solutions

) Experzments were conducted in 1 M aqueous CF3SO3H and in the'
'1on1c liquid monohydrate of CF3503H, made up in pyrodlstllledl59
oxr trlply distilled water. H/D klnetlc isotope effects were also
evaluated using CF3SO3D in redistilled D20 (99.8% from Atomic
Eﬂérgy of Canada Ltd) The D,0- is very free from impurities
owing to its method of produbﬁ@on from repetitive elactrolysis
and re-synthesis bf waterlfrom H2/HD/D2 by combustion in oxXygen,

¥
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(1) CF3S03H;0% and 1M ag. CF3503H

Ihe CF3S0,3H used in the preparation of the monchydrate was
distilled at atmospheric prégsure (b.p. 435 K) in a N, stream.
After adq;tidn of a stoichiometric quantity of'HZO, the CF3S03
H3O+ forgéd was twice distilled in an all-glass apparatus at
‘reducéd'pressure (b.p. 355 K, P < 130 Pa) and collected in Pyrex
- collection ampoules which were immédiate;y sealed uhder vacuum
for subsequent use in the runs.

Aqueous solutions, 1 M in the trifluoromethanesulfonic acid,
were made up from thé "monchydrate®” in pyrodistilled water. In

these 'solutions, thé'p;oton exists in the normal, fully aquated

state that has been represented as "H90+“.“

(ii) CP3S03D30" and 1M CF3S0,D (in D,0)
- Trifluoromethanesulfonic anhydride was Prepared by
dehydration of the acid with "P,0g" and redistilled with a
further small quantity of "Py0g". CFBSO§D3O+ was prepared from
the acid anyhydride by reaction with the required stoichiometric
amount-of;Dzo. It was then purified twice by vacuum distillation
as described above for CF3SO§H3O+. 1 M CF,§03D in D,0 was made

up from this material by addition of the required quantity of

redistilled D,0.

*

(iii) ‘cr35'80;8 and crysl8o3m,0*
Partially labelled CF351803H was prepared by reaction of

trifluorométhanesulfonic anhydride (prepared as above} with a

- stoichiometric amount.of.Hzlsou(MSD Isotopes, Merck Frosst Canada

Inc.). The isotopic composition of the product was verified by

mass-spectrometry and confirmed by Raman spectroscopy.
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The correspondng 18O-—'labelléd monohydrate was prepared
immediately pfior to its use by reaction of the 180-1abelled acid
wigh an equimolar quantity of isotopically normal water.

The 180-labelled acid and moﬁohydrate so prepared were used
without further purification in studies to elucidate the nature

of the counter-electrode (anode) reaction in the monchydrate

"melt".

(iv) <Gases

Electrolytic grade hydrogen gas was passed through a
conveptional purification train consisting of a dryinglagent,
moleéular sieve, an oven containing Cu turnings and palladized
asbestos at 623 K, and charcoal traps maintained at ligquid
nitrogen temperature. Deuterium gas was freed ffom oxygen and
other contaminants in a smaller but otherwise similar gas train
to that used for hydrogen. H, and D, gas were bubbled in the
working and reference electrode compartments during steady-state
polarization experiments.

Nitrogen gas was treated as ab;ve, except that only Cu
turnings were used in the heated oven. A bright metallic state

of the Cu turnings was maintained by periodic regeneration of the

Cu by passage of H, through the oven.

4. Electrodes

(i) Reference Electrodes

A platinized Pt hydrogen reference electrode (REE) in the
same solution as that under stud? was emplcoyed. In the

polarization measurements, the entire electrochemical cell,

‘-""—\
p
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including the reference electrode, was maintained at each

o

temperature of interest. This is of importance for the
subsequent discussion of the results and their quantitative
interpretation. Non-isothermal cell reference eiectrode
measurements were made in separate experiments to establish, to a
good approximation, the temperature derivative of the Hz
électrode potential (cf. ref.l160).

In some of the transient measurements, a Pt probe reference
electrode was also provided within the working electrode
compartment; its potential with respect to the RHE could be e
monitored. This probe must be used lnstead of, or in conjunction
{using a capacitative shunt)/;;;h, the RHE in order to-avoid

errors due to reference-circufgximgggaace at high frequencies or

Sweep-rates in potentiodynamic experimepts.

{ii) Pt Electrodes -

Pt electrodes were made from olycrystalline drawn Pt wire
electrodes {(Johnson Matthey, high purity -grade) as in other
workt58, Samples of the Pt wire were degreased by refluxing in
acetone in a .Soxhlet-type extractor for 12 h and then sealed in
soft glass electrode holders. The Pt electfqdes weée then
maintained in 98% sulphuric adjd. Just prior to runs, these
electrodes were washed repetitively in pyrodistilled water.
Conditioning cycles of potential change between +0.05 and +1.2 -
1.35 V RHE were applied pPrior to the kinetié runs.

Sgall Pt disk electrodes were fabricated u51ng a diamond saw
to cut sectlons of a Pt wire previously sealed in soft glass- the

disks were then etched briefly'in aqua regia before use.

[~
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(iii) Hg Electrodes
Electrodes having a mercury surface were made by

Aamalgamation of a gold wire by electroplating with Hg. The

amalgamated surface was then dlpped in 3x distilled polarographlc
grade liquid Hg to* produce a liduid Hg film on the electrode.
These Hg film electrodes on Au always gave lower overpotentlals
for.the h.e.r. than on pure Hg.

-Experiments were conducted also on a pool electrodg of pure

liquid Hg contained in a,siliconized Pyrex cup.
’ : —
(iv) Ni Electrodes

Ni electrodes were made of 0.038 cm diameter high-purity
grade Ni wires.(Johnson Matthey & Mallory Co.). The Ni wire
samples were heated and sealed in protective glass bulbs in a
stream of purified hydrogen, as described in earlier paperslsl.
The glass bulbs were broken in situ in the cell with a suitable

negative potential applied before rupturing the bulbs.

(v} Electrode Area

Estimates of the electrode surface areas were ﬁade in order
_ﬁ? combﬁte real current.densities for use in comparing the rates
at different metals or under different condiﬁions.

The real area of the Pt electrodes was determined from the
adsorbed H ionization chargéf A fractional coverage of H species
equal to 1 was assumed to obtain at 0.0 V RHE in 0.5 M sulfuric
acid, as in previous work1®8, This coverage of under—potentially‘
deposited H corresponds to a charge of 210 pC cm™2 (ref.162).

The geometrical area of the smooth liquid Hg and Hg-film
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electrodes surfaces was used and. identical Hg pools were employed
A ]

throughout this part of the work. A consistent preparation

technique was used for the Ni electrodes and the electrochemical

rates were compared on the basis of the resulting geometrical

areas.

5. Experimental Cells and Temperature Control

The all—glass,electrochemica; cells employed were soaked
periodically in concentrated CrO3 - H;804 soluticn and then
rinsed and soaked in triply distilled water. The cells were then
stéfed filled with 98% sulfuric acid which was discarded and the
cell rinsed repeétedly and gz;ked in pyrowater before each
experiment. Just‘priof to runs in CFBSO§H3O+, the cell was dried.
'in an oven (400 K) for several hours. All auxiliary glass’
apparatus which came into contact with the test solggigﬂigwas

cleaned in the above manner. h‘fﬁ—h“

The steady-state polarization and transient experiments were
conducted in pyrex cells requiring as little aé 30 ml of
electrolyte. Separate working, Feference, and counter ;lectrode
compartments were provided; the Pt counter elect;ode was placed
directly in the working electrode compartment for the cyclic-
voltammetry measurements. This type of cell, which could be
immersgd in a temperature-controlled water bath, is shown in
Fig.3-la. |
' A counter electrode compartment, which could be inserted
inte the workiﬁg compartment through the cell top, isolated the

working electrode from the counter electrode reaction products by

means of a ground glass cénical.plug (see Fig.3-1lb).
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A similar compartment equipped with a Luggin probe was
sometimes used in place of the separate‘referénce-éiectrode
compartment shown. in Fig.3-1la, tgereby minimizing the volume of
electrolyte required and redﬁqing the reference-circuit “
impedance. The use of these insertable reference and counter
electrode compartments also allowed the resulting one-compartment
cell to be conveniently water jacketed for temperature control
purposes.

Non-isothermal reference electrode measurements were made
using the cell shown in Fig.3-2. The thermal liquia junction was
established in a 1l-em x.0.8 cm i.d. tube between water jacketed
compartments; provision was made for uéing a salt bridge in the
. region of this thermal -junction. A thermostated fluid (water orx
water/ethylene glycol) was circulated through each water jacket.

A small (4 ml) two- compartment pyrex cell for the
collection of gaseous products from a Pt anode (ca. 1 em?) into
evacuated bulbs was used in the *8o labeling work. This cell
could be immersed in a thermostated bath.

A commercially available thermostated ( + 0.05 X) water bath
was used for experiments in the range of 273.— 258 XK. An
ethylene glycol/water mixture was sometimes used as a heat
exchange fluid in order to exteﬁd the upper temperature limit to

ca. 423 K.

6. Instrumentation

The potential of the working electrode was controlled using

-

a PAR 173 potentiostat and the resulting current measured either

by means of a precision resistance box (Leeds and Northrup) in
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series with the'counter electrode or by means of a suiﬁgble
digital multimeter. ‘The potential of the wbrking elecfrode vs
the RHE was measured by means of a high-impedance electrometér
probe supplied with the potentiostat or using an auxiliary
cathede follower.

Steady-state polarization measurements were made by holding
the potential constant at selected values for gé. 10 s before
recdording the current; a computer-based data acquisition and
treatment system was developed and used as described in detail in
Chapter 4. The uncompensated solution resistance was measured by
the interrupt method (and verified by a.c. impedance in some
cases), and the obse;ved overpotentials were éorrected
accordingly. . &

A Kepco current source was ﬁsed in the open-circuit
potential decay measuréments in conjuction with a Hg-wetted reed
relay and a Nicolet 2090 {or 3090) digitai oscilloscope. A new
procedure for analyzing the decay results is described in Chapter
Iv; thé method allows the pseudocapacitance behaviour of adsorbed
intermediates to be studied, in.the presence of large steady-
state currents. h

A TACUSSEL type GSATP arbitrary function generator was

employed for producing complex potential programmes in the s_. and

o
oxide growth measurements by'cyclic-voltammetry. Dynamic IR,
compensation was used at the highest sweep-rates. The resulting
I-E profiles could be integrated numerically on a PDP 11/34 or

HP87 computer.

Raman spectra of CF3503H solutions were recorded in

capillary tubes using a Yvon-Jobin (model HG2) spectrometer and a

-
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argon ion laser. I.r. spectra were measured on a Perkin-Elmer
(model 283) spectrometer, using NaCl windows.

Some of thé positive ion mass spectra, used in the analysis
of the 180 labelling experiments, were measured on a AEI MS-902S
sinstrument. The 180 isotopic conten£ of water samples in these
experiments was measured by both positive and negative ion mass

spectroscopy on a VG-ZABy spectrometer.

7. Cohputer Procedures and Data Acquisition

During the course of the work, a number of in-house
computer-controlled experimental procedures and data acquisition
and processing techniques were developed. These will be

separately described in some detail in Chapter 4 which follows.
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CHAPTER 4

COMPUTER PROCEDURES RELATED TQO ELECTROCHEMICAL MEASUREMENTS

Early application;iof digital computers in electrochemical
surface science were concerned primarily with performing
calculations on relatively small data sets, or in numerical
simulations; subsequently, data acquisition and experiment
control systems for use in electrochemical investigations were
developed and applied in a number of areas, e.g., in studies

'using various transient techniques, in a.c. impedance work and in
Laplace transform anaiysisls3.

HUntil relatively recently,” a single computer was still
commonly used %@lcontrol most aspects of an experimental systém:
data acquisition by digital—to—analod cqnversion_(DAC), event .
triggering and timing,_data reduction and diéplay, etc. For
example, in previous work in this laboratory (see ref.164), a
,miniqpmputer was used in the application of linear potential
sweep cyclic-voltammetry to the stuay of electrochemical surface
processes at noble metal electrodes.

In recent years, it has become feasible to incorporate one
(or more) dedicated microcomputers where indiéated, into any
laboratory instrument, thereby creating a peripheral device

-capable of performing complex and exacting measurements. This

trend has given rise to a variety of new (or improved) and useful

instruments for use in electrochemical experiments, e.g.,
[

-

frequency response analysers for a.c. impedance work, fast
digitizing oscilloscopes with novel triggering features useful in

transient studies, auto-ranging digital multimeters for steady-

..
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state (or slowly varying) work, precise DAC and function
generator units, temperature regulators, etc., and aléo yielded
versatile computer periphefals, e.g., digitai plotters and Ld%ge -
capacity mass storage devices.

In the present éhapter, a description will be given of
recent computer procedures and simulation_results wﬁich were
developed in our labqratofy during the course of this work; the
techniqués involving the computer—contrdiled acguisition of

experimental data generally employed the versatile instrumental

3

N~

1. Computer Control and Data Acquisition in Steady State

components referred to above. .

Polarization (Tafel) Experiments

Useful information on the kinetics of electrode processes
may be obtained from-measurements of the steady-state current
rasulting from controlled bﬁt varied aﬁplied potential. The
general form of the associated log i vs V relation ( the so-
called Tafel plot }, and in particular, its slope, can be
diagﬁostic of the reaction meéhanism operative in the electrode
process; the extrapolated exchange current densities further
serve to characterize the kinetics of the process. Recently,
Conway et al.1®5 have combined steady-state polarization and
open-circuit potential decay results and derived'information
concerning the pseudocapacitance and surface coverage of adsorbed
‘intermediates in an electrode reaction.

In practice, the steady-state currents at a given applied
ﬁbtential may be attained gradually, or vary slowly (seconds to

hours} in time, e.g., as a result of progressive changes in the

e

f

-
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state ¢f the electrode surface through film formation, self-
inhibition, or as a result of impurities in solution. Such
behaviour yields hysteresis or memory effects a$ the‘electrode is
cycled through a series of holding potential values, as i vs V is
monitored. |

An automated data acquisition system for making steady-state
polarization measurements offers a number of advantages. First,
a large number of i-V pairs may be measured conveniently; this
permits the characteristic Tafel slopes and exchange current
densities to' be more accurately determinedl®8, This large number
of data points aiso facilitates the derivation of the
pseudocapacitance behaviour -of reaction intermediates, when
considered in conjqnction'with open-circuit potential decay data
from separate experiments (see Section 3)167, -

Secohdly, an automated data acquisition systeh lends itself
favourably to the use of a well-defined consistenp potential
holding and pote?tial changing procedure. This is especially
useful in dealing with time~éependent hvsteresis, descriged
above; as will be diséussed below, a reproducible initial surface
state may be achieved in certain cases by Sﬁitable potential
modulation, prior to the measurement of each i-V pair.

Thirdly, an automated system'facilitates the processing and
display of the experimental results, as well as the comparison of
these latter with the predicﬁions of possible physical models.

A number of the different potential programmes employed in
the present steady-state polarization work are shown in Fig.4-1.

Programmes a) or b) were used repetitively for the evaluation of

reproducibility or hysteresis behaviour; programme c)
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Fig.4-1

Potential programmes for use in
steady-state polarization measure-
ments (see the text for a detailed

deScription).
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incorpbrates & surface conditioning segment (holding at potential
E)) between successive measurements. Alternatively, two surface
iconditioning potential holding periods at E; and E, are shown in
_d): at PE, this scheme permits the'removal of.an interfering
surface species at a potential V = E;, say by the formation of a
surface oxide laye;, followed by the reduction (removal) of this
film at V = E,, before proceeding to the next i—f measurement.

In this way,.a reproducible initial surface state may be
obtained.

The measurement system also allows for the acquired i-v
data, and any associated parameters’ or derivéd quantities, to be
displayed and stored. ‘For example, tﬁe Tafel plots of V vs log i
could be displayed on a CRT or on paper durinq-éhe courée.of the
experiment; this permits various diagnostic trends (diffusion
currents, IR, gfggats, ees) which are evident from the Tafel
plots to be assesséd as the experiments proceed. A

straightforward implementation of other plotting schemes was also

possible, depending on the nature of the‘system.under.study, )

e.g., the V vs il/2 behaviour may be of particular interest in /

/

certain cases. , ' s oo
. e spairiiind

The relatively large amount of acquired a ored d was

treated numerically and displayed either graphically or in

tabular form. 1In.the present context, useful transformations

such as accounting for the back reaction in Tafel plots,

correcﬁing for the effect of'uncompensated solution resistance,

- adding a d.c. offset value to the overpotenfiéi values, and

calculating Tafel and activation parameters, could be made.
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These features were incorporated into a data acquisition
system which was assembled and used in the steady-state

pelarization measurements.

(i) Hardware

The controller conéisted of an HP87 or HPB86B labératory
coabuter equipped with 128K bytes of additional RAM, a system
monitor for use in machine language programming, serial (RS-232C)
and parallel (HP-IB / IEEE-488) interfaces, double sided double
denéity flexible disk mass storage (HP 82901&), a digital
graphics plotter (HP 7370A), a daisy-wheel printer (HP 2602A),
and plotter ané assembler software ROM's. Communicaéion between
the controller and the instruments and other peripheral devices
employed the HP-IB interface; this allowed up to fifteen devices
tc be interconnected at one time.

An HP-IB-compatible digital—to—analog converter (Kepco,
model SN488-122) was used to supply the desired potential to the
external control input of a potentiostat; this DAC gave i3 bit
feSélution over #1 V or #10 V, which corresponds to a minimum
potential increment of 0.2 mV and 2.4 mV, respectively (linearity
error + 1/2 LSB). - |

The current resulting from the applied potential was
monitored by means of anrHP;IB—coﬁpatible digi;al multimeter
{DMM) (Keithley; model 1953A); the autoranging feature allowed for
_continuous measurement over the several decades in current of
interest, thus avoiding the need for cogtrollerr or user-
implemented‘seﬁsitivity selection. In the experiments ﬁo be

w

described in the following chapter, the actual potential between
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the working and re{grence electrodes was also monitored.

The potenti&sﬁat, cathode follower and additional
instrumeﬁts used are Hescribed in the experimental section. A
block diagram of the experlmental set-up is given in Flg.4 2;
also included in thls figure is an optional ‘digital osc1lloscope,
e.g., for the determiﬁation_of the uncompefsated solution

resistance by the interrupt method, or for use in open-circuit

potential decay measurements (see following sections).

(ii) Software’ t

The time scale involved in steady-state polarization
measurements, as well as the nature of the peripheral instruments
allowed the driving program and the aésociated subroutines to be
written in high level HP BASIC programming language. However, an
assembler was also available for improving program performance,
e.g., in speeding up the decoding of large (4 or 8K _element) data
sets from digital oscilloscopes. Whenever possible, the builf—in
capabilities of the on-line measuring instruments were used,

e.g., the triggering and display cursor features of the digital
oscilloscopes, and data logging function of the DMM's.

An outline of the programme appears in Fig.4-3; the main
programme consists of a menu by meéns of which various data
;cquisition, storage, retrieval, display, and nuﬁerical_
processing taéks may be peéformed. Some effort was made to
facilitate the ongoing addition of features to the initigx
programme, i.e” new potential-step programmes, sampling
sequences, orgdata handling procedures:; in additioﬁ, advantage

could be taken of the HP calculator mode operation, during
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temporarf programme suspension, for "one-off" manipulations
involving the electrochemical cell, experimental results or
peripheral devices. ‘

(iii) Operation

The use of DMM's (sampling time ca. 200 ms) and of the
interfacing arrangement described above_resdlted in a minimum
holding time at a given potential of ca. 1 s (see below for rapid
poteptial/current decay measurements). Holding times of 10 -
30 s Qere used in the stéady-state polarization measurements.

Preliminary experimental results could optionally be
displayed graphicallyaduring’data acguisition and not stored in
memory, enabling the development of a continuous indefinite
record of, e:g., start-up ‘behaviour {(compare the use of
conventional storage oséilloscopes in the set up of fast
transient measurements, such as in cyclic-voltammetry).

In the present work, potential programmes a} and b) of
Fig.4-1 were employed in a repetitive fashion. Additional
potential programmes developed in the course of this work are
currently in use inddther experimental investigations in this

laboratory.

2. - Compensation for Solution Resistance

In ﬁany experiments in interfacial electrochemistry, the
measurement ofJZ£e relative potential drop between an electrode
‘and the solution side of the electrical double-layer is of
interest. When a net current is passed across such an interface,
a potential-sensing probe placed near the electrecde surface

measures a finite potential drop, IR,r in the solution, in

!-.“
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addiﬁion to the desired interfacial poﬁential difference. -

A unique R, may be associated with this potential drop in
solution provided a symmetrical current field'exists about the
test electrode surface, e.g., for a spherically or cylindrically
symmetrical arfangement of elec£rodes where the potential-sensing
probe introduces a negligible perturbation. This situation‘is
realizable practically through appropriate electrochemical cell
desigg, and can be represented by the equivalent circuit of
Fig.4-1l. Although the magnitude of R, can be reduced by
increasing the electrolyte conductivity, the effect of the
residual R, is still evident when large currents are passed (and
hence large IR, values arise).

The effect of the so-called uncompensated resistance, R,
may range frbm the introduction of a constant shift in the
observed potential, e.g., when I and Ru are constant, to the
introduction of a variable shift in potgggial when I or R, (or
both) vary in timé. A number of dynamic and post-factum IR,

compensation and corfection techniques have been developed in

order to overcome this commeon problem (e.g., see ref.168). b

(i) Uncompensated Solution Resistance and Steady-State

Polarization Measurements

From a knowledge of the vaiueﬁof R, (assumed constant), the

-

actual overpotential at the OHP, V, in a steady-state

polarization measurement, is given by
vV = Vobs - IRu (4-1)
where V. is the observed potential. 1In a practical way, it is

desirable that the IR, correction be small compared to Vops in
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order to obtain reliable values of V.

If Tafel behaviour obtains, tﬁen'

Vops = b log I/I, + IR, (4-2)
so that the solution potential drop across R, is shown to be more
strongly dependent on i'than the overpotential componént_which is
only logarithmic in I. Thu§ the IR, term eventually dominates
the V¢ behaviour ‘over less than one aecade in current;
nevertheless, such IR, corrections are useful in extending the
range of overpotential (or current) accessible to study.

In thé present wérk, R, was determined primérily by the
interrupt method which involves opening the current—carrying
circuit by means of a fast mercury-wetted reed relay (or other
suitable relay), and following the‘open—circuit potential decay
behaviour of the test electrode]using a suitable oscilloscope.
The potential decay across the interfacial impedance, 2

Zinterface’

in Fig.4-4 is generally rather slower (i.e. the associated decay
time tp is-larger) than that across R, which is practically
instantaneous and hence Vig = IR, can be measured directly. R,

is deduced from the slope of a Vip vs I plot which is usually
lineaé.and passes through the origin; such behaviour indicates
that a unique constant R, is épplicable.

Two principal difficulties may mitigate the determination of
Ru.by this method. First, a finite caﬁacitance, Cyr due to'the
measuring system (leads and cathode follower) effectively short-
circuits the solution side of R, to ground. This introduces
another time constant, t

% {= Rqu) which slows the decay of

potential across R, and may'dbscure the IR, component, unless tg

"> ty. bty may be reduced by minimizing R,Cys €.9., by the use of
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short shielded cabling and a suitable cathode follower.

Secondly, if the kinetics of the electrode process which
discharges the double-layer are very fast, then the associated
time constant, tg, will be very small and the.requirement that tgp
>> ty may no longer be satisfied. This intrinsic time conétant;,
coupled with the finite Qéndwidth of the measuring equipment
(including leads), may m;;é the interrupt method inapplicable in
some situations.

The interrupt technique has also been applied in this
laboratory to the linear poténtial scan case, where the potential
decay upon interruption of the sweep in the potential'region of a
surface process (oxide deposition) was measuredl®d. The
resulting R, values compared well with those deduced from a.c.
impedance measurements in the double-~layer region.

In the a.c, impedance method, R, is deduced from the overall
impedance (and its frsguency dependence) for the equivalent
circuit of Fig.4—-4. This is easily done if a potential interval
is available for which Zinterface conéists only of the double-

P
layer capacitance, since in this case, the real part of the total
complex impedance gives R, directly.

In the present_ﬁ@rk, the interrupt method wasfgmployed in
the determination of ﬁu and the Tafel relations were corretted
accordingly; a.c. impedance measurements yielded identical values
of R,. It should be noted that if formation of a thick surface
film occurs, or if the solution conductivity changes with time,

then R, will alsc vary. In addition, in transient experiments

where V is varied, 1i.e., linearly, in time, the IR, component
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will not be constént and a post-factum IR, correction will not
generélly be valid in deducing the behaviour ‘obtaining where R, =
0. Tbis problem, as well as. the possibility for dynamic r '
compensation or,corfectién, will be aiséusséd in the following

section.

(ii) Uncompensated Ohmic Drop in LPS Voltammetry and the

Derivation of s, Values For Electrode Surface Processes

It is the purpose of this section to examine the effect.of |
R, on linear potential scan (LPS) I'gg V profiles for a one- ‘:.a
electron surface process. In particular,‘the derivation oﬁ the
‘kinetically significant reversibility éarameterlss, Sor from Lgi '
results where Ru'# 0, will be considered with a view to
distinguishing spurious IR,, effects from kinetically significant
irreversibility effects that are ﬁo be quantitatively evaluated

- in such experiments. Thernéthéd was used to evaluate s data for

H ionization at Pt in 1 M aqueous CF3SO3H and in the melt CF3$03
H3O+ (see Chapter 5, Section 4).

Stonehart, Koélowska and Conﬁayl70 made the first
calqulations on the effect of the IR, drop on the form of linear
potential sweep (LPS) I vs V relationships for an electrode
surface procesé, in their case one involving oxide film
reduction, e.g., at Pt, and showed how characteristic distortions
of the I vs V profile can arise, depending on the magnitude of
R,- Later, de Tacconi, Calandra and Arvial7l considered a
similar problem and also applied their treatment to Pt surfaée

oxide reduction. IR, effects are particularly significant in the

LPS study of thick-film processes invoiving battery electrode
\ ) -
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r €.9., in the formation and reduction of PbSOy,,
PbCl, and in the oxidation of 2Zn in alkaline solutionsl?3,
More reéently, Rouillier and Lavironl’4 have treated the
problem of evaluation of surface rate constants (k) by the LPS
method of Angerstein-Kozlowska and Conway158 (which gives the

'reversibility parameterlsa, Sor Value related to i, and k) when

o
IR, drop is significant, particularly-at high sSweep-rates, s V s™1.
The latter authors recognizéd the necessity for taking into

account the IR, 'drop in LPS I vs V profiles, particularly with

respect to the correct evaluation of peak potentials, V for

p’
surface processes which are required as a function of log s in
the evaluation of s, and of the Tafel slope for the surface
process from Vp vs logls plotslSa. In their work at Pt,
Angerstein—Kozlowska‘and Conway made automatic IRu compensation,
employing the Tacuééel instrument. The IR, correction or
compensation is, of course, increasingly necessary with
increasing sweep-rate since, for a surface process, I « Cs where
C is the total capacitance (double-layer + adsorption
pseudocapacitancezo) of the electrode interface. Sweep-rates up
to 500 V s™1 were used in the s, evaluations for surface
processes at Ptlsa.

The present section is concerned with the effect of a fixed
uncoméensatéd solution resistance on thé-kinetic behaviour of
electrochemical_surface processes under LPS conditions.l In
particular, the effects of R, on thevlPS I vs V profiles, and on
the associated apparent potential and the actual potential swéep—
rate will be considered. These considerations are relevant to

the accurate evaluation of the kinetics of H discharge and
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ionization at Pt from H30+, in the CF3SOEH3O+ melt, and H;q,

CF3SO3H; treated in Chapter 5 of this thesis.

a

N
-

(a) Formulation of the Kinetic Problem

Consider the following electrochemical 2-dimensioqgl sﬁrface
. '
process subject to a linear potential scan:
- o ] _
. M + A i MA + e _ (4-3)
1-9 c k-1 8
wheré 8 is the fractional coverage of the surface by an adsorbed
spéciés A, c, is the concentration of AT in the outer-Helmholtz
plane (OHP), and the fractional surface concentrétfon of metal
sites, M, is represented by the quantity (1-8).

In the absence of mass-transport limitations and of diffuse

double~layer effects, the net current density for reaction (4-3)
is givgnlsa’21 by ; |

I(t) = Q d8/dt = Qk [(1-8)exp(V/b) - 8 exp(-V/b)] (4-4)
where V is thé potential referred to that for whic¢h 6 = 1/2,
b = RT/BF.orIRT/(l-B)F,'i.e., when B, the charge-transfer _

symmetry factor is 1/2, and Q is the charge required'for

formation or desorption of a monolayer of A on M in'reaction (4-3).

At any instant in a LPS experiment, the potential driving

reaction (4-3) is given by

Vit} (Vg + st) - R,I(t) {4-5a)

= (Vg + st) - Ry0(d8/at) - (4-5b)

where s is the applied sweep-rate and R, is the uncompensated -

solution resistance. Taking egns:(4-5a,b) into account, the net

current in egn.(4-4) becomes

in 1 M

\
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I(t) = Qa6/at = ok [ _(1-8)expl(V, + st - R _Qd8/at)/b]
| - 8expl-(v, + st - R,0d8/dt)/b] ] - (4-6)
The variable difference in the a EEarent electrode potential
(Vg + st) compared with that actually obtaining at the OHP (viz,
Vo * st - R I(t)), die to the influence of IR, drop, resulfs 1n a

time-dependent actual potential sweep rates .

av(t)/at = s - RAI(t)/dt (4-7a)

s -”éagaze/dt2 (4-7b)
In the limit R, > 0, ;he co;stant formal sweep rate, s, ie

of coufse recovered. It should be noted that the .actual and

formal sweep rates also become-equal when dze/dt2 = 0, that is,

at the maximum in the I vs t (or I ws Vapparent’

profile. The "
guantity dze/dt2 can be obtained by conventional operations on
- | %
egn. (4-6): o
a%8  sf - 2b d8/dt cosh(V/b)
= : (4-8)
at? b/k + R, Qf
where f = exp(V/b) - 28sinh(V/b) and hence the actual sweep-rate

behaviour can be investigated for various assumed values of the
uncompensated eolution resistance, given (t,8,d8/dt) satisfying
eqgn.(4-6).

Formally then, eqn.(4-6) can be solved for a wide range of
s/k and R, values, and the resulting kinetic behaviour considered
in terms of the various diagnostic parameters which serve to
characterize an'eiectrochemical surface proce55158'175. In the
case of R, = 0, the response of reaction (4-3) to the LPS varies
from guasi-reversible behaviour for email s/k (<S-x 1073) to

irreversible behaviour for iarge s/k (>5 x 10'1)158. . This
./\
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.

transition_at a characteristic sweep-rate So 158,176 is
accompanied by (a) a change to an asymmetrlc I vsV proflle- (b)
a decrease in peak pseudocapacitance C¢ p = Ip/s},_to ca. 0.73°
of the value obtaining under reversible cohditiops;'andr (c) a
linear increase in beak potential with 16g(§)153'21'175,
characterizeﬁ'by the Tafel slope of the su;face process.

-An analysis of the I vs V peak shapes and peak potentials
has been given by de Tacconi et al. for reaction (4-3} under LPS ,
ce;dltlons (R, # 0) for the quasi-reversible and 1rrever51ble

171

cases: In these llmltlng‘gages, larger R, values give rise to

peak broadening, and iacrease in ep reflecting the asymmeéry of
_ the resulting peaks.and a.-shift of peak potentials, as shown in a
previous publicationl70. The-effect of ayconstant double-layer
capacitance in additidn to a flnlte R, has, under reversible | o
conditions, also been con51dered elsewhere177
Morelrecentlyl7€, Rouillier and Laviron have shown that the
uncompensated solution resistance may cause a surface process
operating in the quasi-reversible sweep-rate regime to exhibit I
vs V peak-shape and peak~potential behaviour similar to that

expected under irreversible conditions at sweep-rates > s (cf.

(o]
: 'ref.lssj.: In the above worki?4, the importance of distinguishing
Ispurieﬁs IR, effegks from kinetically signigicant behaviour was
emphasized and illustrated by means of calculations and with
reference to.the‘behavioqr of selected eaperimental systems.

In the present sectipn, the results of a numerical solution

of the gegenal kinetic eqn.(4-6) will be given, particularly in , -

connection with the dependence of the actual V. and the sweep-
" - : —_—D

\'.

‘rate on R,. — g
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(b) ~ Method of Calculation

Many systems of rate equations arising in chemical kinetics

w178,179

exhibit so-called "stiffness and require the use-.of .

180

stiffly stable algorithms in their solution The agvent in
the early 1970's of software packages implementing such .
algérithms has enapled the'majority of stiff problems to be
solved gquite routinelyleo'lsl. |

Egquation (4-4) exhibits stiffness for small values of s/k
(<ca. 1073 - 1072) corresponding to the quasi-equildbrium regime
of reaction (4-3) under LPS conditions. The use of non-stiff
methods results in an unstable numerical solution as s/k
decreéses over the several decades of variation of s.that ére of
- interest.

In the pfesent work, an‘algor.ithm based on that c;f Gearls“L
was employed to solve eqgn.(4-6) for (t,8) or correépondingly (v,8)
directly. However, owing to the implicit nature of eqgn.(4-6)
with respeét to d8/dt, evaluation of the reguired quanﬁity-de/dt
cannct be performed by simple substitﬁtfbn. Instead, an '
iterative procedure must be used to determine d6/dt for given
(t,8) according to eqn.(4-6f at each step in the numerical
solution.

All calculations were performed in extended precision on a
PDP-11/34 computer, and selected results plotted using a graphics
package developed in house. -

7 Fdf'the-purpose ‘of calculation,'ghe following values of the
kinetic parameters were selected: k =1 s-l, 0 = 2.2 x 10’4, =

1/2, and V° = 0.0V. Values of R, were then chosen so as tg give
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v

rise to appreciable Rﬁ effects (e.g. ca. 100 mV shift in Vp due

to R,) in the quasi-reversible, intermediate and irreversible

kinetic regimes, respectively.

(c) I vs V Profiles “and Peak Potentials

The effect of Ryon theIvs vV profiles at an intermediate
value of s/k = 5 x 1072 is illustrated in Fig.4-5. It is seen
that the broadening and the asymmetry of these profiles for large
R,r as well as the shift‘in peak potential and decrease in peak
current, Ip, qualitatively resemble the behaviour chéracteristiﬁ
of quasi-reversible or irreversible condition5158'17l, aepending

on s/k.

-

Fig.4-6a shows the dependence of the apparent peak potential
(=v, + stp) on R, over several decades of the value of s/k.
The actual magnitudes of R, in Ohms glven in Fig.4-6 are not of
spec1al numerical significance but - are linked to the arbitrary
choice of the other klnetlc parameters as indicated above. By
making R, sufficientlj large, substantial deviation from the
unperturbed,‘_Ru = 0, casg may, of course, be obtained. 1In all
cases, howeve;,‘the region of increase in beak potential due to
R, shows some curvature whén compared with the linear Vp ¥s
log(s/k) behaviour for irreversible conditions when R, = 0. 1In
considering the Vp ¥s log(s) behaviour in an actual experimental
situation, this curvature could provide an indication that the ‘f‘h‘%
surface process under study is not operating in the irreversible
kinetic regime, i.e., s < So-
The sweep?rate dependence of the forﬁal peak adsdrption

pseudocapacitance, C¢’p (= Ip/s), shown in Fig.4-6b provides a

5
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Fig.4-6 Dependence of a) apparent peak
potential and ‘b)) apparent peak

~
adsorption pseudocapacitance on log

s for various wvalues of Ru;
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more discriminating check on the origin of observed progressive
changes in Vp with log s. When R]__1 > 0, the value of Cérp ) -
decreases more markedly with log s and does not reach a constant
value as rgquired for a genuine transition to the irreversible
kinetic regime (cf. R, = 0 in Fig.4-6b). Thus, even when the
value of R, is not known, i.e., when using dynamic IR,
compensation; the C¢,p vs log s behaviour may be used té
distinguish changes due to IR, effects.

When‘both Ry and Cy . for reversible conditions are known, a
practical sweep-rate Qe ow which IR, compensation will not be
needed, may be estimated by ;equiring that C¢,p,rev X s x R, < AV
where AV is the maximﬁm écceptable deviation in potential due to

-

IR . effects.

u
Under irreversible conditions, the peak potential is given
by, )
Vo + stp - Rqu = b 1n(s/bk) (4-9a)
or _
vp'app - Rqu = b 1ln(s/bk) _ (4-9b)

The right~hand side of eqns.(4-9a) or (4-9b) is just the‘actual
peak potential expected under irrevérsibke conditions when R, =
0. Thus a simple transformation of éﬁe ébserved peak potentials
(i.e., by subtraction of Rulp,observed)_to yield the true peak
potentials (corresponding to Ry = 0 and 4v/dt = s) is possible,
provided that_Ru is known. Thisjlatter requirement may be
realizable in systems when an a.c. iméédance—, or circuit
interrupt-determination of R, is ébssible.or'has been made.

In practice, the sweep-rate above which reaction®™4-3)
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-
proceeds irreversibly, and hence eqns.(4-%a) or (4-9b) apply, i;\
not known, a ériori, nor is it unambiguously determinable when R,
is-sufficiently significant that IR, at sweep rates around or >
So 1s comparable with the shift of V‘p with log s due to kinetic
irreversibililty effects.

The résult of performing the simple transfor%gpiqn implicit
in egns.(4-9a,b) on the apparent Vp is shown in Fig.4-7 for the
cases of reaciibn (4-3) cccurring in the quasi-reversible,
revérsible, and intérmediate kigetic regimes. In the reversible

‘region, the transformed V, values still lie above those for R, =

p

0 but, with increasing log(s/k), and hence irreversibility, the
Vp's‘gventually coincide with the data on the unperturbed, R; =
0, curve éccording to eqnsig-ga,bL

Under reversible conditions, relations analogous to
eqns.(7a,b) can be derived:

os \1/2 os 1/2
Vp,app~IpRy~b 1n|{ — + -1 = Vp,r=g = 0 (4-10a)

2pr 2pr

or

| b o5 '
Vp,app ~ IpRy - = In = Vg, r=0 (4-10b)
2 1-8,, :

in terms of the current, ip, or the surface coverage, 6
»

D at the
maximum in the I vs V profilés. Comparison of egn.(4-%b) and
egn.(4-10a) shows that, under reversiblé conditions, an
additional term in Ip is requirea in order to transform
Vp,apparent ﬁfor R, # 0) to vield Vp corresponding to R, = 0. The
practical use of egns.(4-10a,b) is.limited by the complexity of
eqn.(4-10a) in Ip, through practical difficulties in the

estimation of Bp, in eqn.(4-10b), and by the relative magnitudes
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of the shift in V

D and IRu mentioned above.

{(d) Potential and Sweep-rate at the OHP

The time dependence of the actual potential drop, V(t),
across the electrical‘double—iayer cén‘be evaluated using eqn.(é—
7) and the numerical solution of egn.(4-6) for & and d6/dt. The
resulting actual v(t) as a function.of the apparent applied
potential (proportional to time) is shown in Fig.4-8a for the
case s/k‘= 5 x 1072, As the current'due to reaction (4=3)
increases, V(t) falls below the programmed value of'Vo + st;
beyond the peak in the I vs V profile, V(t) eventually becomes
equal to V  + st as the current'for the surface process vanishes
when & > 1. (A residual double-layer charging cu?rent, I31 = Ca1
s, of course, remains but is not’of interest here.) Clearly, as
R, increases, the extent of—the éé?iation of V(t) from the
programmed valﬁe of the potential difference increaéeé.

The effect of hu on the actual éotential sweep-rate,
av(t)/dt, is evidently quite pronounced, as shown in Fig.4-8b.
The actual potential sweep-rate first falls below the overall s
as currents due to reéction (4-3) vanish as & » 1 or 0. The
dv(t)/dt curve crosses the a&Vit)/dt = s line a£ the peak in the
I vs t profile, according to eqn.{4-6). The very shafp increase
and subsequent.decrease in 4dv(t)/dt beyond the peak corresponds

to the very rapid decay of current beyond I when R, is

pl
significant. 1In the presence of substantial uncompensated

solution resistance, the actual potential sweep-rate, effective

at the electrode interface, is seen to differ significanfly from

*

s.

ta
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2
a) Effect of R, on the potential at the

OHP for reaction (4~3) under ILPS

conditions;: ,

b) The potential sweep-rate at the OHP

(= av(t)/dt) for various values of R,
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Given an observed I vs Yapparent profile, and- the Enowledgé
of R,, both V(t} and dv(t)/dt could be evaluateé'numérically in
order to assess the‘effect of the uncompensated solution

resistance.

(e) Adsorption Pseéudocapacitance

The wvariation in dV(t)/dt is important in defiving the
adsorption pgeudocapacitance, Cg = I/(dv/dt), which will only
coincide with Cy = I/é at"the peak in the I vs V profile.. In
addition, the,bgserved potentials (for.each f-vaiﬁe) may be‘
corrected according to eqn.(4-5) to yield actual V(t)-data; of
éourse,’hn important result of the presen# analysis %s that_ the
actual potential brogramme which obtains at the OHPiwillgggE be a
linear potential sweep and so the resulting peak shapes will
.still differ from those which would be observed were dV(f)/dt_=
constant, e.g., for R, = 0. |

The effect of taklng account of the actual relatlve
1nterfac1al potential drop ana of its rate of change with time on *
the“C¢ vs V prof?les is shown in Fig.4-9. Curve A represents the
adsorption pseudocapacitance, Cé k=I/§) for the ynperturbead Ry, =
0 case for s/k = 5 % 1672 &@e. in the intermediaté kinetic

reglmelse)

The analogous result for an R takgn'as 800 Ohms (a
large and improbable value) is also ghowﬁ as curve B; the I ig v
profi;e is shifted to hiéhe; Vapparent and broadened. Correctiﬂg'
the.gpparent potential [according to egn.(4-5)] at each point
,aidng profile B yields the I(t}/s vs V(;) curve denoted as C in

Fig.4-3. . The resulting peak potential does not coincide wih that

for the R, = 0 case as expected for the intermediate regime of -
- v
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Pseudocapacitance, Cy, for Ru'= 800

"Ohms: a) reference Ru = 0 case; b) Cé {=

i/s8) ¥s Vapni €) Cy ¥s Vao, = IRy: d)

I(t)/(dv(t)/at) vs Vapp = IRy
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kinetic reversibility.

The progrémmed value of the potential sﬁeep-ratel si was
used in calculating Cd in curve €, but the actual sweep-rate,
av(t)/dst, varies considerébly in the potential region of the
peak. Curve D shows Cyg = I(t)/(av(t)/dt) ﬁg V(T). The asymmetry
in the ch’ profile for R, = 800 Ohms is seen to be reduced and’
the C¢ at'thé peak is iqcreased, although it is still smaller -
than the value of Cq,p fOr Ry = O« 'In addition, the potential at
the ﬁaximum in the actual C¢ vs V profile resﬁlting from this
calculation arises at a less positive potential than in the Ry =
0 case and differs from the actual potential of the maximum
current (or the corresponding C¢,apparent)' Curve C in Fig.4-9
then corresponds to the shape of thé actual I(t) vs V(T) profile
(since constant s was used here), while curve D gives the actual
instantaneous Cy [=I(t)/(dV(t)/dt)] behaviour.

We have mentioned that the fiqure of R, = 800 Ohms is an

improbably large one, taken only for illustrative purposes (given

the assumed kinetic paraﬁeters, see (b) above). In most
practical situations, the R, experimentally encountered is rarely
in excess of 20 Ohms.

In general, the potentials of the maxima in I{(t) and
I(t)/(dvit)/dt) will differ. 1In the particular case of
.irreﬁersible kinetic conditions (s > Sg)r the vp,apparent for the
I(t) maximum transforms to give Vo(Ry = 0), while the

pseudpcapac}tance quantity, I(t)/(dv(t)/dt), has a maximum at a

different potentialf
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(£) Conclusioﬁé

| When uncompehsated solution resistance is significant, it
gives rise to distorted i vs V profiles for surface processes
under LPS conditions owing to the associated distortion of the
potential programme which is effectively applied at the OHP.
. Significant deviations iﬁ the potential, and especially in the
potential sweepﬁféte; result in correspondingly éisported C¢ vs
V(t) traces. . .

Under irreversible conditions, the observed Vp,apparent
values ﬁhich are required for relating to log s in order to
characterize thé kinetics of the surface pProcess, can be
transformed simply according to egns.(4-9a,b) to yield the peak
potentiél obtaining when R, = 0. 'In the-quasi—rever;ible regime
of kinetic behaviour (s < S,) (where I(t) values are relatively
small and hence IR, losses are less significanti, this
transformation does not appiy. However, in a practical
apélication, where IR,.effects are not significant if s is ‘

sufficiently small, a reliable estimate of V

p,reversible May be
obtained; at higher sSweep-rates in the regime of kinetic
irreversibility, the above transformation will hold. Thus, some
estimate of the kinetically significant transition sweep-rate, s,
(ﬁhe reversibility parameter), may -still be made. Of course,'as
with the analogous éorrection of steady-statev“Tafel—plots",.ﬁhe
uncertainty associated with the:above procedure increases as the
'IpRu correction becomes comparable with the actual shift in peak
potential due to kinetic irreversibility of thg surface process

under study.

In practical applications of the LPS method of Angerstein-
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158

Kozlowska and Conway in the study of the kinetics of electrode

surface processes, it is.important to distinguish observed
changes in V‘p with log s due to the onset of kinetic _
irreversibility158'17§ from those due to IR, effectsl74, Changes
in Vp with log s, due to the latter effects, give rise to
somgwhat curved Vp vs log s plots; the present calculations show
that in this case, the associated C%,p (=Ip/s)-ggg§ not attain a
constant value ( = 0.73 Cﬁ,p,rev) as expected for reaction (1)
operating in the irreversible kinetic regime, ‘i.e., for

158,175
s > So . -

@ -
this Cé,é criterion does not reguire a knowLedge of the value of

It is important to note that the application of
‘R,7 this may be especially advantageous when the use of dynamic
IR, compensation results in an unknown residual uncompensated

stlution resistance.

"3. Collection and Processing of Open-Circuit Potential Decay

A

Measurements

The open-circuit potential decay behaviour upon interruption
of a steady-state current yields information on the mechanistic
and pseudocapacitance characteristics of an electrode

165

reaction In reactions inveolving adsorbed intermeddiates, an

adsorption pseudocapacitancg component, Cé; of the total
interfacial capaci£ance occurs, and reflects the potential
dependence of the fractional coverage, 8, of such‘intermediates.
The determination dﬁ the coverage, 8, of an electrode .
surface by some electroactive intermediate can also be
investigatégfby galvanostatic pulse ér cyclic-voltammetr?;

however, when significant continuous faradaic currents are

-~
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passing, these techniques prove difficult or unreliable.
For example, consider the conditions for observing a peak in
a LPS voltammetry experiment due to a surface electrosorption

process in the presence of an independent continuous faradaic
- : %

process:

(electrosorption) A + M'= MA + e~ . (4-11)

(continuous process) Red Ox + e~ (4-12)

'PQhere MA represents an adsorbed gpecies. Assuming that process
(4-11) is operating‘in the reversible kinetic regime of sweep-
raEe, s, the overall current is given by the sum of the
components |
ip = 19 + i,
= QFks/RT [exp(-VF/2RT) + k exp(\.fF/R’I’)]_2

+ i lexp(8VF/RT)-exp(~(1-8)VE/RT)]  (4-13)
where ¢ is the charge for a moﬁolayer'of‘adsorbed MA and B is the
symmetry factor (assumed = 1/2 below). Fig.4-10 shows the .
corrésponding igp/s vs V behavioﬁr for a number of values of V9,
the reversible potential'of prodess {4-12) relative to thél
pgtential‘{gg which 6 = 1/2 in reaction (4-11). Clearly the
strongly potential-aependent component i, may completely obscure
the component of the total\current due to the sprface process (4-11).
The existence of a peak (or at least of an 1nflectlon point) in
the I vs V profile requires thatdgiT/dV = 0 and this results in a

maximum potential Vimax’ relative to V© 5. for which a peak may be

expected.
This condition is represented in the V_ .. vs log (i,/s) plot

of Fig.4-1l. 1In this figure, for given log (i,/s), a discernable
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peak ist only expected at potentials below the indicated curve;
for given io' an increase in s, andlhence a decrease in

log(i,/s), extends the accessible potential range. This is a
result. of the linear dependence of the current due to process (4-
11) under LBS conﬁitions compared with the sweep-rate independenf
current response gf reaction (4-12). This masking of the overall

-

current severly restricts the use of the LPS method for the .
detection of electrosorbed species \in the presence of large
éggtinuous faradaic currents. If the surface species is an
intermediate in_the continuous faradaic reaction itself, limiting
coverages of <-1 can be shown (see Chapter 1) to occur for
certain mechanistic schemes and their detection by LPS will be
rendered still more difficult.

In t%e present section, a data collection and processing
procedure will be described for the evaluation of the capacitance
behaviour from open-circuit potential\aecay results, which avoid
tﬁe problems outlined above™.

Upon interruption of a steady-current through an interface,
the discharge of the double-layer capacitance via the faradaic
process under study obeys the relation

-C{Vvidv/at = i(V) (4-14)
where C is the total interfqpial capacitance (= Cdl‘+ Cy ) at a

-

potential V, and i(V) is the correspondihg potential-dependent
. \
faradaic current (see Fig.4-4 for an equivalent circuit

representation of this situation). The usual procedure for an

electro®e process showiﬂg’linear Tafel behaviour and constant C

* The work to be reported here {s in collaboration with Lijun Bai
and is based on a joint paper with him.
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is to replace i(V) with iéexp(BVF/RT) and integrate:
“V(t)/b = In(t +71) + ln(i_/bC) (4-15)

where 1 = bC/i(Vo). -

Thus V(t) is then linear in log(t + 1), which at long“times,
t >> T, reduces to log{(t). In such a éase where C is assumed
constant, T "must be estimated or only the data for which ¢ >> T
used. When C includes a significant potential-dependent
adsorption pseudocapacitance, C¢, in addition to the usual
double-layer capacitance, Ca.1.r two limiting fypes of behaviouf
can arise. At low cove;age, 8, when C¢ increases exponentially
with V, dv/d(log t) is greater than the Steady-state dv/d(leg i);
as & » 1, Cy decreases exponentially with V, dv/d(log £) is less
than the corresponding dv/d(leg 1) 182'133f184 <i/f

The procedure developed for dealing with open-circuit
potential decay Qatéddeals directly withﬁthe fundamental. “
differential relazzgh in egn.(4-14) abo;e: Rather than assuming
an arbitrary form for i(V) or C(V) as indicated above, the decay
data were used-to establish information about C({V) and hence
.about Cy itself due to‘kineticafly significapt adsorbed
intermediates. |

Thus, the first derivative (dv/dt) of the potential-time
decay data was calculated numerically from the experimentally
observed yft) behaviour. This could be done accufately using a
laboratory computer, given the large data records (4096 or 8192
datalpoints),‘spanning more than three decades in time, which a?e

obtained by using a digital oscilloscope to record directly the

course of the potential decay digitally. Thus, for i(wv) = ig

5
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exp(V(t)/b) in egn.(4-14),

In(-dv/dt) = 1n i_ - 1n C(V) + V(t)/b (4-16)
whence plots of ln(—dv/dﬁ) vs V(t) can be made and C(V) deduced
frém a knowledge of the Tafel parameters 16g ig gnd b obtained
from thé experimental steady-state polarization behaviour.

For overpotential values sighificantly less than 75 mV, the

"back reaction component of i(v) becomes significant. 1Inclusion
of this component in a manner analogous to that used—for the
correction of steady-state polarization results for the back
reaction, yields _ ke

In [ [l-exp(V(t)F/RT)])™L(-av/dt) | = 1n ig = In C(V) + V(t)/b (4-17)
analogous to eqgn.(4-16) abéve; the corréction factor [1 - -
exp(V(t)F/RT)]1™Y > 1 for large V\énd eqn.(4-16) is recovéred.

This technique was applled by Conway et al. 165 in a study of the
electrocatalytlc properties of Ni-based cathode materials for the
h.e.r. in alkaline solutions. Thus, direct information

concerning the pseudoc;pacitance behaviour can be obtained by

means of egn.{4-14) aiong with the dVv/dt and Tafel i-v quantities

derived from open-circuit potential decay and steady-state

—
-

polarization experiments.

A more general treatment of the decay daﬁg/involves the use
of the actual (i.e. not necessarily Tafelian) i(V) data from
automated steady-state polarization measurementsﬂin the
derivation of C(V); this removes the restriction to reactions
exhibiting Tafel log i - V relationships. 1In this way i(V) and
dﬁ/dt from separate experimental measureﬁents can be combined .-

according to

C(v) = i(v)/(-av/dt) _(4-18)



128 ’

in order Eg derive the 1nterfac1al capacitance behaV1our.l The

results ef thlS analy51s of the h.e. r. at a mercury cathode at

high overpotentlals were shown to be consistent with a constant
double- layer capac1tance.

1

In recent work, Conw;y and Bail®> have investigated the
édsorption pseudocapacitance associated with the h.e.¥. for a
number of electrode materials and solution pH conditions, using

the above method. The presence of over-potentiaily deposited

("OPD") H (in contrast to the well-known under—potentiafiy
dépgsited ("UPDB") H at potentials anodic to the reversible h.e.r.
‘potential) was démonstrated at Ni and Ni-Mo alloy electrodes; ané
also at Pt. The absence of a -significant adsorption
pseudocapacitance at a Au cathode, and at Hg as above, was
expécted from other work, and its observation confirmed the
validity of the treatment.and analysis of the open-circuit
poténtial decay r;sults given above.

Thus, the utilization of a fast -digitizing oscilloscope in
the acquisition’;f opén—circuit potential decay data, and of an
automated steady-state polarization system, hgs yieléed’very
useful information qﬂ the pseudocapacitance and coVerage due to
adsorbed intermediates, in the potential regime where large
‘continuous faradaic currents are passing. The accurate numericai
calculationjéf av(t)/dt ffom the observed V(t) values, which is
essential for the satisfactory application of this new potential
decay methéd, was only possible because of the dense sampling (in

time) of potential values that gould be achieved. By this .

method, the uncertainties and/or neglect of short time data

e \
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traditionally associated with the constant of integration, T, in
eqnd4-15f were avoideé and direct information coécerning the

_ total interfacial capacitance was derived from the V vs t data.
From the derived Cé vs V data, the coverage or changes of
coverage of the ad-species involved in the reacéion can be
calculated as f(V) by integratio;)of the experimentally’

determined Cy vs V profile.

4. Other Applications and Procedhres

. A brief mention of other laboratory computer applications
arising from this work follows:

a) An arbitrary waveform generator for use in Syclic—
voltammétry w;s realized by means of_i_programme—controlled DAC
for generating repetitive wave forms consisting of potential
ramp, hold, and step segments. Thi; generator was implemented on

a PDP 11/34 laboratory minicomputer, fitted with a suitable DAC

~ e

and real-time clock (see ref.l186 for a detailed description). 1In
an earlier related application164, a PDP 11/34-based data
acquisition and treatment system was developed for use in the
study of electrochemical surface processes by LPS voltamﬁetry.

b) A Solartron 1172 frequency response analyser was
‘available for a.c. impedance measurements and a complementary
software package was developed. This enabled the remote
automatic control of this instrument and the storage of relevant
exper;mental results; for example, impedance measurements at
several frequencies could be made autoﬁatically at a number of

desired electrode potentials and the results displayed

'graphically or in tabular form. Complex-plane analyses could
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also be pefférmgd. b]

| c) A'subrouti;e iibrary was developed for plotting results
on the PDP 11/34 system through. a DAC to an x-y plotter. 1In |
using the HPB7 (or HP86B) laboratory computer, a commercially

‘available gfaphics.sbftware package and graphics plotter were

used.
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CHAPTER ‘5

RESULTS AND DISCUSSION

- 1. Significance of. éﬁ* and Frequency Factors in Electrochemical

Kinetic Measurements

Experimental determinations of heats of activation

. —_ 0
("activation energies") and of the associated frequency. factors

L

(related 'to entropies of activation) provide a useful
characterization of the kinetics of chemical reactions and often

a basis for critical interpretations of mechanisms. The

Arrhenius equation'for the temperature-dependence of a chemical
_,_-——-—-—'__-___.—_‘/ ' .

rate constant, k, is of the form - .

k = A exp[-E,/RT] 2{(5-1)

o _ ..

where A is the freguency factor and E; is the experimental heat
of activation. In the context of qctivétéd complex theory, the

-enthalpy, AH#, and entropy. AS$, of activation are derived in the

-

usual wayla? from the values of E, and A, respectively.

The determination of a single pair of these activation

-

parameters provides little information on: the mechanistic details
of an electrochemical process. However, fo;\tpe same overall
reaction (é.g. the h.e.r.) occurring'ét different metal surfaces,

differences of true activation energies and ratios of frequency

factors can be evaluated and these may be related to progressive

changes 1n electrode metal propert1e537 for a glven mechanism, g;
else 51gnal a change in mechanism; for example, Conway, Beatty
and DeMaine37 have compared the activation parameters for the
?Le.r. on & series of Cu-Ni;g&loys and re}ated-them to

progressive changes 1n electronic properties of the alloy

~ —

—

]
1

N

-""
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electrodes.

Actlvatlon parameters are also useful as dlagnostac crlterla
for the part1c1pat10n of proton tunnellng in H/D 1sotop1c
substitution studies, e.qg. of the}Le.r.at Hg73. In the pre@ggt\

-work, con51deratlon of the potential- dependence of these
-actlvatlon parameters will be shown to bear on the questlon of
- the temp ture—dependence of the Tafel slope, b, or symmetry ’ i
B

factor, eferred@ to in Chapter 2.

(1) ' Temperatvre Dependence of the Reversible Potential
- T 1

Y

electrochemicalfreactions is obscured by the fact that they are

The significance of -activation energies in the case of

deduced from measurements of rrent densities at constant

_;electrode potential referre ersioie reference electrode
in the system. Alternativ ly{ eotivation energies ‘can be deduced
from the.temperatureacoeff ient of overpotential (with respect
'to some reference‘electrode) at constant current density. In

both approaches, the absolute metal-solution potential difference

at the,reference electr

. " -
e varies with terperature in a thermo-

dynamfically inaccessi e mannecr. -

Although the st dard value of the potential of the hydrogen

electrode is conventlonally taken as zero at all temperatures,

—

— <
the potential of the_reference electrode used, e.g. the hydrogen

electrode, will actually vary with temperature on account of the
associated entropy change in the half-cell reaction
H30T ~+ e~ = H,0 + 1/2H, N (5-2)

which, 1ike aﬁy.half-celi or sin%&e ion property, is inaccessible

to direct thermodynamically—unambf&uous determination. If the

/
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-

reference eléctrode is maintained at a constant temperatufé while
that of the working electrode is varied, then an unknown
irreversible thermal ligquid-junction potential is iﬁcluded in the ~
Jmeasured potential. Conditions under which this non-isothermal
ceil arrange;ent may be used to advantage in fixing the metal-
solution potential difference will be considergd in the folloﬁing
section, as they lead to fairly reliable means of evalﬁating the
true AH* for an electrode reaction.

As a result of this variation in the absoclute potential of

the reference electrode with temperature, so-called apparent

heats of activation result from Arrhenius plots at constant

ovefpotential. Temkinl88 first treated the problem of the
rélétion between the apparent and true, i.e. at constant. metal-
solution potential difference, heats of acti§ation*.

A more direct analysis was given by Conway35 as follows: at
a given ionic congentration, the electrochemical rate constant k
for an ion neutralization Qeaction may be written as

' k' = ‘kT/h exp [-AGO*/RTI exp [-BzlgF/RT] ©{5-3)

where 4¢ is the metal-solution potential difference, gis the
symmetry factor, 26%% is the standard chemical free energy of
activation, i.e., at 44 = 0, and the other symbols have their
usual significance. Eqn.(5-3) can be expressed in_terms ef the
constituent true enthalpy, AHOF, and entropy, AS%¥, of activation
'Jg A¢_= 0; 3nd~¢R, the metal-solution potential difference at the
reversible potential: -
K = kT/h exp [ASO*/R] exp [—AHO*/RT] exp [ B&(gp+nN)F/RT] (5-4)

. . . . . + M .
gr may be expressed in terms of the standard potential ég and

* The .terms "real" and "ideal" have been used by Weaver’’.

e Y
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hence in terms of - AG®/2F where AG® refers to the standard free

energy change for the half-cell reacticon under reversible’

conditions. . -, -
The guantity d(log k)/4(1/T) at =0 (i =1ig) is then
AHOF zF g d #3 zF g 49
- - - : (5-5a)
R RT d(1/T) R
or, (
. . Lo ‘?’5.
AHOF 8T ASC 8aGe " )
- + + (5-5b)
R R R - .

where the term in kT/h has been neglected and 45°F and sHOF are
aésumed, to a first approximation, to be independent of
temperature. .
Theh,
d(lOg EJ ° ’ +
4 P = - [aH®F - BAH®]/R (5=86)
d(1/T) n=0 '
"if AS® for the half-cell reaction is independgn%'of T. Hence, in

the absence of changes in double-layer and surface~c6verage

effec¥€, d(log i,)/d(1/T), which correspontis to

[B(log E)/d(l/T)]n=or yields the experimentally accessible 9‘\
parent heat of'activation '
| E, = aHOF - gamO® ‘ (5-7)
at the reversible potential (n= 0). In practice, B hay also be.
a function of temperature as discussed by Conway, MacKirnon and
Tilak’? and so egn.{(5-7) can alsc ceontain a tEKm depende#t on © "
dg/a(1/T). % - o <

The use of eqgn.(5-7) in the determination of AHO* regquires

that AH® be estimated by an exaia—thermodynamic calculation,t

L
assuming B to be known from the Tafel slope. This calculation

- -
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for a metal deposition process involves the cyclel8d,

-I(M,z+
Mzt + ze i—-i ) M
(g} (g) (g) -
o + '
AHO (s, M37T) T Tzée AHO T’AHsub .
' M%;) +oze(yy —> M

where

(5-8)

S | z+ _ +, _
AHY = -pAHY(s,M®7) + zszfeﬁ IM,z") bHeub

and AH%(s,M%") is the heat of solvation of the MZ* ion, I(M,z+)
is the ionizatién energy of M.-to MZt, AHs;b is the heat of
sublimation of M and g, is the eleétron work function of M.
Vaiues of the single-ion solvation enthalpy, AHO(s,MzéT, are not
known to better than 20 - 40 kJ mol~1 157 5o that the true /_\Hc’*L ’
‘could not be calculated very p;ecisely from the experimentally
determined E,. Consequently, the true fiequency factor e(kT/h)

exp[ASO*/R] in egn.(5-4) cannot be accurately;determined by this

method. However, as noted above, differences in heats of

activation or ratios of fregquency factors may still be reliably

“derived, e.g. for a given reaction on a series of metals.

(ii) Use of Non-Isothermal Cells

¥

CoL In order to determine "true" elécérochemical activation
parameters independent of the temperature—dépendencé of £he
reference electrode potential (eqn.5-5a), it is necessary to fix
the metal-solution'poteﬁtial difference at the various |
té;perqtures of;inpérest; this requires the application of some
extra-thermodypaaic assumﬁtion or principle, e.g. the cycle in
the previous seétion, or avoidance, experimentally, of variation.

of tempefature of the reference electrode. This problem arises

as theﬁ?;sult of the experimental inaccessibility of the absolute
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potential difference across a singfé metal-solution interfaqe.
The significance of th}s difficulty in the evaluation of heats of
activation of electrode processes was first t&eatéd by Temkinlss,
as referred to above. A similar situatiqn obtains iq the study
and assignment of thé physical properties of single ions in
solutionlgo; a critical survey of proposed schemes for
"splitting" various physico-chemical properties of salts among
the constituent ions may be found in refs.155,191. One useful
method which has been used involves the measd;ement of poténtial
differences across non-isothermal cellst?2,193 coupled with
suitable extra—thermodynamié interpretations or assumptions.

In studies of the half—cell reaction entropies of transition
~metal redox couples, Weaver et al.}60 have made use of potentiai
measurements on non-isothermal reference electrode cells192'194;
this‘method has also been applied to the study of'temperature
effects on-the rates of redox processes at electrode su;{gces77.
In this method, the following type»df cell, shown for theAﬁ+/H2

reference half-cell, is-%sed77:

Cut| Pt |H",H, 1| KC1(3.5M) | KC1(3:5M) || B*,H, | Pt | Pt | cu
{==m===- Ty(fixed} ---—r===>[<-——=- Ty (varied) ~----->| T;

where the thermal liquid junction ig established within the KC1l
salt bridge ané Cu lead wires are used. The overall cell
potential, Ece11r 1s then given by

Bcell = #ey * fre * 8815 + b8y (5-9)
where dtj is the therqal liquid junction!potential difference in
the salt bridge, étc is the analogous thermal potential
differénce-in;the Pt metal conductor; and A¢1j énd Aﬁ% are éhe

differences in isothermal ligquid Jjunction potentials and Galvani
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-metal-solution potential drop at the electrode surfaces,
respectively. Of interest here is the quantity Aéﬁ by means of
which the sScales of overpotential corresponding to the h.e.r.
reaction at different temperatures may be compared: if the first
three quantities in.eqn.(5-9) are known or can be estimated, then
A¢ may be obtalned from potential measurements. on such a non-
isothermal cell.

Estimates of the values of the absolute Thompson coeff1c1ent
for a number of metals indicate that ddtc/dT is of the order of a
-fewnucrovoltsperl<193~forthetemperaturerange273- 373 K,
dg../dT for Pt is ca. 6 w k™1 160 For wvariations in
temperature of 30 - 40 X, the associated fro Will be much smaller
than the torresponding changes in Aoﬁ and may,.to a good
approximation, be neglected. - The use of a suitable salt brldge,
usually made of a concentrated solution of a salt with ions of
equal mobility, reduces A¢ij to negligibly small values. 2as will
.be seen below, the salt bridge may be eliminated in certain cases
where dotj/dT is small for the solution used with the particular
reference electrode under study but generally it is desirable to
include it. '

The temperature coefficient of the thermal liquid junction
potential, dotj/dT is <50 yv K'l for most electrolytes; in
addition, this thermodynam;paTﬁy 1nacce551ble quantlty is only a
weak - functlon of temperature195 196, 197 The larger dotj/oT
values- found for strongly acidic or basic media194, parallel the

large isothermal liguid junction potentials which can arise with

solutions (of different concentration) of ‘BT or OH ions. The
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non-isothermal salt bridge arr ngeﬁent described above, made of
concentrated KCl, has been uséd by de Bethune et al. 194 in order
to minimize* détj/dT (and hence ¢tj in the study of entroples of
half-cell reactlons; the use of this device is especially
required when dealing with acidic solutions where the high
mobility ©of the proton ,is involved. Using this salt bridge
electrolyte, d¢tj/dT £.20 pv X1 ang probably considerably
smailerlgz';94. -

The effect of such an uncertainty in the thermal liquid
junction potential on.a Tafel plot of steady-state eléqtrode
.kinetic polarization results can be estimated from a "worst case"
calculation: consider a temperature change AT = 35 K and détj/dT
=20 pv ) giving a maximum contribution of 35K x 20 mIK'l, =
0.7 mV to the assigned overpoteqtial.. If-a Tafel slope of 120
mV/decade is assumed, then this rep}esents 0.7/120 = 5.8 x 10”3
-deqaaes in the ¢current, i.e., a "worst case” deviation of ca. 1%;
this is quite acceptable in the'study of the kinetics of
electrode processes. |

In the light of the above discussion, the overall non-
isothermal potential is then approximately given by,

Ece1l = 8%y~ . (5-10)
This then yields the required Agy by means of which the
interfacia& Galvani potential difference at a test working
electrode may be fixed while the temperature is varied. In this
way, electrochemical activation parameters, independent 6f the
temperature varigtion of the.equilibrigm potentia}, may be rather
reliabl? derived from experimental polarization measurements a£

various temperatures, as in Weaver's work/’’.
s
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(iii} Effect of Variation of Surface Coverage on.Heat of Activation -:‘

In processes invelving an adsorbed intermediate, the surface
coverage, 8, generally varies with temperature, even at fixed
metal—soiutioh potential difference, and makes a contribution to
the apparent energy of. activation. This effect is unimportant
when the kinetic‘déta are derived from régions of potential where
the surface is fully covered (& = 1) or bare (8 =.O), and for-
moderate chaﬁges in temperature.

Considering the cathodic direction of the three usual steps
in the h.e.r. ( cf. eqns.(l—l,l—2,1—33‘1, the-corresponding

cathodic exchange current density may be written as

(discharge) i, = kyC(1-8) exp[-AGf*/RT] exp[-@dg/bl (5-11)
(electrochemical ‘ ' . ’

desorption) i, = kyCly exp[-AGg*/RT] expl-dp/b] _ (5-12)
(atom ‘ . ' :
recombination) i, = k382 exp[-AGg*/RT] (5-13)

Tt

where the "k" terms include cqpstants bug_not free?énergies of
activation. In any of these cases, d(log ib)/d(l/T) will involve
a 8-term d(log '8}/d(1/T) or d log(l-8)/d4d(1/T) in addition to the

. AE9F terms in AGPF and dgp/d(1/T) discussed above.

For quasi-equilibrium conditions in the proton discharge

step, the electrochemical Langmuir isotherm gizs; for a given

-~

state of adsorption of H i

ch exp ["95RF/RT]
8y = : ~ (5-10)
1 + K;C exp [—¢RF/RT]

where Kl'is the "chemical" part of the electrochemical
equilibrivm constant at the reversible potential d@p and is

related to the standard free energy of adsorption of H. At low

o)
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Coverage at the reversible potential, gp, -

8 = KlC.exp[—dRF/RT] ‘ (5-15a)
| = C exp[-AGR/RT] exp[-gpF/RT] (5~15b)
whence . -
: é?log(GH)/d(l/T) = -AHR/R - F/RT a ¢R/ak1/T) - Fgp/R (5-16)

For the proton discharge step, the resulting expression (low
~coverage) for the apparent heét of activation is given byl89 .

d 1og(ig)/d(1/T) = -[aE* + AHQ, - B2HCI/R - (5-17a)

= -[E, + aHJ4.]/R (5-17b)
where AHgds is the heat of adsorption at the reversible potential
~and 1s usually a negative quantity. Thus the apparent heat of
activation could be negative when E, +‘AH§as < 0; such behaviour
has been reported for H, evolution at Pb74. -
The foregoing-example will serve to illustrate the

importance of the "8" factor in detérmining activation parameters

in the h.e.r. At Hg where 8 << 1 and the dfscharge step-is rate*;{
P . T

determining, these complications are not encountered.. It should
be noted that even wheéé'“true“ heats of éctivation.are'
determined, e.q. by means of non-isothermal cell measurements in
order to fix\the metal-solution potential difference, the
intrinsic temperature-dependence of the "chemical" part of the
adsorption equilibrium constant will still make a contribution.
oFormally, it would be deéiraﬂle to norméiize exchange
current data with respect, to a coverage factorl(e or 1-6), as was
done in the publication of Devanathan;ga, but iﬁ practice 8 may

not be accurately known; however, the potential-dependent values -

. of 8 that can be derived from open-circuit potential decay
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-measurements may allow thls rormédlization to be performed (see

Chapter 4 and refs.l165, 167L

(iv) Heat of Activation in Relation to Proton Tunneling

It was noted in a previous section that the involvement of
proton tunneling in the h.e.r. might be\demonstrable‘in kinetic
beheviour examined at sufficiently low temperatures.. At such
temperatures the Arrhenius plot is expectea to show some
curvature if tunneling is occurring, in a menner analogons to
that known for homogeneous proton tranefer processes76.

The following effects of tunneling'are to be expected,
Bspecially at low temperature:

a) The activation energy, E;, when tunneling is significant
should be less than the classical value E,; however, in the
absence of reliable a priori theoretical calculations of the
ener/’ﬁ;arrler height, this prediction cannot usefully be tested
in practice. . )

b) The frequency factor a* shouid depend on temperature and
be less than the classical A; this test is impracticable except
at the lowest temperatures. The fact that tunneling leaée to low
rather than high values of a* is illustrated by the schematic -
plot o; log k vs l/T in Fig.5-1. The value of log A i5 equal to
the extrapolated (1/T » 0) intercept of this plet, and for '
measurements over a finite temperature range, AY < a will result
‘owing to the curvature in the plot.

¢) In H/D kinetic isotope studies, E; - EE should be larger
than the appropriate difference in zero point energies; this

requires a detailed knowledge of the properties of initial and
\

-
AJ\“

r
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Fig.5-1 Schematic Arrhenius plot showing the effect

of proton tunneling.
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activated states, but evaluation of E; - Eg may be indicative of*
-tunneliné if the latter effect is considerable.

d) When tunnelipg is iﬁportant,'A§‘< A;. This is a .useful
criterion for tunneling since aétivated'coﬁblex théqry predicts-‘
AE/AS in the range 0.5 - 1.0, with values close to unity being
'probabie. Tﬁus experimental values of Ag/Ag substantgally less
than 0.5 can-provide evidence for an appreciable degree of

tunneling. ) 2o
’ '_These predictions 56ncérning activation ﬁérameté;é for
proton transfer also a§ply to hbmogeﬂeous-reactions: in
elect}ochemical B' transfer the temperature depehﬁence gf the.
Tafel slope provides another diagnostic criterion of the

participation of proton tunﬂeling72, apart from other

complications mentioned earlier. -

2. Comparative Rates and Apparent Activation Parameters for the

- +
3H30

H.E.R. from 1M CF4S04H and CF3S0

Comparative steady-state polarization measurements were made

at several temperatures in the range 313 - 348 K for proton

-

discharge from pure CF3SOEH30+ and in the range 298 - 348 X for

»

the 1 M aq. CF4503;H solutions; Hg, Ni'and Pt electrodes were

used.

at constant overpotential (with respect to the reversible

hydrogen electrode in the same solution ana at tﬁe same
temperature as the working electroae) can be used to derive
apparent heats of activation in the usual way (See the previous
section); - | | 7 | B L -

Ratios of frequency factors ( A(H;q)/A(ﬁéo+) } for the

The slopes of electrochemical Arrhenius pYots of loé i ﬁg o1

s
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L
h.e.r. were also derived; these ratios are -"apparent” gquantities

-owing to the different value and temperature-dependence of the
”

‘.
-~

absolute potential of the reference electrode in the dilute 1 M

o

- CF3SO3H and ca.’lo.& M CF3SOEH3O+ gglt. Thisfis tc be contrasted
with condltlons in the work of Conway et al. 37 referred to-in a’ .
previous sectlon, where the solutlon comp051tlon was kept |
constant and the electrode materaal varied; in this latter case,

assuming identical temperature~independent transfer coefficients,

-

the aFAHR terms in eqn.(5-7) cancél when the difference of
- apparent heats of activation (or ratio of frequency factors) is

-taken. The important question of a suitable basis fer comparlson

¢

90of "true" activation parameters for the h.e.r. from the
monohydra%e melt and dilute aqueous CF3SO3H solutlon will be

“con51dered in a subsequent sectlon.

- ' ~:+ - + e 4
(1), State of H as H30" in CF3S03H;0

Trifluorcmethanesulfonic aci6‘1CF3503H) is a'ﬁers Strong

-acid?®? which forms-a monohydrate salt GF SO3H3O {m. p. 307 KSBJ
= -\v
the melt of thls monohydrate prov;des a medlum in wplch to study

"the chemlcal and phys;cal propertles of the H3O ion 1n'the

absence of further hydratlonl40 -The phy51ca1 propertles 0f the

system CF3SO3H/H20 have been *Qvestlgated by Cogkum and Mlln852

Id

while the structure of the ionic solid has been determlned by
means of X-ray and neutron dlffractlon by Lundgren et z1.143, 144
The BOOMHz.lH NMR spectrum of f ; l;d monohydrate was

determlned in’ the present work and appears 1n Flg 5-2; the 3--

peaked spectrum is unamblguously characterlstlc of an H3O salt

Lh-*/wlth trigonal Lymmetry of” the H+ catlon rather than of a -
- . _"““ ) e .
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Pd&%ed 300-MHz ~“H NMR spectrum of »solid

CF3S03H;0% at %98 K. Pulse time 3 us, 287

acquisitions.
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+

molecular H,0 hydrate (see Chapter 2)r N ‘
’ The 1nfrared spectrum of liquid CF3SO3H30 shows the absence
of any bands due to -50;3H, consistent with an ionic monohydrate
" in the liquid state200, '
| Kotz.et al.201 ﬁave studied the integratea iﬁtensities of
the Raman bands due to CF3 and SOE gro&ps wAth the progressive
addition of_Hzo'tc'CF3SO3H: for values of t e-mo;ar.ratio ‘ ‘ L.
(Hzo)/(CF3Sb3H)4> 1, tﬁey_conclude that complete ionization of
CF3863H to-form the H30" salt occurs in the liquid state.’ |
In the liquid _CF3so§H3o+, the-H3O+ i09 is stabilized by
strong “Coulombic interactions with the CFBSOE'aniog. This
envikonment'differs substantially from that for H3O+ in excess
watet whete the corresponding interactions arelthrough ion-dipole
forces and‘H-bonding; in fact the;nelt can be viewed as a sort of
lattice liguid, like a molten salt. fhe consequences of the
large concentration of anions in the CF3SO§H3O+ melt, e.g. on the
o .

kinetics of the h.e.r., or at ah anodically polarized electrode ~

- .
surface, will be considered below. 7
- N LY

(ii) Purity of CF,503H;0% and Stability of the Anion to *

Electrochemical Reduction

\ ‘Sgﬁisfactory pcrity of the CF3SO§H3O+ (see the experlmental
- section for detalls “of its preparatlon) was checked by performlng
. [ ]

a cycllc-voltemmetry_experlment at -a Pt electrode; both in aqueous

‘ sclution'made up from'pyro—distilled water and in the liquid

monohydrate", the cycllc-voltammetry behav1our w1th respect to
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-satisfactofily clean ‘solutions according to the relatively ;}f,/—

‘demanding criteria of solution (and surface) purity published

159

previously 'The surface oxidation aﬂﬁ Ozievolution reactions

at Pt in this monohydrate melt were investigated in some detail
and the results are described in a later section.

Wiihﬁa sulfonic acid at catalytic cathodes there is the

" ‘

pdssibility that at potentials for H, evolution, some reduction

of tHe acid to a sulfinic acid or a sulfide might occur and . g

vitiate the kinetic results for H2 evolutibn. That this was not

the case was shown by taking cyclic-voltaﬁhograms before and

immediately after a H, evolytion kinetiq run over a range of

current densities, with and without stirring. The excellent

initial cyclic-voltammogram (Fig.5-3), characteristic of a "clean

_solution", was retained after cathodic H, evolution at Pt from .

- ] . . . . . - . .
CF3SO3H3O+; no changes in the H-adsorption region with stirring,
nor extra currents over the surface oxidation region, indicative

of reoxidation of some reduced species in the solution or on the -
. ‘ P __.»' .” .
electrode suxface, are observed.*

<

(1iii) Concentration Effects ,in the Measured Rates

‘ T or: Exchange Currents

Since we are really interested in the differénce or ratio of
Velectrocﬁgmical rate constants for discharge from H30% and "Hg0}"
éorrespogéing to the respectiifzﬁates'mgasured, allowancé’m&st be -
made for ﬁﬁe cohcentration difference of protons in the two ‘types

of solutions. Thus, since the density of.CF380§H3O+ is 1.81 g
=3

s
.

cm™”, the molarity of the liquid "monohydrate" at its meiting

point (309 X) is ca. 10.8 compared with 1.0 for the 'selected
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solution'in excess H,0. ' - ’
On account of well-knownl'202 "oouble—layer" effeots in

electrode kinetics, the rsﬁ;lconstant ratic for Hé evolution .from

these two Sgste::\zghnot be derived from the measured rates

simply by allowance, in direct proportion, for the ratio of gt

concentrstion (10'8) For example, in dilute solutlons, the n vs

log i relations for the h e.r. at Hg are 1ndependent203 of HY

concentration due to compensating effects between various
concentration-dependent terms in the rate equation, espeC1ally
through the diffuse-layer potential Tl. However, at the hlgher
concentrations involved in the present work, this compensation is
incompleto so that a concenttation correction‘has to be made in
order toc compare the'factors other than concentration that lead
to the observed difference of rates to be doscribed below.

- - Thus, at the concentrations involved; 10.8 M and 1.0 M, the
diffuse double-layer, (Y) effect ofiginating from the log [CH+]
'-dependence of the ¥y potential which arises in dllute solutions,
becomes only a smallJfactor, approachlng constancy, in scdutions
stronger than ¢a. 0.2 M when specific adsorption is absent. The

-

“log i at constant n should increase with increase of Cyt+ (rather

& »
than remain almost constant) if the symmetry factor B = 0.5,7"

since, for.concentrations > ca. 0.2 M, where ¥; » constant,

-

n = RT/BF log i + RT(1-8)/FB log[Ch+] +. constants e (S—lé)
-which gives . L - . , . e
d log i | ' \Qg . o o0 T
. - =1 --8 _ (5-19) .
d logiTg+] |n.’ s T y

Hence log i would be exoectgd to increase approximately.by

. [N . . .
_ / - : . ) ) * o
n - ' N — - - .
- /

td
S
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(1-gllog 10.8 due to. the §+5concentration difference, i.e. the d
should increese 3.29 times with B eaken\ee 0.5:

The above estimates. of double—laxef/effects appiy in the:
absence of specific édsorptién of ioné;\ However, in the acid
hydrate, specific adsorption of_CF3SOS is-almost certainly
significant (a relatea anion adéorptidh effect can be seen, for
example, when the cyclic-voltammetry i Qs v piffiles for‘the acid
hydrate and the 1 M -ag.  solution are compared at Pt Flg(s 3) ).
This will lead to a dlfferent double layer potential effect
involving the_inner—layer, Wz,.potentialzoz. An exact
calculation of such an effect is difiicultzof but all tﬁat is
required here ie the direceion ;} the ef%ect, kinetically, and an

approximate estimate of its magnitude. Thus, if Y5 "is taken

approximately (cf. ref;202) as

¥ = wg - _R'I‘/F 1og[c(¢§‘3so§)] = ‘Pg , so that
- d tog i
_— (5-20)
aq;inerease of currenf_with-iﬁcreasin concen#ration,

_ierger than.tﬁat,predicted.in:the case-Where Y4 > constant in
strong solutions iﬂ the Frumkin treatment, -would arise. Compared
, w&$h the case considered earller in this SECtlon for the absence
':of spec1flc adsorptloﬁ it is seen that, when spec1f1C'adsorpt10n-
1s.elgn1f1cant, the rate increase with Hf concentration g&ﬁla be
larger than in tﬁe previous case, in féet: fer g = 0.5, by the |
faq;or (3 29)2 = 10 8, i.e. the original concentratlon ratio.

(Such an effect ofﬁenhancement of h.e.r. rates at . hlgh hydrj7en

hallde ac1d concentratlons was in fact observed by Jofazoq)

- —

1
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(iv) Behaviour at Hg Film Surfaces and'Liquld Hg Pool Electrodes
* The kinetic behaviour at'Ho surfaces will be considered
first, since at Ni and Pt, the interpretation of kinetic results
‘is always complicated by the involvement of chemisorbed'H.and
whether the H desorption step (either by chemical recombination

@

+ H, te=M+H,+ H,0) is

or electrochemlcal desorptlon-MHads ag

rate-controlling or not. At Hg, on the other hand, there is
almost complete unanimity (at least among the Russian and Western
workers) that the kinetics of the h.e.r. at Hg are controlled by

a rate limiting proton-discharge process Prior to the H

desorption step. In this case, therefore, the behaviour is
—uncomplicated by effects connected'with poténtial-éependent
coverage by chemisorbed H so that exper;ments usrng H30

5H904 as proton sources should less amblguously glve 1nformat1on\
on the effects of the-proton source on the H' dlschage and H
transfer kineétics, apart from p0551b1e compllcatlons due to co-

-

anion adsorption, to be discussed below.

" Fig.5-4 shows the Tafel relations for Hoy evolution at Hg

film electrodes on Au at 313 K in 1 M aq. CF3S03H and in CF380§

H3O+. In this case, the actual measured rates of Hzfevolut}on

Lfrom the;H3O+ electrolyte are actually slower but only by a

—

factor of ca. 3.5 times than from'the'aqueous 1M ac1d solutlon
',(bf the results for Ni and Pt to be" presented later), The_
'conszderatlons on double-layer effects glven above 1nd1cate that
. the rate‘should increase by a factor of elther about 3. 29 or
“about 10:8, dependlng on specrflc adsorptlon, due to the 10 8-

fold. concentratlon ratlo for the two types of solutlons.

The observed decrease of rate (3.5 times) in going from 1 M
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aqueous solution to tpe 10.8 M acid hydrate cannot‘th?ﬁefo;e be

accounted for by the cohcentration d;fference nor by diffuse-
léyer or anion adsorption efiectg on the kinetics. 1In fact,
there is a "slowness factor" for discharge from H3O+ compared with
H904+ in the 1 M agueous soiution of abéut 3.5 x.3.29 (= 11.5
tiﬁes), or 3.5 xN0.8, i.e. 37.8 times for the cases considered
above so that, on any basis, double-layer effects cannot -account
for the direction and magnitude of the observed rate ratio of 3.5
times. ' ' f’

The Tafel slopes for the h.e.r. at the Hg film electrodes
{Fig.5-4) ére very simiiar for proton discharge froem 1 M aq.
CF3S03H and CF3SO§H3O+ solutions respectivély (compare the Tafel
élopes for discharxge at Hg pool surfaées, below). These values
correspond to those’usually found in dilute acid solution.

Overpotential versus log [chrreﬁ%‘&ensity] measurements at
the Hg film surface werevmadé at various temperatures in order to
evaluaté the apparent188'35‘heats of activation AHT for discharge
from ﬁ30+ and H90¢+. The &( %) vélues are.summarized in Tablé 5-1.
These figures, 'th allowance for tiee effects of concentration

differences discussed,abové{ enable the’ apparent frequency factor

ratios to be evaluated, as also shown in Table 5-1.

-&_1.
L]
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R Table 5-1

Apparent Activation Parameters for the H, E.R. at Hg

T Film (Au) Electrodes in the Media Indlcated

-n/v ARF for Ant for 1 M § (AR¥F) Frequency
CF3503H30 ad. CF3SO3H . ) factor‘
kI mol™r ° kI mol”l . k3 mo1-l - ratio®
{(a) : {b) {(b) - (a) oo
[ . o
0.250 42.4 27.% ~14.9 14,6
0.300 43.9 ©32.3 -11.6 14.0
0.350  15.3 -31.3 -14.0 16.4
0.400 46.8 " 28.5 . -18.3 .  17.3

. 3
Note on Table 5-1: The AT values are substantially smaller than -
on pure ligquid Hg and the corresponding h.e.r. currents are
higher. This ‘is because a Hg film electrode on Au has some
dissolved Au in it but a reproduc1ble surface behaviour was still
found to .result.

* Here and below this ratio refers to A(Haq)/A(H3O ). ;§§5

Over the range of overpotentials lnvestlgated the heat of
: actlvatlon for proton discharge at Hg film electrodes from CF3SO3
H3O is found to be ca. 15 kJ mol -1 larger than that for the 1-M

h.e.r. from these two media would be expected to be 1ITHY

CF3SO3H, on this basis alone then, the relative r'tes of the
KT’)>

ag
1(H3O ). Thus it 1 _ _dent that both apparent heats and
entropies (or frequency factorsi of activation contribute to the
slowness factor" noted in connection with the overpd‘entlal vs
Alog [current den51t1es] relation at Hg fllm electrodes. |
Steady-state polar1zatlonfmeasurements were also made foro

the h.e.r. at pure He pool electrodes in 1 M aqueous CF3SOBH and

_CFBSO§H3O+, the resultlng Tafel plots at 313 K are shown in Fig.5-5.

.

- + .
- . - .
. ) . . S
- ) S - - . .
- . B . -
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In contrast to the Tafel behaviour noted above for the Hg

film (Au) electrode, theimeasured rate of reaction at pure ﬁg in

the monchydrate CF3SOEH30+ exceeds that in the 1M agueous CF3SO3H

by a factor of‘ca. 60 x at an overpotential of ~0.8 V. This
dlfference in rates is in the dlrectlon of: the increase in rate
of ca. 3.29 or ca. 10.8 to be expected as a result of
concentratlon and anion adsorption effects on the rate of
reaction.

- However, Fig.5-3 shows that the difference in rate of
reaction in 1 M aq. CF4S04H and in éF3SO§H3O+ is very dependenr

on potential. This is due to the apprec1ably different Tafel

' slope, ca. 0. 09 V in the monohydrate compared with the usually ‘_

found slope of ca. 0.11 - 0. 12 'V in drlute agueous acrd solutlon.

‘Consequently as the applled overpotentlal is lowered

_progressively, the rate of hydrogen evolution decreases mo:e
ﬂmarkedly for diecharge from the molten monohydrate than from the
1 M.CF3SQ3H solutioo;’the.rate;.in the two media become equal at
an overpotential of ca. -0.17 V. At lower potentiale, the order

of rates will be the rev@®rse of that.obtainiﬂg'at the higher

r

values of the overpotential shown in Fig 5-5. .

This interesting difference in Tafel slopes found'atApore
.ngdrthe two media investigated is norﬁsrserved in the case of
thehHQ film electrodes. The Hg film electrodes on Au substrates
ylelded'repreduc1ble surface behav1our for several hours after
their preparatlS;\Bht exhibited lower hydrogen overpqtentials
than the Hg pool electrodes. Both theee differences in behaviour
arise because 'a_‘.Hg film electrode on Au has some traces o'.f' '

dissolved Au in it; the ¥eproducible behaviour of the film

. : | )
- , . ot

~
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- D i " L o _
electrode suggests the presence of a constant ‘surface compositlpn
of Au in Hg. Chanées of the bulk properfieé in the Hg film due
to the presence of dissolved ﬁulgre'not-likelyﬂto accopnt_for:the

observed differences from pure Hg electrodes. .

| . g o : .

Apparent heats of activation for the h.e.r. at pure Hg pool— - __
surfaces in CF3803H30+ and 1 M aq.%CF3SO3H,are given in Table 5-2.
2 _ : .

L& Ble 5-2 -
. _ Ta e\?

. Apparent Activation Parameters for the H.E.R. at

” -

. . Hg (pool) Elecdtrodes in the Media Indicated.

-

. ) . C . :
5=§v ART for “AEF for 1 M, G(AH*) Freguency
CF3SO3H;0" ag. CF3S05H . factor
kJ mol~l kJ mol~?! kJ moll ratio”
(a) = (b) - (b) =~ (a) '

. 0.0 '84.0 ;_ 56.4 -27.6 3.6 x 1074
~0.4 -~ . s1.1 Car.8. - --3.3 5.3 x 1072
~0.6 . 39.2°°  43.5. ° - +4.3  0.81-.
-0.8 . 24.3 ~39.3 5.0 - 20.4

At the hlgher overpotentials, the 1 M ag. CF3SO3H shows
larger values of the héat of actlvatzon, however, as the
potential is lowered ton = 0, the revérse relatlonsh%p obtains.

This change in re;gtive‘magnitudé of heats of activation results
from the sigpificéntly different Tafel slopes for the h.e.r. in ~

[~

these two media, as mentioned above.

i . ) B e

The apparent freguency factor .ratics (Table 5-2) increase

LA

over ca. 5 decades on going from.0.0 to.~0.8 V RHE; at the most -
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cathodic potentials, frequency factor ratios (> 1) comparable to
those foupd for the Hg film (or Au) electrodes arise.

The potentialrdependence of these attivation parameters will
be considered in detail in a following section in rela:cion'to the
temperature variation of the Tafel slope (and.hence the: transfer
coefficient) and to the origin of the potential-dependence of the

rates of electron transfer reactions.

(v) Behaviour at Ni Electrodes

Steady-state polarization measurements were mede at reduced
ﬁi electroée surfaces; an initially oxide-free Ni surface was
achieved by firing and maintaining the electrodes in a hydrogen‘
atmosphere in glass pulbs prior eo use as cathodes.

Fig.5-6 shows the IR—corrected Tafel plots for cathodic
hydrogen evolution at Ni electrodes from pure CF3SO3H3O and from
'4 M aqg. CF3SO3H.

The 1 M aq. solutions.give the usual, almost linear Tafel
plot for the h.e.r. on Ni with a slope dﬁ/d log i of 2.3 x 1.69
RT/F, i.e. with a transfer coeff1c1ent of 0.59. The CF3SO§H3O+
system gives a non- llnear IR-corrected plot (Fig.5-6) with an
initial slope of ca. 2.3 x 2.1(2) RT/F. Because of the curvature
©of the plot for CF3305H30+, comparison of the Tafel behaviour of
the two acid systems gives, e.g. at 314 X, ratios of Hy evolution
current-densities which increase from ca. 3 x at n = 0 (the
exchange current densities) to ca. 36 x at n'= ~-400 mvV.

. These relative rates are in coﬁtrast to the order found for

proton discharge at pure Hg surfaces described above (compare

Fig.5=-5).
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Noting again that the acid hydrate has a molarity of 10.8,
the rate ratios mentioned above correspond to rate-constant
ratlos which increase from~ 32. 4 to 389 assumlng a reactlon.order

=28 (ca. 1) in [H*], using eqn (5- 20%’ i.e. large klnetlc
effects are involved with a substantial increase in the rate of
the h.e.r. as the proton‘source is changed from‘H30+ to the
extensively hydrated “H904+" in dilute agueous acid solution.

Upon maintain@n@“fhe Ni'elecirode for eeveral minutes at
potentials more cathodic than ca. -0.1 V RHE followed by stepping
the potential to a value ie the range -0.035 to -0.050 V RHE, net
anedic currents were observed at these 1a;£;r potentials which
are nevertheless still cathodic to the RHE; this behaviour was
found in both the monohydrate melt and dilute agueous CF3SB3H.
These anodic current trensients decayed over a period of 10 - 100 s
to yield steady-state cathodic currents corresponding to those
found in.the.steady—state pelarization measurements.’ Thls
behav1our upon stepping the potential (to values cathodlc to the
RHE) cannot be due to a readjustment of surface coverage of
adsorbed H, "or to‘double—layer charging currents since_both these—
processes-occur on the sub;millisecend time scale. The anodic

current transients are prébab}y related to the formation of a

ﬁhree—dimensionqi*hygride or surface hydride phase at Ni which

3
athodic polarization in some

has been found EQﬁﬁevelo
mediazos'zosl

This hydride phase Ni electrodes is associated with good

electrocatalytic propertie for 'H, evolution similar to those
associated with the two-dimensional hydride surfaces at Pt and

Rh. At these latter active'metals, full coverage of strongly

T
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bound H (or surface hydride) exists already at or eyen before the
reversible hydrogen potential, although this strongly bou?d .
species is probably not directly an intermediate in the overall
h.e.r. In the case of Ni on the other hand,'full coverage by
atomic H (or hydride formation) is not attained at the reversible
potential. I

At Ni and and Raney NiiAl—type electrodes iﬁ concentrated
alkaline solution, Conway et al.297 foung charactefisic time-
dependént currents.depending on whether measurements were made in
the direction of increasing or decreasing overpotential in the
range -0.02 to -0.10 V,and relatéd this behaviour to the
formation of a hydride of Ni.

In the present work in acidic solutions, this hysteresis
effect was not encountered and E;hce steady-state polarization
measurements at Ni could be made (cf. fig.é-GL

The potential vs log [current—deﬁsityi re;atioﬂs at Ni %
electrodes in 1 M CF3S03E andjinACF3SO§H30+ at severai
teméergtures are sﬁpﬁn}in Fig.5-7 agd Fig.5-8.

In %hg_aque6u$'medium, normal mean values of theAaptivation
energy v'aryi‘ng from 43 to 58 kJ mol™ 1 with potential, ar.e
observed. However, in the acid hydrate, unusuél but reproducible
behaviour is observgd: Eﬁe apparent heat of acti;ation is
suprizinglyrsmall and shows some tendency to pass through zero to
negative (apparent) values with increasing temperature. This may
be due to temperature-dependent adsorption of the CFBSOE anion at

the Ni surface and/or H surface coverage. In addition, Ni

hydride which is probably present at these potentials (see above)
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may well coptribute to this unusual teﬁperature—dependence of

rate, iﬁ a manner analogous to that Qescribéd.in a previous .

section of this thesis for temperature-dependent-ﬁ adsorption.
Because of these complications, it is not possible to work but
.satisfactory ratios of frequency factors forlthe h.e.r. at Ni

from‘the two types of proton source.

The occurrence of this:maximﬁm‘in rate with temperature was
confirmed in several independent.poiarization runs., The effect
of varying the temperature (whilst potentiostating the Ni
elegtrode at -0.1 V) on the current that passes is shown in
Fig.5-9. The maximum in the rate seems to occur at ca. 332 K and
co?&esponds to the behaviour noted in the steady-state

L

polarization measurements.

(vi) Behaviour at Pt Electrodes

Steady-state polariiation‘measurements for the h.e.r. weréé
also made at Pt electrodes; the Pt surface was conditioned just
prior to each kinetic run by cycling the potential linearly
bétween ca. 0.05 and 1.35 V RHE. This anodization pre-treatment
vielded a reproducible, well defined and clean initial surface
state, as discussed elsewherel39,

Fig.5-10 shows the Tafel relations for the h.e.r. at Pt in
the two systems. Again, the rates of the reaction are much
smaller when H, is :;olved from H30+ in the melt than from Hgoj
in the 1 M éq.-CF3SO3H solution at the samé temperaturé: Around
n = 200 mV, the rate ratio is ca. 30 x. Correction for the

concentration. difference in the case of the recombination-

controlled h.e.r. at Pt depends on the differential Tafel slope
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0.2
5 i M
'€
o
T Gl
\ o
Ni (’7 =-Q.1V)
0.0 | | | | _ |
310 320 330 340 330 360.

T/K

Fig.5-9 Effect of temperature on the current passed

in the h.e.r. at a Ni electrode in CF3SOEH3O+

at -0.10 V RHE.
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‘involved: at low 8y, where b is ca. 0.029 V, the concentration
correctioﬁ in the rate involves [C(H3o+)]2; towards the limiting
. current it invoi&es [C(H30+)]0 (zero order of the process). Note
that if the discharge step producing Hygs 1s at quasi-
equilibrium, no @l effect is involved 'in this casé; however,
concenﬁration-dependgnt.anipn.adsgrpti6n effects car éffécé%the
raﬁe constant for MH + MH recombinationm and the H cdveraﬁe;A

Proton discharge from both_solﬁtions at Pt yield non-linear
Tafel relations characterized by a low-slope region a£ smaller
overpotentials. The curvature in these plots reflects a
progressive change in mechanism as the magnitude of the cathodic
overpotential is increased, as well as the desorption of anions
at the more negative potentials, particularly in the case of the
aqueousr CF35038 solution. The cyclic-voltammogram for Pt in
CF3SO'§H3O+ shown in Fig.5-3 exhibits a compressed hydrogen
‘underpotential deposition region (see this éhapter, Section 4,i)
which is diagnostic of anidn adsorption at this metal (see
ref.208 for halide adsorpticn at Pt).

Surface coverage of kineticallY—active adsorbed H at Pt is
also probably changing with‘botential. -Conway et al.185 nave
quantitatively evaluated the extent of so-called ovefpgtentially
deposited (OPD) H at hydrogen-evolviné.Pt electrodes in dilute
agueous acid.and alkaline sclutions using the open-circuit -
potential decay technique described in Chapter 4. fheir analysis
indica;es that this léosely bound adsorbed H is the kinetically~-
involﬁed intermediate in the }Le.r..at Pt, unlike the
underpotentially deposited H which is present already at full

covérage at the reversible potential.
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The'apparént activation eﬁérgies ﬁé; Hy evolution.ffém H30+,
and HQOZ at Pt are also-quite diffeﬁgh;'éqd‘debend in éh‘ungéﬁal
way on n (because of the gurVed Tafel rélatidng iH'Fig.S-IOL
Based on a T range of 2§é;7 to 348 K for-the 1 M aq sdidtionrand‘
308 to 358 K for the CF3SO§H3O+, the fdllgwiné'ggpareht |

activation ‘energies are found as shown in Table 5-3.

Table 5-3

Apparent Activation Parameters for the H.E.R. at Pt

& - from the Media Indicated.
-n/v mt for pEF for 1 M S(AH*) Frequency
CF3S03H;0" ag. CF3S04H factor
¢ . kJ mo1~1 xJ mol™l kJ mol~?! ratio
: (a) (b) (b) = (a)
0.100 24.6% 4.7(5)* -19.9 1.2 x 1071
0.150 26.3 6.9(4) -19.3 1.7 x 1071
0.200 27.2 8.3(8) -18.8 2.1 x 1071

The values here do not decrease in the usually expected way203
with increasing B because no linear Tafel region is observed.

For Pt, the apparent activation enerygies are seen to be
substantially larger for H, evolution from H3O+ than from H904+,
but in this case the rates from H3O+ are significantly smaller
than from H904+. (See steady-state polarizétion behaviour in
Fig.5-10). -

The kinetic effects at Pt stem mainly from the differences
of apparent activation energy. Relative to the Hz_glectroée

potentials in the two media, the potential ranges for
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underpotential H chemisorption are similar, so there are no
sﬁbstantial,differences of H chemisorption energy at Pt in the
two media. Therefore the main—effe&t eriginates as a kinetic
medium effect” arising principally froﬁ the activation enerqgy
difference. It should be mentioned, however, that the H atom
recombination-controlled kinetics at Pt, when sucﬁ a mechanism
applies, e.g. at not.too active electrodés, really involves a
weakly bound H species rather than the three or four )
distinguishable strongly bound H gtates, resolvable in cyclic-
voltammetry experiments. The-apparentrfrequency factor ratios at
Pt vary only weakly with potential, ﬁnlike the behaviour at the
Hg pocl electrodes seen above.
| The completely different behavioﬁr of the h.e.r. at Pt from
that at pure Hg surfaces is consistent with the well known
differencg of mechanism of the h.e.r. at Pt whereffhe kinetics
are probably controlled by the H atom recombination steﬁ* {hence
‘the approach tb activation-controlled limiting currents in Fig.5-
10) rather than by éroton discharge. Then the differené% in
proton dischargé rates appears indirectly in thé steady-state

coverages by H in the two systems.

Additionally (c¢f. Fig.5-3) the adsorption of the CF356§
anion in the acid hydrate solution will have significant
inhibiting effects on the adsorbed-H rgcombination-controlléd
kinétics. This is probaﬁly why there is such a large difference
in the Pt case between the currents for Hy, evolution from H30+

g \

* At very active Pt electrodes, diffusion of -generated#l, away
from the electrode controls the electrode kinetic behaviour.:

-
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and HQOZ solutions bécagse the CF350§ anion concentration
difference affects the adsorption of the electroactive adsorbed H ..
species (cyclic-voltammetry at Pt indicates that the accessible
charge for UPD of H'decreases by ca. 45% on going from 1 M
CF3S0,H to the_ monohydrate ﬁel;. In this case, therefore, the

rate differencés cannot be attributed simply to differences of

facility of HE' discharge from H3O+ or Hgoj.

3. True Activation Parameters for the H.E.R. at Hg from 1M CF4S04H

- +

The use of non-isothermal cell measurements in‘fixing, to a

1
/

goga approximation, the metal-solution potential difference (when
Eﬂe_temperature is vaéied) was discussed in Section 1. In the
present section, the use of this technique‘in corder go
investigate the potential-dependence of the true enthalpy and
entropy of activatiocn (i.e; at constant By-g)- for the h.e.r. at
pure Hg electrodes in 1M CF3SO3A and in CF3‘SO§H30+ will be l *:
dgsé&ibed. A comparison of the "true" activation parameters in
these two media will then be.maae, based on an approximape'extra—
therméﬂynémic procedure. From the foregoing material, it will
have been seen that such a comparison is least ambiguous for the
case of the Hg electrode.

We should note, at this point; that differenges'of "true"
and "apparent” heats of activation for different conditigns, e.g.
for different metals, would be identical; however, when
comparisons are made between different media, this is not the

<

case since the ,'Hg terms for the reaction in the two media are

‘not necessarily sidentical.
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Results of Non-Isothermal Cell Measurements

Measurements of the hydrogen reference electrode potential

in 1 M CF3503H an;:;n CF3SOEH3O+ in non-isothermal cells were

made relative to a reference temperaturg of 313.0 K (selected in

view of the 309 K m.p. of CF3SO3H;0%). The neglect of the

tﬁermal liquid junction potential-difference and details of the

experimental cell arrangement were discussed in Section 1 and

Chapter 3.

was stressed in that discussion.

The thermal potential differences for the hydrogen electrode

B 4

in 1 M CF3S03H and CF3SO§H3O+ are shown in Fig.5-11. In this

figure positive values correspond to the RHE establishing a

potential more positive than that of the RHE at the reference

temperature (313 K).

vs T data of Fig.5-11 and the associated coefficients are given

"in Table S-4; no improvement was found on going to a third order

A polynomial least squares regression was performed on the Vv

-

power series.

Table 5-4

Regression Coefficients” for the Observed Thermocell

Potential Differences for the RHE (relative to 313 K)

The importance of using of a salt-bridge thermocell

Solution - ag/mv ap/mv k™1 a,/mv K2
1M CF350;H -38.22  0.933 1.66 x 1074
 CF3S03H;0T © -44.03  1.072 , 5.84 x 1072

™

*

E = a, + a;(T - 273.15) + a,(T - 273.15)2

S

\
{
[

-

o’
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Fig.5-11 -Non-isothermal cell potentials for the RHE in

CF3S03H,0% and 1-M CF3503H relative to the RHE at
313 K.
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The temperatdre coefficients of the h.e.r. reversible
potential in éach of the media are as follows: in CFBSO§H30+,
dE/AT = 1.12 mV K~! (at 313 K), and in'l M ag. CP350;H, dE/AT =
0.95 mv k™1 (at 313 K). For comparison in the case of dilute
aqueous solution, dE®/AT can be calculated+8? from dE®/4T =
4S°/zF where As® = 1/2 s°(H,) - 3°(H") - 5°e™) using the best
numerical estimates for 3°(HT) and s°(e™) and the well-known
value for S°(Hy). Thus 4S° = 31/2 - (-4.5) = 20 e.u., whence
dE®/4T = +0.84 mv k1, The experimentally determined -value in
1 M CF3503H is somewhat larger as is the value for the g
monohydrate melt.

Thus for the‘steady~state peclarization measurements at T >
313 X, in both 1M CF4S0;H and C%3SOEH3O+, the o§erpotential
values observed must be reduced in magnitude (according to Fig.5-11)
in order to refer them the scale of potential of the RHE
maintained at 313 K.

An example of this procedure is shown in Fig.5-12 where *
Tafel lines are drawn for the h.e.r. at Hg (from 1 M CF3SOSHj at
a reference temperature Ty = 313K and at a higher température T,
= 348 K, the potential being referred to an H, glectrode in the
same solution at each of the respective‘temperatures.

Application of the overpotentiél correction described.ab;ve,
leads to a shift of the Tafel line at 348 K to less negative

overpotentials (according to Fig.5-11) so that the difference in

rate on going from 313 K to 348 K in Fig.5-12 (at constant

potential) is increased. The resultiﬁg Arrhenius piots at a
given value of the "corrected” potential then yield larger

activation energies, corresponding to the condition of
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Illustration of the thermocell correction
applied to steady-state polarization results
for the h.e.r. at Hg from‘l M agueous
CF3803H: potentials for the 313 K data refer-

red to the RHE (313 K); potentials for the

348 K data referred to the RHE (348 K) and -

transformed, according to the non-isothermal
cell measurements, to the RHEE (313 K)

potential scale.
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approximately constant interfacial potential difference, ¢M—S'
These activation energies are, to a good approximation, the

kinetically significant true quantities.

-

(ii) True Activation Parameters and Their Potential-Dependence

Following previously employed'procedures77 in the analysis
of kinetics from Arrhenius plots, it is possible to obtain
experimental relations between 1ln i¢ at various fixed electrode
potentials, @&, and 1/T (see sub-section (i) above). 1In the usual
way, the slopes give AES* values at the respective g values but
also the logarithm of.the electrochemical frequency factor A¢ can
be obtained from the intercept of such piots at 1/T » 0. 1n A¢
values as f(g) then result as shown in Fig.5-13 while the
corresponding Aﬁs#'values as f(#) or £(n) are shown in Fig.5-14.

The Jyelative magnitude of the potential-dependent AHS* for
the h.e.r. from 1 M agueous CF3S0,;H and CF3SOSH3O+ shown in
Fig.5-14 depends strongly on potential. Near ;he reversible

potential (313 K), the AH@* for proton discharge from the CF3SO§
H3O+ is EE: 35 kJ mol”1 larger tﬁan for the 1M CF3S03H; at -1.0
V, the reverse order:-obtains with a difference of ca. 18 kJ mol™l,
This behaviour parallels that found above for the apparent heats
of activation; these true values of the enthalpy of activation
are larger than the corresponding apparent quantities by ca. 22
and 15 kJ mol~! for the h.e.r. from the-CF3SO§H3Of melt and 1 M
aqueous CF3SO3H, respectively.

| The slopes of the lines in Fig.5-14 reflect the
effectiveﬁess of the applied potential in reducing AH%* and hence

in increasing the rate of reaction. Clearly the effect of
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Fig.5-13 Potential-dependence of true loglfrequency factor]

values for the h.e.r. at Hg from CF3505H30+ and 1 M

aqueous CF3503H.
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Fig.5-14 Potential-dependence of the true heat of
activation for the h.e.r. at Hg from CF3S03

H3Q.+ and 1 M aqueous CF3SO5H.
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applied potential is mere pronounced for hydrogen evolution at Hg :
from the monohydrate CF3SO3H3O than from the dilute aqueous
CF3S03H solution; this observation is in qualitative agreement
with the relative magﬁikudes of the symmetry factors (= 2.3RT/bF)
derived from the Tafel slopes, b.

The potential—depehdence of the frequenci‘factor (related to
the entropy of activation) corresponding to the‘;bove values of
AES* shown in Fig.5-13 indicates that quite different behaviour
.evidently obtains iwr-the two media.

In the 1 M aqueoué CF,503H, log [f;equepcy factor}, éni hence
the entropy of activation ASS*, becomes more pésitive.ﬁith
increasingly‘cathodic.bverpotential, and leads to increased rate
of reaction. On the other hand, the entropy of activaﬁion
decreases at more céthodic potentials for hydrogen evolﬁtion from
CF3SOEH3O+, thereby tending to reduce the rate of reaction. Of
course the overall rate of réaction increases with applied
cathodic potential for the h.e.r. at Hg from both media (see
Tafel relations in section 2(iv}) owing to the dominant effect of
the potentiai—dependence of the enthalpic component (see Fig.5-14
and the above discussion) of the electrochemical free energy of

activation.

It is of great interest that ln A¢ values are found to be

potential-dependent, i.e. the entropy of activation, as well as

the enthalpy of activation, is evidently potential-depéndent.

While this possibility was realized’4 as a formal consequence of

" a temperature-dependent transfer coefficient (see Chaptef 2), -

this work is the first in which such an effect on AS# has been
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experimentally demonstrated in a direct way.

This result means that changes of electrode potential not
only affect the energy of electrons at the Fermi level, and thus
in the conventional way, modulate the rate through changes of
energy of activation but they élso change the entropy of
activation. Therefore,'the important conclusion from this part
cof the work is that chaﬁges of electrode potential have a direct
effect on either or both the structure and configuration of the
reactant énd its transition state, and the solvational
ehvironmént of these latter species. 'This is a major departure
from conventional representations and ideas concerning the role
of potential changes in electrode kinetics. |

A detailed quantitative comparison and discussion of the
kinetic behaviour in the two media will be giveﬁ in a following
section where.the magnitude and airection of these changes in
.enthalpy and entropy of activation, the dffg;rence of the Tafel
slopes, b, .and the relation of the entropies 'of ac%ivation to Fhe
important gquestion of the temperature dependence éf b (cf.
Chapter 2) will be examinéd.

. The appareﬁt frequency factor ratios for the h.e.r. at pure
Hg in 1 M CFSO3H and ¢F3SO§H3O+, based.on the experimentally
determined apparent_enthalpies of activation, were given .
previously (cf. Table 5-2); the corresponding quaﬁtities derived
from the true enthalpies of activation (Fig.5-14) will be related
to the former frequency factor ratios by a factor dependent on
the respective differences in apparent and true heats of
activation in.the two media. Thus, the frequency factor ratios

at constant potential (at 313 K) derived from the true enthalpies
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of activation.are oStained by mulfiplying the appafent frequency
féctor ratios (Table_S-Z[ by the faptor, £,

£ = expl8(HL,) - 6(Hy0%)1/RT (s-21)
where, e.qg., a(H;q) is the difference in true and apparent heats
of activation in the 1 M aqueous solution and 6(H30+) is the
corresponding quantity for the melt; the 6ther symbols have their
usual significance. Inserting the vglues given previously in
this section for &H;q) and 6(H3O+), in eqn.{5-21), yields f =
exp[(15 -22)/313R] = 6.8 x 10-2 at 313 K for the h.e.r. at pure
Hg in 1M CF3SO3H and CF3SO03H,0%.

The frequency factor ratios obtained by applying the
transformation in eanS-Zl) are inten@g@ to provide a comparison
between the kinetic behaviour of the h.e.r. in the two media
corfesponding to proton discharge from unhydrated ﬁ30+ in the
melt and from "HQOZ" in excess water in 1 M CF3504H. ;However,

the choice of a particular overpotential {at a reference

temperature, here taken as 313 K) at which to compare the
activation parameters for proton discharge from these two media,
will séill involve some difference in absolute metal-solution
potential difference, ¢M_s,'in the respectiﬁe media, e.g., at the
reversible potential in either solution, a difference ¢§_S(qu)
éﬁ_S(H3O+). An approximate basié for a comparison, at constant

' #Bm-gr of the kinetics for the h.e.r. at pure Hg from 1 M CF3SO3H

and CF.SO03H-0% will be given in the following section.
3°Y3H3 g

(1ii) Comparison of the Results at Eg in CF3504H and CF3SO§§39+

It is of interest to compare true activation parameters for

the h.e.r. at pure Hg from the two proton sources, under

—
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condifions of equal Bh;s in the respective sélutions. The
requiied information is not, howeyer, directly obtainable from
the experimental results without some discusgion of the
significance of activation parameters for single electrode
processes and some unavoidable excursions into extra-
thermodynamic considerations.

The approach adopted involves: a) estimating the difference
in AH‘?=rL at #y.g =0 in the two media, b) estimating the
experimental potential, e.g. Vs RHE, at which ¢M—S = 0 in the 1 M
ag. CF3S03H and c¢) combining the results of a) and b) with the
AHS* déta presented in Fig.5-14 above in order to select an
approbriate potential at which to compare the activation
parameters.

a) First we note, following Temkinlsa,'that the apparent
ﬁeats of activation, Aﬁi=0, inveolve the temperature variation of
the absolute potential difference of the reversible H, electrode
according to a relation _

BEF_g = BHE_g - BAES (5-22)
where AH§=0 is the "true” heat of activation of the studied
electrode process at hypothetical zero metal/solution p.d., AHE
is the standard heat of reaction in the single electfode process
H;q + e ='l/2.H2 at its reversible potential and B is the
éymmetry factor of the charge transfer process.

In the systems studied in the present work, we have
_essentially two media from which H is discharged or ionized: the
H3O+ melt and the H:;)O+ ion in excess water, to be designated ur

aq-
Then the activation energies must be expressed as follows:
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aEE o (By0%) = srh_o(H30%) - 88EQ(H;0) (5-23)
and o yd '
Moo (HEG) = Mg g (b)) - BAHQ(RS ) . (5-24)

where thepg 's are the relevant symmetry factors.
We note first that the heat of reaction AH% for the Hy
electrode half-cell reaction will not be quite the same in the

H3O+ melt as in water. The processes involved are

+

H3Ope1t * © = 1/2 Hy + H50 (in melt) | (5-25)
and
Hlq * € = 1/2 Hy + Hy0 (in H,0) . (5-26)

From the experimentally observable difference AH* 0(H30+) -
AH# 0( aq) we could obtain the klnetlcally 'significant difference
of "true" activation energles AH¢=0(H3O ) - ﬂH¢=0(?aq) if the
difference § of the two AH§ terms in egns.(5-23) and (5-24) can
be estimated. 8 obv}ouslg‘}nvolves the heat transfer of H3O+
from the melt to wa'tjer (1 M ag. CF3S03H) together wit.h the
difference of heats of production of water in the melt (egn.(5-
25)) and in the dilutg aqueous acid (egn.5-26); this quantity was
experimentally measured in the present work and its value is
found to be —5 3 kJ mol™?t from a calorlmetrlc experiment.

The heat of'transfer of H30 from melt to water is not,
however, directly measurable but the heat of dilution
(dissolution) of CF3SO§H3O+ into water, which involves transfer
both of H3O+ and the co-anion CF3SO§, is, however, measurable and
was determined in a calorimetric experiment as -19.6 kJ mo1l~l.
This energy corresponds to separation of the cations and anions

in the liquid lattice salt coupled with their hydfation in excess

water (cf. dissolution of a solid salt). Heats of solution of
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solid salts are not normélly separable into ionic components but
wWeé may suppose that a separate heat of transfer of H3O will
involve a fraction of the above dllutlon energy (-19.6 kJ mol l)
determined approximately by a reciprocal radius factor for the
H30+ (r+) and CF3S03 (r_) ions and for water (r,):

{l + [(r++r }/{r_+r )]2} 1 This gives a transfer energy for

H3O"7 of -12.8 kI mol~1 5o that with a reasonable estimate of the

uncertainty in this figqure and the abéve transfer energx.of H,0,

the required enthalpy difference is found to be -18. 1+4 kJ mol L.
Then the dlfference of heats of activationgfor the h.e.r. in

the two medla when ¢M g =0 1s AH¢_O(H3O ] - AH¢ O(H ) ; +25.8+6

kJ mol l

b) The potential, ﬁ¢=0, at which ¢M—S = 0 at pure liquiad Hg
in 1 M agqueous CF3903H will now be estimated. Electrocapilery
measurements at liquid Hg in an.electrolyte solution enable the'
thermodynamically unambiguous potential of zero charge (p.z.c.) -
to be determined. However, at the p.z.c., a residqual metal-
solution potentlal dlfference exists, so that in general V¢ o and
the p z.c. will differ. Thls interfacial field at the p.z.c.
arises prlmarlly from the residual orlentatlon of dipolar solvent
molecules; this effect has been 1nvest;gated by means of the M
study of adsorption of‘neutral molecules at Hqg.

Conway and Dhar<0% have investigated the role of oriented

water molecules at Hg surfaces in a study of the adsorption of

¥
the non-polar flat and conformationally fixed molecule, pyrazine.

From a consideration of Esin and Markov plots, it was concluded

.that no net water dipole orientation was present in aqueous
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pérch-lorate solution at a Hg surface charge dy = -2 uc em™2 in
the temperature rénge 293 - 323 ﬁ; this value of gym corresponds
to a potential of ca. 2 uC cm'z/zb uF cm”2 = 0.1 V cathodic to
tﬁe p.gknn This relation may be expected to apply approximately
iﬁ the dilute CF,803H solutions considered here since both the
perchlorate and trifluromethanesulfonate anions are not
significantly adsorbed at mercﬁryzlo'le.

By analogy with the Hg/l M aq. HC1l0O,4 interfaée at 313 K, the
p.z.c. at Hg in 1 M aq. CF3SO03H is ca. -0.304 V RHE (313 K) so
that the potential of zero field in 1 M aq. CF3804H is then ca. -
0.304 - 0.1 = -0.40°V RHE (315 K).

c). In a previoug section, we have evaluated the poténtial
dependence of the true AHS* for %he r;e.r{ at pufe Hg in 1 M
CF3S03H (cf. Fig.5-14). 1In b) aSove, we found V¢=O(H;q).= -0.40
V RHE (313 X), wﬁﬁch';orresponds to AH§=0(H;q) = +62.5 kJ mol~l.
From a) above, we have AH_((H30%) - aHf o(HX ) = +25.8 kJ mo1~?
so that OHZ ((H30%) = +25.8 + 62.5 = +88.3 kJ mol™l.

Inspection of the data shown in Fig.5-14 indicates that

‘AHS*(H3O+) = 88.3 kJ mol~™t at an overpotential in CF3SO§H3O+
solution at 313 K of ca. -0.23 V; this value then is an indirect
estimate of Vg=p in the monohydrate melt (313 X).

The above approximate values of AH§=0 for the h.e.r. at puré
Hg in 1M agq. CF3SO43H and CF3SO§H3O+Itogether with the associated
ratio of current densities at these potentials lead to a
- frequency factor ratié A(lM-CF3SO3H)/A(CF350§H3O+) of ca. 3.6

x 1073, | g > '

The relative effects on the observed current densities of

these differences in heats of activation and ratios of frequency
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factors for the h.e.r. at Hg will be considered in Section 5; the
apparent activation parameters for.the h.e.r. (Section 2) and for
the desorption of strongly-bound H from Pt (cf. Sectio? 4) will

also be considered.

4. Kinetics of the Elementary §+ Discharge Step

(i) Kinetics of HY Discharge at Pt in Relation to

— — — ————— S—

those for the H.E.R.

We have seen that the kinetics of the overall h.e;r. at Hg
are controlled by the HT discharge step, while at other metals,
€.9. Pt and Ni, potential- and coverage-dependent desorption of H
is‘rate—determining. It is then of interest to examine the rate
of the H+'discharge step at_éne of these laéter catalytic metals;
however, a detailed kinetic study of this electrosorption/de-
sprptibn step is difficult in the presence of large continuous
faradaic curr:;ts (see Chapter 4 for a discussion of this
problem).

The underpotential deposition (UPD) of strongly-bound H at
Pt provides, however, an opportunity to examine unambiguously
the elementary t discharge steﬁ at this éetal. At Pt, the Hoas
which is involved as a kinetically significant intermediate in
the desorption stép(s) in the overall h.e.r. is probably not that
which can be experimentally éharacterized as the strongly bound
species by underpotential deposition techniques (charging curve
evaluation or cyclic-voltammetry) or feflectivity measurements;
rather, it is a species weakly bound on the complete monolayer of

H which is known to be chemisorbed at clean Pt electrodes already

at the Hz/H;q reversible potential.
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However, the.;tep of underpotential deposition of H as a
strongly bound chemisorbed species at Pt can be reliably stuaied
as a separate electrode process by several transient )
electrochemical methods. In particular, the kinetics of HT
discharge and adsorption can be followed by means of a.c.
impedance measurements or Qy cyclic-voltammetry through

evaluation of the reversibility parameterlss, s for the

or
reaction. .[so is the maximum value of the sweep rate, s, in a
cyclic—voltammetrf experiment for which the electrosérption
process just remains reversible in an experimentally demonstrable'
way. ]

Angerstein—Koélowska and Conway158 have shown how S, can be
easily related to i,r the exchange current density aﬁd_thence to
the standard rate constant, kor for the surface electrosorption
~reaction at half-coverage, i.e. where the currents méasuéed in
cyclic-voltammetry are taken as the peak currents:

So = 15/Crev ‘ (5-27)
So =,(2RT/2F)kOCy+(178) . (5-28)

where Crev 15 the maximum adsorption pseudocapacitance for

adsorbed H measuvred under cenditions, s < s for?Which the

or
surface process remains reversible. An interesting feature of
the evaluation of S, by means of cyclic-voltammetry is that the
real area of'the electrode surface is not a required quantity as
it is for "derivation of io' Hence, comparison of kinetic
behaviour of one electrode preparation and another can be made
without. uncertalntles in the "rate per real unit area" enterlng

4
into the comparison; this is of considerable practical importance
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in assessing the intriﬁsic electrocatalytic properties of
electrode materials. However, at Pt, the real electrochemically
significant area can in any case be determined accurately by
measurement of the charge qy for formation or desorption of the
monolayer of strongly bound H. It should be noted that at Pt and
other metals for which the regquired experiments can be
unambiguously conducted, the strongly bound H is.present in 4 or
5 states that can be distinguished as the monolayer of H is
formed or desorbed; even on well prepared crystél surfaces of Pt,
several states are still resolvable212 which correspond ﬁrobably
to formation of successive léttic%.arrays as the ad-layer becomes
extended to monclayer coverége.

In the present work, the kinetics of H UPD were evaluated by
means of cyclic-voltammetry through the determination of So |

values; data were obtained for the most strongly bound state of

the chemisorbed H at Pt.

The evaluation of S, data is preferred from the anodic (H
desorption) side of the voltammagrams, as complications due to
the parallel H, evolution partial current on the cafpodic side at
the least posiéive potentials are avoided. Also some advantage
exists regarding better control of anion adsorption effects in
the aqueous Tedium. Comparison of the anodic and cathodic
behaviour was given in Fig.5-3 above. Apparent activation
energies were evaluated from the measured dependence of log sé/T
values oﬂ reciprocal temperaturelsgn

. iPotenEials{ Vp, of the peaks of the "IR"-compensated cyclic-

voltammetry, I vs V curves were obtained and are plotted vs log s

in Fig.5-15. Comparative kinetic behaviour of proton transfer
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from CF3805H30+ (i.e. from the unhydrated H30+ ion), CF;S'OSHQOZ
(from Eigen's "HQOX“ species) and from CF3S03H in excesé water,
as the 1 M ag. solution, is shown in this figure.

The plots of Vp vs log s show the e:»«:pectedl’:-’8 transition
from reversible (Vp independent of s) to irreversible (Vp
logarithmic.: in s) kinetic behaviour in the anodic ionization of
adsorbed H. The log S, Value is based on extrapolation of the
Tafel region of Fig.5-15, where Vp is logarithmic in s, to the
line where Vp is independent of log s, i.e. where s < So-
Experimentally, it is recognized (c£. ref.174) that a deviation -
of Vp behaviour from independence on log s to dependence on log s ‘
can arise .from "IR" drop effects as well as from ohset of kinefic
irreveréibility (see the treatment given in Chapter 4). However,
deviations due to "IR" drop aré not logarithmic in s ; the peak
pseudocapacitance behaviour was shown in Chapter 4 also to be
diagnostic of the presence of spurious 'g‘ losses. All the Vp‘
data shown in Fig.5-15 have been acquired with compensation for
"IR" drop effects which increase with s but the upper limit of
the range of s values employed in the experiments was set as that
for which the IR drop did not exceed ca. 0.05 V. The Vp
potentials derived from the IR-compensated results were
reproducible to better than 5 mV. The results shown in Fig.5-15
'are based on two separate typical experiments as distinguished by
the data symbols in this ‘_figure. )

The significant aspect of these results is (Fig.5-15) that
S, increases with increasing extent of hydration, yet the proton

concentration is decreasing: 10.8 M for CF3SO§H3O+; 6.8 M for

S
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CF3S03H.4H,0 and 1 M for CF3S03H in the noﬁinal‘unimélér solution
in excess water. This trend is shown graphically in the
logarithmic plot ih Fig.5-~16. Egn.(4-27) indicates thét a plot
of log S ¥s log Cyg* would bé'expected to have a slope of ca.
+0.5; in fact the slope of the line in Fig.5-16 i; -0.45. Since
S, increases, like iy, with increasing reactant concentration, it

is evident that the observed direction of changes of s shown in

ol‘
Figs.5-15 and 5-16 can in no way be due to a trivial effect of
concentration which would be in the opposite direction.

The exchange current-densities, io' related to s were

or
calculated from the peak pseudocapacitance values under
reversible conditidns (low sweep rate, s <<'éo), using egn.(5-15)
with Crov being refefred to unit eleétrochemically significagt
real area based on the charge for full coverage of most strongly
bound-H, dys determined in the 1 M aq. aeid solution. The
standard rate constants, Eo were then calculated from the i, data
in the usual way. The Sqr iO and Eo results are summarised in
Table 5-5 below; because these guantities are derived from the’
variation of peak potentials. with log s using the reversible peak

pseudocapacitance, they refer to the kinetics of the H desorption
[

brocess at half coverage of the state involved.

-
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Table 5-5

Values of s,. i, and k, for H Desorption at Pt

at 313 K from three States of Hydration of §+

Sclution ‘ log s4 log i, log kg Aﬂﬁzo/kJ_mol-l
- aiat

CF3SO3.H3O 1.01 -2.59 2.08 17
-— + - B

CF3303 .H904 ' 1.19 -2-41 2-36 -

1 M ag. CF3S03H - 1.91 -1.72 3.50 19.7

For H ionization from a UPD state at Pt (see Fig.5-17) the
apparent AH#=O values were derived by plotting log s,/T (cf.
ref.158) vs 1/T and are shown in Table 5-5. These heats of
activation are again the apparent gquantities since_the s, values
are determined at the peak potential, i.e. for half coverage; the
potential at whichlthe peak in the cyclic-voltammetry profiles
occurs under reversible conditions of sweep rate, is itself
dependent on temperature, juét as the reversible poténtial for
the h.e.r. is temperatur? dependent, and hence the "apparent”
nature of these activation parameters.

The log s, and AHﬁzO valves in Table 5-5 result in an
apparent fregquency factor ratio, A(lM)/A(H3O+), of 1.5 x 102, 1In
this case, where thé difference, AHS*(IM) - Aﬁs*(H30+) in heats
of activation 1is only ca. 2.7 kJ mol'l, the 8-fold increase in So
on going from §F3SO§H3O+ melt to 1 M agueous CF3SO3H resﬁlts from
this apparent frequehcy factor ratio. This behaviour is 1in
contrasf with that for the h.e.r. at Hg seen above where the
relative rates in the two media were determined primarily by

L4

changes in the heats of activation.
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- ‘
Fig.5-17 Electrochemical Arrhenius plot for desorption
of strongly bound H from Pt in CF3SO§H30.'+ and

-

1 M agueous CF3SO3H.
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(ii) H/D Kinetic Isotope Effects at Pt and Hg - '

‘H/D kinetic isotope effects in S, and i, were evaluated by
compéring tl;e log s, and log i, values for the various prc;ton
transfer processés investigated at a given temperature in the
fully protic and fully deuteric electrolytes, the latter being
prepared as described in the experimental section. For the d-
solutions, potentials were measured against a reversible Dy
electrode in the same solution (cf. ref.73,75). Note that the
apparent isotope effect thus evaluated involves a change of scale
of the reference potential as discussed elsewhere?l3. Cor- |
rections can be maae for this effect based on the HZ/H3O+:D30+/D2
potential difference73'214‘with correction for liquid junction
potential.

Cyclic-voltammetry was used to determine the apparent H/D
isotope effects for B' and D* transfer at Pt from the
monohydrife/monodeuterate solutions and from the 1 M H20/D20
solutions are shown in Figs.5-18 and 5-19. It is seen that for
the forﬁer case, the apparent H/D kinetic isotope effect is quite
small, ca. 1.5, while for the latter the effect is ca. 2.6.

- In a recent paper, Marschoffle-has studied the H/D kinetic
-1sotope effect in the anodic desorption of strongly bound H from
Pt by means of the method déveloped by Angefstein—Kozlowska and
Conway158 for the evaluation of kinetic parameters of surface
processes from cyclic-voltammetry experiments. A ratio of sg/sg
= 6.2 was found {apparently near 258 K} for desorption of H from .

Pt in 0.84 M H,S0,, compared with the value 2.6 (313 K) found in

the present work in 1l M CF35S03H. The-difference in sg/sg may be -
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due in part to the different H concentrations and temperatures

aq

(increasing T would lead to a reduction in sH/sD) employed in
. H
these two investigations. Some difference in sH/s might be

oy

L]

expected from the dlfferent properties of the CF3803 and SOE
anions in these dilute aqueous solutions. Specific adsorption of
SOE at Pt, where the ps.z.c. is located in th:H UPD regi_on,
leads to changes in the cyciic—voltammetry profile‘in this

region, compared with the behaviour in solutions of relatively

‘unadsorbed perchlorate ions; anion adsorption was considered in

158

the work of Angerstein-~Kozlowska and Conway in the evaluation

of s, for surface égocesses at Pt. At Au surfaces where no UPD

of H occurs, adsorption of SO%’ ions changes the double-layer

‘charging behaviour and leads to a significantly more anodic

potentiai for .the onset of surface oxide formation?1l®, " The _
cyclic-voltammetry profile (Fig.5-3}) in 1 M:CF3SO3H ekhibits;an
H—adsorptien region similar to that.observed previously in HCIO,4
solutions, indicating a relatively small degreeiof specific
adsorption of the CF3SO anlonls8 The competitive adsorptien of
CF3S03 with SO3™, P03~ and ClO; at Pt has been studied

217,218

previously by cyclic-voltammetry in dilute agueous

solution; ‘it was concluded that CF3SO§ ;g adsorbed to

. approximately the same extent as ClOE. Electrical doubfe-layer

capacitance studies at Hg have 1ndlcated that the CF3SC3 anlon is
not strongly adsorbed at this metal either?10,2117

It would be of interesgt to evaluate the effect of anion

- adsorption on the H/D kinetic isotope effect for desorption of H

from Pt into dilute aguecus acid solution. Although in the

\n

CF3SO3H;0% melt, anion adsorption is certainly indicated, it is
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not possible to draw any meaningful general conclusiong on the
effect of‘anion adsorption on these H/D kinetic isotope effects
owing io the drastic differencgiin the solution media involved on
going froﬁ the monchydrate melt to dilute aqueous solution.

Figs.5-20 and 5-21 show the H/Dlisotope effect on the Tafel
behaviour  for the steady-state h.e.f. at pure Hg (where the
'proton di cha?ge.step is rate-determining). from_CF3SO§H3O+ and 1
M‘éq. CF4 O3H. In the monohydrate/monodeuterate case the H/D
kfgetic isotope effect is ca. 2.6 while for the 1 M aq. CF,S04H
the effect is ca. 2.57 It is significant that similar Tafel
élopes, b, are found for the h.e.r. at Hg in the CF3SO§H3O+ melt,
i.e., no mass effect on b is gound; this is the usﬁgl situation
foﬁnd at Eg in dilute acid_(ﬁ/or D} solution (cf. Fig.5~21) af
Srdinary temperatures. )

.In the monoh};drate meit, H3O+ ma;y be con'sidered to be in
very close contact with the electrode surface, especially at -~
cathodiclpotentials: it is improbable, on electrostatic grounds,
that the Hg electrode surface is fuliy covered by anions; In 1 M
‘CF3S03H, the Hg electrode surface can be considered (after BDM’0)
to be fﬁlly covered by ;atér solvent dipoles with hydrated
cations approacﬁing only to the outer Helmholtz plane (O.H.P.)
and with the possibility of specifically adsorbéd (and hence
~partially de-solvated) anions; thus Bockris and Matthews’!, in
their calculations on BY tunneXing in gt discharge, treated H3O+
much like an alﬁali metal ion in the’pJLP. and therefore

considered energy barriers with widths of ca. 0.3 - 0.4 nm (see

Chapter 2). This model for aqueous H3O+ does not take the
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special nature of the proton in aqueous acid solutions into
account, which is responsible for th2 observed anomalous proton
mobility in waterl48{ in particular, a relatively smail
fluctuation in locétion of the proton amongst H,0 molecules about
an H3Q+ ion near an electrode surface ,could lead to much smaller
distances of approach of H™ to the electrode surface in the act

of the discharge processzlg.

The choice of barrier dimensions
taken by Bockris and Matthews and hence, to some extent, their
calculated results depend more on the particular model assumed
for H30+ in excess water, than on the use of the widely;useﬁ BDM
model of the double-layer.

2

The calculation of Conway7 (see Chapter 2) of the

contribution of tunneling alone to HT discharge, involved

-
~

narrower barriers, as are expected, e.g. in the CF3SO§H3O+ melt
ahd resulted in a mass-@ependent Tafel slope. The present
results for b in the h.e.r. at Hg in CF3SO§H30+ indicate the
absence of a large Bt tunneling component at.3l3.K. In the
related E desorption process at Pt in CF SO§H3O+ and CF3SOSD3O+,
no H/D mass effect on the Tafel slobpe isi&qﬁicated'in the
irreversible region of the Avp vs log s plot (Fig.5-18).

Low témperature (< 150 K} experiments on the h.e.r. or H
desorption reaction are expecteﬁ to show better the effect of
tunneling (see Chapter 2); this approach is currently being
pursued in research in tbis laboratory. This work may alloy
vérification of the concl;sion7l,‘based on consideration of the
potential-dependence of the H/D (and H/T) sepération factor, that

tunneling accounts for ca. 70% of the rate of the h.e.r. at Hg at

room temperature.
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5. Freguency Factors and Heats of Activation

in Relation to Rates of ' Discharge

In the precéding sections, ratios of ffequency factors and
diffefencéé of heats of activation were given for the h.e.r. at
Hg, Ni and Pt and the desorption of strongly bound H at Pt in the
CF3SO'§H30+ melt and 1 M ag. CF3S03H. The directions of the

contributions of these two quantities in relation to the experi-
mentally observed ratios of currents/gy;iérvgiuﬁi? in the two
media, i(H;q)/i(H3O+), are summarized in Table 5-6.

Table 5-6

Effect of Frequency Factor Ratios and Differences in

Heats of Activation on i(H;q)/i(H3g+l

System s (aED) AR /AN L) /10N
h.e.r. Hg >1 <1 >1
(low n ) :
h.e.r. Hg <1l >1 <1
{high n)
h.e.r. Hg >1 <1l >1
(‘ZSM—S = 0} . '
h.e.r. Hg film >1 . >1 >1
(on Au)
h.e.r. Pt - >1. <1 f >1
PtH = Pt + HT + e~ <1 >1 >1
h.e.r. Ni*" <1 (>1) >1

* Entries refer to the expected magnitude of it )/i(H3O+)

S a
** At Ni in the meonohydrate melt, the rate was fogndrbo pass
through a maximum with temperature (see Section 2,v).

o)

In the case of the h.e.r. from CF3SO§H3O+ and 1 M CF3SOéH,

-
the relative rates in the systems shdwn in this table are deter-
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' m{ned primarily by the differences in heats of activation; in
fact, except at the Hg £iIm electrodé, the frequency factor
ratios make an oppoéiﬁg contribution to the relative rates. On
the other hand, in the ionization of strongly bound H at Pt,
i(H;q)/i(H3O+) > 1 as expected from the frequéncy factor ratio
and not according to the difference in heats of activation. 1In
~the case of the h.e.r. at Ni, the rate of reaction in the 1 M
aqueous CF3S03H is greater than that in thé monohydrate melt,
although in the latter solution, the rate was found to pass
.threugh a maximﬁm with increasing temperature; this behaviour may
result from potential- and temperature-dependent anion adsorption
and surface hydride formation (see Section 2,v).

The potential-dependence of the activation parameters for
the h.e.r. at Hg in relation to the temperature-dependence of the

Tafel slope, b, will be considered in the following section.

%. Potential-Dependence of ég# and ég* and the Temperature
' Dependence of b . e
T@e question of the effects of potential ana temperature in
relation to the Tafel slope, b, was considered in Chapter 2. It
will be recalled that experimentally b is rarely represeﬁteé with
respect to its temperature—depenaence by the relation b = 2.3RT/afF
lwhereva is a charge transfer'symmetry'factor, analogous to the

Brédnsted factorl08

in linear free energy relations, in the case
of rate-controlling proton and/or electron transfer. In parti-
cular, b is often found to be independent of temperature or to

contain a temperature-independent component, implying tempera-

ture-dependence of the symmetry factor (or transfer coefficient)



204

itself (see Chapter 2).

In the present section, the potent1a1 -dependence of the true
enthalpy and entropy of activation for the h.e.r®at pure Hg (see
above) in CF3SO3H3O and 1 M aq. CF3SO3H will be con51dered in
relation to the temperature-~ dependence of b. Earlier results on
the h.e.r. at Hg in aquegus69 and methanolic73'74 HCl will also
be éiscussed.‘

(i) Quasi-Thermodynamic Representation of the Activation Precess

.-

The electrode reaction current-density i may be written

formally as .

i = Bc exp| fAC8*/RT ] ‘ (5-29)
where L is a combination of constants, c¢ an appropriate reactant
concentratlon expression and AGO# the electrochemical free energy
of activationt?0, Egn.(5-29) has been written, for simplicity,
without reference to surface coverage or site availability at the
electrode interface, since these are factors that are not
immediately involved in the diecussion here. AGS* in egn.(5-29)
has usually been expressed, as,

AGS* = pROF - 'I_'ASOqE + BAVP . (5-30)

where AV is some shift of potential from a reference value,
usually taken as hypothetical zero metal-solution potential dif-
ference; here and beIow, the upper and lgwef signs ;n the
notation "+" (or"¥") refer to anodic and cathodic processes
respectively. In writing eqn.(5-30), the usual assumption is
that the Brgnsted principle108 applies112 to the shift of enerqgy
curves.representlng the course of the electrochemlcal partlcle

and/or electron transfer process, through the change of Fermi
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level by t AVF wﬁich affects the energy of the initial state and
. :

“hence the AES# (or AEg#)‘of the reaction. When the relation for.
AG@* in egn.(5-30) is.substituted in eén45-29), the supposed
potential-dependence of i is obtained through the resulting
expenential factor in #3AVF/RT. This gives the usually reported
form for the Tafel slope, b = 2.3RT/8F , which, howevér, is
rarely observed experimentally, agbwe'hgye rémarked above.

Conway, MacKinnoh and Tilak, in.their paper in 197074,

241, proposed that the

following an earlier suggestion of Agar
electrode field might substantially influence the entropy of
activation rather than, or as well as, the energy as usually
asgumed. They péinted out that, more generally, the Tafel slope
should be regarded as originating from the total derivative

w.r.t. pofential of AGO*. In order to-illustrate this, we write
the electrical energy factor, which modifies the free energy of
activation by changing the Fermi level, as a fraction B (=0.5) of

AVF. Then:

a(a89F)/av = a(MAgT)/av - Ta(a8gF)/av (5-31a)
= FgF | (5-31b)

Thus A§8#‘for the reaction may be potential-dependent, a

situation that hay well arise in st:uctured solvents220 such as

water where hydrated ions are intimﬁtely associated??l with the

co-plane of oriented Qater moleculés in the inner region of the

double layer.

We inte the two derivatives in eqh.(5;3la) as ;BHF (from

the Aﬁ%* term in ACS% ) aqa +B8gF (from the AS°F term). Then

a(a89%)/av = T(gy + BTIF (5-32)

where positive values of gy or Bg are taken as contributing to
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an increase 'in rate with more favourable (anodic or cathodic)
A

overpotential.

For a reaction ip which electron transfer is rate-
determining, the usual symmetry factor g, d(AG%*)/d(VF) is
written as +B. Therefore | .

B = By + BgT ' (5-33)
Thus g is seen to have a T-independent component By (the term
corresponding to the coﬁbentioﬁél behaviour) and é sébond
component, £T, giving rise to the témperature-dependenée.

From eqn.(5-33), ihtroducinq the Boltzmann factor 1/RT (cf.
eqgn.{5-29) }, the Tafel slope is seen to be

| b = +2.3RT/BF = #2.3RT/(8y + BgTIF (5-34)
If BTF is sufficiently larger than BHF as a limiting case, it is
seen that

RT/gF = RT/8gTF = R/ 8gF ' (5-35)

or, as written earlie:, B(T) = BgT. Thus, this case can
evidently arise, as was shown in ref.74, if, under certain,
conditions, increase of electrocde potential has its principal
effect on ASS# rather than on Aﬁg*'or AE@*. We recognize here
the problem that it is difficult to see how any electrode
reaction should not be subject to the effect of changing the
potential of the Fermi level, i.e. By > 0 would normally be
expected. However, experimental cases exist123'128 where b is
independent of T so that By is apparently zero, and the main
‘effect is evidently entropic. In relation to this conclusion, it
is of interest that many thermodynamic and kinetic properties of

agueous systems are "entropy controlled" as much as "energy
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‘controlled”, a fact firs£ noted by Butler220 many years ago.

Since the transfef.coefficient enters the rate equation in
the numerator of the argument of the Boltzmann exponential, it is
often more convenient to treat the‘potential-dependence of
electrdde reaction rates in terms of the reciprocal of the Tafel
slope, b'l, which elsewheral?3 was referred to as the "Lefat”
slope; thus, from eqn.(5-34),

b7l = Fgr/2.3RT = F(8yx/T + Bg)F/2.3R | (5-36)
so that b~1 is made up of a linear combination of a te'mperature
independent term, Bg, and a temperaturé-dependent one, BH/T.

We have seen that in the conventiopal treatment of
potential-dependence of electrode reaction rates, it is assumed
that ASS* is independent of potential, a result that is
experimentally indicated in the work of weaver’/+180 on cuter-
sphere redox reactions of Cr, V, Eu and Co complex ions in
agueous medium at the Hg electrode. The direct experimental
examination of the potential-dependence of ASO*, or of the
corresponding electrochemic;l'frequency factor, for atom +
eléctron transfer reactions such as the H, evélution reaction
(h.e.r.) has not yet been reported, but it is implicit, as we
have noted'ébove, in the’ form of the observed temperature-
dependence of Tafel slopes74. The present results give

informaticen -on this matter. -
-

+
0" and 1 M ag. CF3803#

(a) Enthalpy of Activation, aARS*

True heats of activation for the h.e.r. at Hg in CF3SO§H3O+-

and 1 M aq. CF3SO3H were shown as a function of potential in
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Fiq.5-14. In both cases.AH@* is seen to decrease linearly with

applied potential as expected. The effectiveness of the applied
potential in reducing AHS* can be characterized by the slopes of
the lines in Fig.(5-14) through the quantity gy = ¥(slope)/F; the
resulting 8 4 valués are compared with the usual symmetry factor,

B, derived in the conventional way from the Tafel slopé b as

)
,~—Table 5-7

Enthalpic, Entropic and Net Activation Efficiencies

recotrded in Table 5-7:

for the H.E.R. at Hg

System . . H © 10%8g/k™1 g =22.303RT/bF
1 ¥ ag. CF3S03H 0.22  +9.6 0.50
CF3S03H;0 0.77 -2.2. 0.70

Clearly, in the dilute agueous acid solution, BH < B so that
the effect of potential on Ai:i“?:tl= does not account at all
completely for the_observed "activation efficiency" expfesséé as
% = 0.5 (Table 5-7) derived directly from the Tafel slope b. In
the monthdrate, By > B so that, in this case, some retarding
factor must operate in order to reduce the "activation .
efficiency" from 0.77.(Table 5-7) to the value of 0.7 that is
derived from the Tafel slope.

In the céses considered here (cf. Fig.5-14), the
experimental potentialfdépéndence of AH%* can be represented by,

2BSF = AROF T B_fvr 3 (5-37)
which is of the form referred to above in the discussion of the

temperature-dependence of the Tafel slope.
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(b) Entropy of AEtivationr_£§$# Cj‘

The potential—dependeﬁce'of ASS* (prééﬁftiéﬁal to log[A], -
‘the freguency factor) is evident from the variations of log[AI
with potential shown in Fig.5-13. Iﬂ the dilute acid solution

(Fig.S—lB), ASO* for the h.e.r. evidently increases linéarly‘wiﬁh
v

poténﬁial while in the monohydrate melt AS%* decreases linearly

witﬁ potential; the magnitude of the changé'in‘ass*‘with
potential is éreater in the dilute ééid solutions than‘inothe
H3O+ melt. In the CF350§H30+ melt, this entropic factor has a
negative effect on the rate, with increasing cathodic potential;
the converse is true of the h.e.r. at Hg in the 1 M bfﬁSO§H.

The experimental potential-dependence (Fig.S—lB) of AS%*
can be represented by

239t = as9% + sgavE (5-38)

where g = *R/F x (slope of lines inh Fig.5-13); the resulting Bg
values are shown in Table 5-7.

. The incremental effect of potential on the "true” and
“apparent” activation‘parameters is identical (cf. section 3,
although a constant difference in magnitude occurs that is, of
course, independent of poﬁential. Ciearly the observed slopes of
these lines, and hence_the associated By ané Bg values do not
afise trivially on account of the inclusion of the non-isothermal
cell potenéial corfection.

Entropy of activation values, AS%* at the reversible
potential in the two meéia were determined from the intercepts of
. electrochemical Arrhenius plots taking B = zPkT/h in egn.{(5-29)

and expresélng reactant concentrations in mol cm'3; the resulting
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ASO* values appear in Table 5-8.

Table 5-8

Entropies of Activation at the Revérsible Potential for

the H.E.R. at Hg (313 K). *
Medium . AS%*/JK-lmol_l *
1M ag. CF3SO3H -190 '
CF3S03H;07 \ -203 -

* see Appendix 1.

(iii) The Entropy Factor in the Tafel Slope

Both AH%* and ASS# are found to be linear functions of
potential and, significantly, it is seen that the "activation
efficiency", based on AHS* alone," does not éEéount satisfactorily
for the value derived 'in the usual manner fr?m the Tafel slope.

It is evidently necessary to include the potential-dependence of

AS%* in order to account for this discrepancy. In view of the {///T

appreciable potential—dependenée of_ASO*, the usual implicit

assumption that the latter quantity is constant seems not to

-

apply in the systems considered here, and should be examined

»

carefully in a given situation.

For the h.e.r. from the dilute aqueous CFBSOBH solution,

this entropic component ev1dently contrlbutes 51gn1f1cantly

towards 1ncrea51ng the "activation efficiency", while in the
CF3SOEH3O melt, the entropic component acts in the opposite.
_direction. The'difference in magnitude and thas reversal in sign

- of the direction of the potential-dependent entroplc contrlbutlon
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would seem to be assoc1ated w1th the drastlc dlfference between

‘the two soiutlon media, and their structures, on gOLng from

‘ mlght qualltatlvely be expected _ . -

'd1lute aqueous acid sclution to the monohydrate melt (essentially

- a molten salt of H3O ). Certalnly a difference of this klnd

~

Taking account of the experlmentally determlned linear
dependence of both AHS* and ASS# on potential, corresponding to
egn.(5-32), the current in ean5;29) beccnes ' ”
i(V) = kF expl(-pHOT + TaSO¥)/RT] .. expls(B; + BTIVE/RT] (5-39)

Thus the Tafel slope, .b, is found to be 6f the form given in
egn.(5-32) and pénsequently the conventional symmetry fector
actually has the form

. ‘ B = BH."' BgT - . (5—46)
A plot of p~i vs T'% should vield informetion on By and’ Bg

provided, of course, that in a particular case, AS%* has the form

given in egn.(5-38) and Bg # 0: this is the case when linear

Tafel behaviour obtains. The result of eqn45;39) and egn.(5-40)
can account for those cases where the symmetry facgcr, B, varies
lineatly (increasing or decreasing) with temperature, as well as
for the conventicpel cese, viz. when Bs = 0 or when f% p BH'

The expected temperature—depeﬁdence of the Tafel slope

resdlting from the experimentally determined values of By and 8g

for the h.e.r. at Hg in these twc'media is given by eqn.(5-34).

" In the low temperature limit, b becomes proporticnal to T, while

at high T, b approaches.a limiting value (cf. eqn.{5-34)). When

‘Bg.and By are of opposite sign, as in the case of-the h.e.r. from

the melt CF,S07H,0", a singularity inb vs Twill arise when B.. =
: 3°¥343 = H

TBS-: practicallly, this, regio/n where B > 0 (or even negative!)
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" will occur at elevated temperatures and may not be accessible -
experimentally but may correspond to the liniginé kinetic )
behaviour that has been qalk%dlp4 "barrierless”.
Conway, Mackinnon and Tilak74-a:oposed the empirical

relation

b = 2.3RT/8'F + K ‘ - (5-40)
to describe the temperature-dependence of b for the h.e.r. at
Hg(see Chapter 2-end Fig.zell). It is of interest to compare the
agreement of the experimental b values at various temperatures
found in the'present work with egns.(5-34) and'(5—40). Plots of
bvs T (egn.(5-40)), and b1 vs T -1 (eqn (5~-34)) for the h.e.r. at
Hg from the CF3SO3H3O melt are shown in Fig.5-22a,b; the :
analogous results for the h.e.r. at Hg from 1 M aqueous CFéSO3H
are given in ?ig.S—ZBa,bt The data presented in both tﬁese
figutes are equally well represented by the.empirical egn.(5-40) -
or by egn.(5-34). However, it is significant that eqn(5r34).'
arises from con51deratlon of the exoerlmental potential-
dependence of "the enthalpy and entropv of activation, i.e.,
eqn.(5-34) is a consequence of the kinetic model for the proton
discharge (in the h.e.r. at Hg) process. Analysis ©f b values
over a wider range of temneratures than that accessible in the
present study (due to tge 309 R m.p. of CF3SO§H3O+} is deeirable
in deciding which of eqgns.(5-34) and (5-40) better represents the
experimental dependence of b on temperature. In a following
§ection; this question will be considered in relation to the

previously reported temperature-dependence of the Tafel slope for

the h.e.r. at Hg in aqueous69 (270 - 360 K) and methanolig/3+75
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(180 - 335 K) BCl over a éregter range of temperature.

From the present results, a “non—cohventional" temperature-
dependence of the Tafel slope, and hence the symmetry factor, is
expected to arise as a conseguence of the significant contri-

bution and the form of the potential-dependence of AS@* to the

'change in free enexgy of activation with applied potential.

éonway et al’% reached this same conclusion, but from a
different direction. In their studf 6f the.temperaturejf
dependence of b, they showed how_an apparent linear dependence of
the symmetry factor, B, on temperature could result from a
§otential—dependent AS%* of the form given by eanS-BB] and now
deménstrated experimentally in the present work. Tﬁese auﬁhbrs.
sugéestea that the temperature-dependence of b might be explained
in terms of electric field effects on the entropy of activation,
e.qg. thfough solvent orientation effects’%r222 i the inner
region of thé double-lavyer.

Qualitativeiy it can be seen how potential—@ependence of the
entropy of éctivation for p?oton discharge could arise: the
environment of the transitioﬁ coﬁplex for protoq transfer and
neutralization must be appreciably influenced by solvent dipecle
orientation in the double-layer fiéﬁh, the extent of which is
known to be temperature- and potential—dependent‘in a correlated
way.' Thus the volume fractions of oriented waﬁer dipoles and
hydrated protons in the double-layer can be shown<2l to be of
comparable magnitude and both are dependent on electrode
potential.

It is curious that these sériking deviations of electro-

chemical kinetic behaviour from that expected conventicnally have
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not been recognized or treated in the recent quantum—mechani;al
approaches, e.q. of-Levicﬁ, Kuznetsov and Dogonadze (e.g. see
refé.sl,Bl), to the ipterpﬁetation of electrode reaction rates.
The reasons for this may be traced to the emphasis which is
placed in such treatments on quantal effects in the energy of the
systgh and continuum modeling of the solution with neglect of the
specific solvational-, and solvent-structure aspects that can

132

lead, in aguecus media ; to the important entropic factor in

the kinetics..

(iv) Relation to Brgnsted Behaviour for Homogeneous Proton Transfer

In the light of the above discussion of the témperéture-
dependence of B for electron/atom transfer, it would be of
interest to examine the temperature-dependence of the Br;ﬁnsted6
coefficient ¢ for homogeneous protoﬁ transfer reactions;
unfortunately, the reguired values of o at several temperatures
for a‘“well—behavedf system are unavailable. However, the
dependence of AS¢ on log X, (or on AG%] for the homogeneous
reaction provides a basis for comparison with the potenfial-
"dependence of AS%* for the h.e.r. In a kinetic study of the
second de-protonation step of a series_of intramolecularly H-
bonded substituted.malonic acids, Eyring et al223 have found a
linear Brénéted relation and a linear relationship between the
enthalpy and entropy of-activation for reactions of the type .

AH™ + OH™ = A2~ + HOH (5-41)
Thus, for shqh'a series of homogeneous proton transfer reactions,
the entropy of activatién varies linearly with changes in AGg in

a manner analogous to that found in the present work for the

-
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potentiél—deéendence (edh}valent to changég in AGg = -RT 1ln K, )
of AS%#’ for the h.e.r. at Hg. This variation in AS’E, e.g. for
reaction (5-41), maf be expected to result in a témperature-
dependence of a analogous to that discussed above for the
electrochemical symmetry factor B. o | -
Extension of the densted relation to heterogeneous
proton/electron transfer (Tafel behaviour) would seem to lead
naturally to the possibility‘of a potential-dependent entropy of
activation, in aédition to the usually-assumed poteftial-
dependent AHS*; the observed temperature;dependence of B then

folleows limitingly as shown above.

-

(v) The sign of A3g*
In tgé context of a particular reactiﬁn rate theory, the
magnitude énd.sign of the entropy of activation are determined by

the choice of standard state for reactant and activated

187,224 55 well as by possible structural or

complex
electrostrictive changes (see also Appendix 1l). For example, a
standard state of 1 mol cm™ 3 for a bimolecular gas phase ;eaééion
yvields AS* ;0 for agreement with the collision theoxy;
deviations in AS* may then be interpreted in terms of changes in
structural, steric and other factors involved in forming the
activated Fompleﬁﬁ,A.number of reactions involving changes in
state' of charge exhibit entropies o% activation which do not
.enable a unique choice between possible mechaniﬁms to be made:
{a) homogeneous nucleophilic substitution'reaction9225 where the
possible limiting Sy2(1) and Sy2(2) mechanisms may occur; (b)

heterogeneous redox processes where inner- or outer-sphere
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mechanisms operate77. In the inner-sphere case, specific
adsorption of the reactant to form an anion-bridged intermediate .
is accompanied by the desorption of at least one water mclecule,
‘which results in a small net change in entropy., coﬁparable to
that for the alternate outer-sphere pathway77; (c) homogeneous
electron transfer reactions which mé& proceed via inner- or
outer-sphere routes??b, , o ' - .

Nonetheless it is interesting that ﬁhe 358* values for éhe
h.e.r. are large and negative, as alsoc deduced by Parsons and
Bockris4$ for the h.e.r. at Hg from ag. HCl. According to
general kinetic and solvational principles, this result is
unexpected since, in a reaction involving loss of net charge, as
in ion neutralization, the entropy change is expected to be
dominated by electrostrictive factors and hence be posigive.
Actygally fdr deposition of adsorbed}iat'Pt-from H30+ in acid
.solution the overall reacﬁion entéopy change is actually
positive227. Nbfmally, in homogeneous reaétions iﬁvolving
extinction of charge, both the reaction entropy ang the ASS#
values are positive. The situation heére with the h.e.r. is
therefore unexpected in terms of electrostatic effects that are
likely to be involved (see Appendix l). A corresponding-
ancmalously negatiye AV* also arises?lg. Conway.et al.zig have
suggested that this Pehaviour originates fnem a localiza;ion_of
the proton in the Hgoj complex.228 at the moment of proton
transfer and neutralizatién so'that a Qegative wF arises due to

enhanced electrostriction. This effect which is particular to .

the proton in water, may cause the ASS# to be negative. However,

é '_ -
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recently Conway et al.229 have found simila;iy negative ASS* for
anodic Br~ discharge at C in CH3CN; this result suggests that
this behaviour is not specific to the proton, but may be

characteristic of coupled electron/atom transfer processes.

(vi) Models for the Potential-Dependence gg‘égf

(a) Energy and Entropy Change along the Reaction Coordinate

For homogeneous reactions, it is common to_regard the course
of'entropy changé from the initial to the final state of the
reaction, through the transition state, as related to the course
of the reaction "along the reaction coordinate" and the
associated energy change. Thus in comparison of a series of
simiiar‘reactions with regard to the relation between the free
eneréy profiles and the linear free energy relationship, when the
transition state "crossing region" becomes nearer to thé iﬁitial
state configuration, as the overall AG® becomes more negative,
the ent;opy of the trqqsition state is regafdé% as bécoming
increasingly simiiar to that of the initial state. In this way,
the entropy and configuration of the transition state has been
regarded as tagKing some value intermediate between the entropy
and configwfation of the initial ané final states. For some
complex enzyme-catalysed réactions, Laidle; and Banerjee230 have
méde estimates of the entropy profile in relation.to the enthalpy
profile in the ‘course of the reaction, sometimes for cases
involving more than one step. )

Applied in a simplistic way (Fig.5-24) to the effect of
potential on-reactirn rates_(thfough change of ACS*), it would be -

found for the disc arge step in the h.e.r. for example that with
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increasiné overpotential, the transition state configuration
would tend to become progressively more similar to that of the
initial sfate, so that the corresponding entropy of activation
would then be potenti;i dependent. However, an important
difference arises in the case of an heterogeneous electrochemical
reaction: as pqtentiai’changes, it is onlféthe energy of
eleétrons at the Fermi ievel that ié changed, iﬁ—fhe first
approximation; the eneréy profile for ﬁhe reactant species itself
is'usually assumed to be not materially changed as :as diséugsed
in sub-section (vii). ~ -. | o
In thé case of homogeneous reactions involving change of
charge; it is usually possible from knowledge of the.individual
partial molar entropies of the ionic réactaﬁts, to evaluate the
changes of entropy of the respective transitién states, knowing

the measured AS¥ values“from suitable kinetic measurements.

However, in the case of an electrode reaction conducted at

———

various potentials, it is not experimentally possible to evaiugte
‘the changes of reactant partial meoladr entropy in the doublé-layer
as the potential is wvaried, so thé approach conducted in the

treatment of séme homogenecus reactions cannot, -unfortunately, be

applied.

(b) State of Interaction of an Ion being Discharged with

?

Polarized Solvent Dipoles in the Double-Layer
Near the potential of zero charge at Hg or at the ﬁotential;
of zero solvént dipole orientat_ion209 {for H,0 at qHé = -2 ucC cm_z)
réactant ions in the double-layer can experierice méximum
électrostatic interaction (orientation pelarization of solvent by

e

r
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the ion) with the surrounding medium adjacent to the eiectrode
and thus acquire minimum entropy-of golvation (maximum negative
ésgolvatign)' Aé the dipole polarization in the inner. region of
_the double-layer incréases w;th electrode potential, the entropy
of solvation of ions in the double-layer will tend to become less
negative because part of their solvation co-spheres will already
bé'polarized by the field of t@e'electrode surface charge (see
schematic representation in Fig.5-25). Such an effect might be )
expected to lead to a less positi#e‘entropy Ehénge upon ion
neutralization than for the‘zero—field'situat;on. Such an effect
may appear in tﬁe AS¢'va1ues.dérived from experiment but
unfortunétely it is very difficult to predict, even
qualitatively, how‘fuch an effect of electrode charge would

differentially affect the entropy of the transition state in

relation to the entropy of the initial state. Also, in relation

to the experimentally determined directions of change of As¥ with

potential for the CF3S03H;0" melt and the 1 M aqueous CF3504H

solution, it is not easy to account for the different signs of

direction of the effects except té-observe that in the case of
the melt there is no inner layer-of fie;d-orientable solvent
dipolgs as there is in the dilute agqueous solution double-layer.
However, for anodic discharge of Br~ in CH3CN ﬁt C, in the
complete absence of water, Conway et al.22% have found that AS%*
also becomes more negative-witﬁ increasingly favourable anodic
potential; this behaviour parallels that found in the present

‘work for the h.e.r. at Hg from the CF3SO§H3O+ melt.

o0
e
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(vii) The Potential-Dependence of A_BS* and the Tafel Slope.
I -

We, have referred above ‘to the observed potential-dependence

of /_\,Hf}* (Fig.5-14) in relation to the Tafel slope and the effect
of -s-hi;fted Fermi level with potentiel which is associated with
energic co'mponents, BH' of the-symmetry r"actor.

Wj:th regard to the measured dependénce of AHS* on electrode
potential, the que‘étion arises to what extent the chemical bond
energy, e.qg. of H chemiserbed on an electrode metal, may'itself
be dependent on the local electrode field in which the bond is
situated. Moelwyn-Hughes231 has given some peolarizability data -
for polar diatomﬂ: molecules involving H. E.g. for HF, ap = 0.30
‘a‘nd for HCL, 1.74 x 10 2% cm3. Taking a field of‘ say 10> e.s.u.,
. eorresponding approximatelﬁr to a rational potential of 1 V at Hg,
we see that the polarization energy of an "M—H" bend in the
-double-layer at an apprec1able over.potent:.al will be only 0.09 kJ
mol™! for ap = 0.3 x 10724 or 0.52 kJ no171 for ap = 1.74 x 10724
‘ cm3, i.e. negligible. This corresponds with the recent
observatiens from in ‘situ-IR studies that ‘chemisorption bond
vibrational frequencies, e.g. for CO on Pt?32:233, yary with
potential only by ca. 10 em™t v, i.e. by ca. 0.1 kJ mol~ %,
| An ali:ernative estimate of this effect could be made on the
basis of change of electronegativity X of thev metal M v\;ith
ch.anging electrode surface charge. Thus at relatively large
surface charge-density of 20 ucC em™2, the change of electron
density per atom of the surface is ca. 0.1 wi‘eh respect to the
situation at the p.z.c.. This, is approxiﬁiately egqual to the‘.'-het

charge on e.g. the atoms of a C-H bond (dlpole moment W=10.4 'D).

..X w:.ll tend to become smaller with J.ncrea51ng cathodlc potentlal.
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. Hoyever, since rhe (xm - XH32'rn'the Eley:Paulin% relat:_i.bn234 for
chemisorption bonds constitutes itself only ca. 10% to the bond
_energy, it ie unlikely that the change of electronegativity of M
with electrode potential, and hence M-H bond energy, could be

51gn1f1cant compared w1th the dlrecs effect. of V on the Ferm1

level.

(viii) Previous Work on the Tehperature;Dependence of b in

o Relation to AHO* and ASO# |

We have seen 1n the present work on the h.e.r. at Hg how the

potentlal-dependence of log[frequency factor] and™hence ASS#
results in an apparantly "anemalous" temperature dependence of
b. In thls sectlon this behavi'our will be compared w1th previous
work on the h.e.r. at Hg from acid solution and on the kinetics.
of 0, reduction. "True" activation parameters were not derived
from the experimental results in the studies to be considered
below; the temperature-dependence of b ia these works may be ueed
to assess the representatiens for this dependence given in the |
empirical relation’? egn.(5-40) and in eqgn.{5-34) which is .
indicated from potential—dependencé of the activation parametere
found in the present work. Per a detailed survey of exaﬁples of

the experimentally observed dependence of b on T, see the recent

review by Conway in ref.123.

a)H.E.R. at Hg from Aqueous and Methanolic HC1

‘Post and Hiskey®? studied the h.e.r. at Hg in 0.1 M ag. HCL;

their values for the Tafel slope, b, as a function of temperature

.
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are shown in detail in Fig.5-26. éhe results of quway and
Saloﬁon73'75'for the h.e.r. at Hg from 1 M HCl in methanol afe
also presented in tﬁis;figufe. 'As néted in Chapter 2, both these
sets of experimeﬂtal reéulté differ significantly from the
classical™behaviour (dashed line in Fig.5-26) which‘;s given by
.b = 2.3 RT/B?, with B taken as 0.5; in ﬁhis latter hyptheticaj
conventional case, the b vs T line passes th;ough the érigin‘ﬁf
the plot, while extrapolation of the apparently 1ipear
experimentél data leads to a finite flon-zero intercept as T > b.
© This behaviour led Conway, Mackinnon and Tilak74 to propose the -
empiricai félation, ean.(5~40), to répresept the "anomalous"

temperature—dependenée of b.

"The éxperimental results for the pote:tial—dependenee of
ASé; in éhe'present work suggested the alte;nﬁte form for b és
£(T) in eqn.(5—3q)-(for which b > 0 as T > 0), i.e., b~! shodld
be linear in T™1 with a slope and an Lnte;cept rgléted to 84 and*®
Bg respectively. A plot of b-l'gg 71 for the h.e.r:-at Hg in

aqueous$? 73,75

and methanolic sclutions is shown in Fig.5-27
along with the "conventional" béhaviour (as above, dashed 1line).
The data seem to fall on twostraight lines, as expected from
egn.(5-34). In fact, lines drawn though the respective sets of
results in Figs.5-26 and 5-27 represent the experimental
behaviour equally well, despite the considerably larger rénge of .
témperatures used in these studies compared wit@ that used in the
present work in the CFBSO§H3O+ melt and 1 M ag. CF3503H systems.
In order for a choice between egns.(5-34) and (5-%0) for the

tempgratufg:aependenée of b to be made, investigatiogs over an

even greater range of temperature seem to be required; ‘this

///f’

i
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approach is being pursued'in-ongoing research in this leboratory._
Examination of the b vs T behav:.our expected from the BH-a)né
Bg values found in the present work (according to egn.(5- 34)%
shows that detection of the expected curvature inb vs T indeed
requires coneideration of a large; range of temperatures than
that involved.in the above work.
Values of By (= R/F x slope) and Bg (= R/F x intercept) for -
the h.e.r. at Hg in the above aqueou569 and methanolic?3'75.HCl
solutions can be derived Erom the slopeswaud-intercepts of the b1

vs "1 relations in Fig.5-27, according to eqn.(5—34); the

resulting values are shown in Table 5-9.

Table -5-9

8y ané és for the H.E.R. at Hg in Agqueous and Methanclic

HCl Solutions” (refs.69,73,75)

o 4 -1
System By 10 BS/K s B=+2,303RT/bF
0.1 M aq. H _0.35 454 0.51
1.0 M[HCL in CH,OH 0.21 +9.7 aso

* Derived from plots of b~ 1 vs T -1 (Fig.5-25) accordlng to
egn. (5-34).

For both solutions, the resulting enthalpic By values do not
account for the net "activation efficiency", B, of cay 0.5
(298 K); the entropic. Bg values are both positive and hence lead
to the observed 3 = BE’/‘TBS =_0.5. (298 K). This behav1our is
similar to that found in the present work for the h.e.r. a} Hg in
1M aqg. CFgS04H in that By < Bandres->(L e effett of éo{ng

from aquecdus to methanolic medium would seem to be to increase

O
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the entroplc factor BS with a compensating change in By so that

the “net symmetry factor, 8, remains constant (ca. 0.5); the

difference in HCl concentration and Cl™ adsorption in these two

- media may also influence the values of . By and Bg-

o, '
Thus, the behaviour of b as £(T) yields reasonable values of
By and Bg: comparable to those derived from the analysis given in
Section 5(ii) of the -potential dependence of activatioq

parameters.

b) Cathodic 0, Reduction in H,PO,

133

Appleby and later Yeager128 ocund b to be constant with

\/'temperature for 0, reduction at Os and Pt (see’ Chapter 2) in

. HaPOy; the temperature dependence ofa (=2.3RT/bF) for O, reduction

at Pt in H3PO, was shown in Fig.2-12. In terms of enthalpic, Chy

and entropic, &gr Components of the transfer coefficient, this
behaviour (Fig.2-12) corresponds to ay < Tus over most of the
temperature'renge {i.e. from Fi§.2—12, extrapeolation of g (=aH +
Tas)te T =0 yields o = 0:04L Thus, in this ease, only a smali
enthalpic contributiqn to ¢ seem; to be indicated, while the
entropic component Tgé is dominant in determining the net
transfer eoefficient o . IThis suggests that the exponential
dependence of reacticon rate on potential results primarily from
the effect of'applied potential on the entropy and not on the
eﬂthaléy (or energy) of activation. "Although ene can envisage
that some change in AS might occur with potentiai, it is
dlfflcult to see, W1th1n the usual electrochemical Brgnsted view;

how a shift in the electron Ferml level of the metal associated

with a change of electrode potential, would not always result in
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a significant change in energy of activation.

7. Anodic Processes at Pt in CF3__3_3O

At ancdically polarized Pt electrodes in dilute‘hqueous acid
solution, oxygen atoms from the H,0 sclvent afe incorporated.into
a growingwgprface oxide film or appear in evolved oxyéen
molecules. In the CF3SO§H3O+ melt, these anodic processes could
conceivably'igéolve oxygen from the CF3SO§ anion as well as, or
alternatively from H30+. Oxyanions {e.q. SOE-, ClOZ) are known
to be adsorbed and react anodically from coﬂcentrated aqueéus
solution at noble metal electrodes?35:235, 1, addition to
yiélding specific decomposition products (e.qg., persulfate,

Clo,, ..., 1abelling experiments show that these anions
contrlbute oxygen atoms to the anodically produced oxygen gas.
Thus 1t was of some interest to examine the source of O in 0,
evolution at Pt frpm the "anhydrous" CF3SO3H3O melt and the

formation of a surface oxide film at Pt.

s

.
.

— — — ——

(i) Source of 0 in Evolved G,
<
The source of O'atoms in the 0, evolved at Pt in CF'?,SOEH?)O+
was determined by electrolysis of CF381805H3O+ prepared as

described in Chapter 3.

A freshly prepared sample of the monohydrate, 18C_n-labelled on
the anion, was allowed to stand for 24 h (313 K) in order to
examine if significant 18O/]jso exchange between the CF3SO§ anion
and H30+ took placg; this sample was then diluted with
isotopically normal waﬁer and distilled (reduceéed pressure, 513

K). .The water distillate was analyzed by negative ion mass

spectrometry; the 160~ .4 186 jon intensities in the mass



232

spectrum indicated a ratio 160'/180' = 500:1: the signal
attr%buted to 180~ also included residual background H,0~ or OD™.
The positive ion mass spectrum of the water distillate indicated
B,100%/0,180% = 100:0.37 ; in this case the peak at m/e = 20
includes any residual background HF' and_,DZO+ ions. In vieﬁ_qf
the natural abundance (0.2 %) of-lBO, this result indicates that
" O-exchange between CF3SO§H3O+ and H30+ in the melt 'is not
significant. Nonetheless, the CF381805H3O+ was prepargd-from‘thé
labelled acid just prior to its.use in the 0, evolution
experiments.

0, was evolved at a Pt anode }10 and 50 ma cm'z) and the gas.
produced collected for analysis by positive ion mass |
spectfométry. Only the natural abundance of 185 in the 0,
produced was found at the two current densities and hence the 0
atoms in the evolved 02 originate from tth3O+ and not from the
CF3SO§ anion. This is én interesting situation since. this result
indicates that the process involves the oxidation of a positive’
H3O+'ion at the positively charged anode surface; Some
cooperative mechanism of OH or O dischaigg from H30+, e.g.
involving anions in the melt, may operate and facilitate the

otherwise electrostatically unfavourable direct oxidation of the
H3O+ cgti;n at the anode.

At oxygen evolving Pt and Ir anodes in dilute aéueous
CF,S03H, Mfles et al.%37 found no interference from the “anodic
decomposition of the CF3SQE anion; however, as noted above, the

present CF3SO§H3O+ melt might be expected to show different

behaviour from that in dilute aqueocus solution. In the present

u
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work in CFjSO§H30+, no C- or F-containing gaseohs products which
might indicate the degradation of the CF3SO§ anion were found in

the evolved O, samples. 3

{ii) Surface Oxide Formation at Pt

'I‘l'-xe formation of a thin surface oxide at Pt in CF3SO3H3O+ :
under potentiodynamic conditioné is indicated in the cYclic—

. boltam%ogram of Fig.5-3; the onset of surface oxide deposition'
from the CF3SOEH3O+ melt occurs at.; potentialAgg.‘0.2 V RHE mére
positive than from 1 M CFSSO3H owing té anion adgorption effects.
In this section, the érowth law for surface oxide formation at
constant potEnti;l at Pt from CF3SOEH3O+‘will be examined
briefly. -

The gquantity of oxide formed upon holding the potential inr
the region of surface oxidation for a time tox Was determined by
integration of the.I vs V profile fo;.' reduction of the oxide film
under cyclic-voltammetry conditions as_deséribed previouslyzos.
The potential proqgammé used is shown in Fig.5-28: the oxide film
is grown at pétential Vox (II, Fig.5-28) for times togx = 0.01 -
20 s and thlen‘is reduced in an analyzing cathodic sweep

~(s =10 V ™1, IIi); each oxide growth/reduction pééiod is
preceded by a surface equilibration'potential arrest (I) at a
potential just prior to the onset of surface oxidat?égfgﬁd
followed by a full conditioning cycle (10 V s-l, IV)) between- the’
potential limits V- and V,. The absence of surface roughening
during-the course of thé o;ide.growth experiﬁents was indicated
from the invariant I gg'v profile in the conditioning cycles.ﬁ\\

The growth of Pt oxide at 1.251 V RHE in CF3SO§H3O+ obeys a
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; direct logarithmic laﬁ in growth time, toxr @s shown in'Fig.5f29.
This behaviour pgrallelé that found at Pt in dilute aggj;ﬁs acid
solution?98. The region of the growth curve shown in Fig.5—29‘
lies beiow 210 uc';m'2 (= iwf'per surface Pt atom) and hence'
corresponds to the f;rmation of a sub-monolayer oxide film.

The studies of Rosenthal.et al.238 using 18p-1abelled waéer
have shown that 0, gas anodically evolved ;t Pt contains 18¢ from
the oxide layer on this metal. ilthough thié result does not
definitively demonstrate the, participation of surface adsorbed
oxygen atoms on Pt in the 0, evolution ;eaction239, the absence
of 180 in the 0, gas produced at Pt from CF3S03H;07 in the

present work strongly suggests that the O involved in the =

formation of the surface oxide film at Pt also originates from

H3O+ ions.
It would be of interest to study the transition fro;n sub—
monolayer to thicker oxide film growth aﬁ Pt in this medium; in
‘dilute agueous acid, the growth curﬁe (analogous to that in -7~
Fig.5-29) extends linearly weli beyond the mogblaQQr étage. In a
recent radiotracer and_ig‘gigg FT-IR study of the adsorption of
CF3SO§ at Pt from solutions of the'dilute aqueoué.acid, Zelenay
et al.240 have suggested that CP3SO§ ma? be incorporated into the

. . . <
growing oxide film, but further work in this area is required.
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The entropies of aétivation t;eated above Qere derived from
the intercepts, B, of electrochemical Arrhenius élots at- constant
' metal-solﬁtion potential difference according to

859% = R[ B - In(zFAc(1-8)kT/h) ] (A-1)
where cp ifs. the bulk conc—entra.tion inmol em~3 and & is the

coverage by~

Br) -assumed << 1 so that 1-6 = 1.

In the derivation of -the rates of.elecfroée processes accofding
to'activated-comﬁl X theory, a standard-state of 1 mol cm-z_is
usually taken for the activated complex, while quite anothef
standard state is invoked for the unoccupied metal -sites; thus

the two surface "species" are treated differently. For,

consistqncy éhen, one might identify the quantity 1-6 (for 8 »> 0)
with the concentration in mol cm™2 6% bare metal sites, yiz. '
cj.= 1 x 1015/6:02 x 1023 = 1.66 x 1079 mole cm™2.. Ignoring activity
coefficient effects, then one should replace the (1-8) in'eqn,Al |
with this ﬁumber.' This then will make the resulting entrépies of

activation more positive by an amount -R 1n(l.66 x 10"9) = %68 J

-

K™l mo1-1.

In a similar fashion, the concentration of reacting ion

[

might altern;ﬁively be expressed in mol cm'2} hence if reaction

occurs from a solution layer of thickness § adjacent to the

electrode surface, the surface concentration then is

L -

approximately given by Cg = Cp mol em™3 x 1 em? x § ¢m, which for

§ = 2.0 x 1078 cm, yields cg = cp x 2.0 x 10”8 ﬁol em™2

s . This -

approach leads to entropies of activation more positive than

¢
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lthose calculated above by an amount -R ln(cb x 2 0 x 10 8/ch ="
147 3 kL mo1-l.

| When théée corfections aée applied to ﬁhe results reported
in the present work, entropy of actlvatlon values that are only-
slightly negatlve or .even pos;tlve then result. Thus '
considerable caution should be exercised in rationalizing or
interpreting the sign.and/or magnitude of entropies of
activation; an enliggtenqd choice of standard states can enable
certain contributions to the gntropyacbanges ( e.qg. -
configgrétionallentrépy) to be effectfvely "tared off" so ‘that
any residual entropy change canlghen be'intérpreted in' terms of
specific mblecular effects (e.q. electrostrictian, structural
factors, steric hindrance). Failing this, comparéiive-reéults
from an homologous series of electrochemical proton transfer
reactants (as in work in progress‘in this laboratory on the
h.e.r. from various solvents or proton sources) may allow some

usefdl conclusions Stlll to be drawn from the relative ordering

of the respective values of the entropy of activation.
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CONTRIBUTIONS TO ORIGINAL RESEARCH

A comparative study was made of the rates of the h.e.r. at

Hg, Ni and Pt eleétrodes in the monohydrate melt CF380§H32§ and

in 1 M aqueous CF3S03H. Large differences in relative rates .and

in dlraﬂuon of relative rates for the h.e.r. from these two
media was found, depending on cathode metal and, in the case of
Hg, where different Tafel slopes are obtained in the two meéia,
also on electrode potential.

The kinetics electrochemical desorptien of H at' Pt was
“investigated in the CF3SO3H30 melt and in 1 M agueous CF3SO3H by
means of llnear.potentlal sweep cyclic-voltammetry. CrltZrla
"were described for assessing the possible interference of

uncompensated solution‘resistance in the determination of s,

by the LPS technrque of Angerstein-Kozlowska and Conway. The
-derlved So values were found to be ca. 10 x 1arger for desorptlon‘

in dlluize 1M ac:.d SOlUthl’l solut:.oni than in the ca. 10 8 M

monohydrate melt. - -

ot N “, v - ) L e

Apparent differences in heats of actrvatron and frequency
- 4

~ factor: ratlos for the h.e.r. and the desorptlon of H at Pt were

o
v

derlved from the temperature dependence of ‘rates in the CF3SO3
-

1iH3 melt:aﬁf in 1 M aqueous;§F3SO3H.

-

-

"By means of non-isothermal cebl measurements, "true"
actlvatlon parameters for the h.e.r. at Hg werédberlved as a
functron of potent )the true entropy of actrvatlon or t@e

'correspondlng frequency factor for the proton dlscharge step in

the thhodrc rne.rﬁ-rs found. to be_appreeraply potentral-
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»

" dependent, and .not constant-as usually assumed. Possible

r—,

t entropic contribution to the

origing of this significan

potential-dependence of rates of coupled electron/atom transfer’

processes are proposed.

Implications of/thi; potential—dependeht entropy of
activation in relation to the important question‘of the
temperature-dependence of Tafel slopes were cons?dered: a
tempe;ature—depéndent Tafel slépe of the form b = #2.3RT/(By +

BST) was shown to be expected where BH and BST are enthalpic and

.entropic components, respectively, of the overall symmetry

4

factor, B .
y H/D kinetic isotope effects for the h.e.r. at Hg and for
desorption of H at Pt in the monohydrate melt.énd in 1 M aguecus
CF,50,H were evaluatéd: the results did noé_sﬁow the large
vggues of ky/kyp or.the isotdpe—méss dependent Tafel siopes which
would indicate the ‘presence of a significant or appreciable
degree of'pfoton tunneling.

L In 18O'la-belling experiments, the H3O+ ion in the
ﬁonohfdrate melt and not the CF,;S03 anion was shown to be the

source of O in 0, gas evolved at Pt from this medium. No
-~ : o .

evidence of gaseous decompositfon products of the anion were
“ . " .
. _ N . 2

found.
The growth of a thin surface oxide film at Pt in the CF4S03

H30+ meiquas shown to follow linear log{time] growth kin tics.

N | v

The anodic reaction of H30f in the C?3soglmelt tq\fornla sjurface
oxide or oxysen gas is somewhat novel since, at least foymally,
it involvéé the oxidation of a positively charged“ionuf

f——-
o

' ‘j‘..k‘
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