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PREFACE

It is necessary first to provide an outline of the work presented in this thesis. Five
chapters and an appendix present the background information, and describe new methods
developed during the course of this research project together with the results obtained and their
interpretation.

Chapter I gives an introductory review on the origin of the project, and background of
the topic of electrocatalysis. Adsorption behaviour of the overpotential-deposited H intermediate
and kinetics of the H, evolution reaction have been of particular interest. Chapter II describes,
in detail, the electrochemical systems, experimental techniques and electrochemical methods,
used in the work. Chapter III provides a theoretical treatment and describes procedures for
simulation of potential-relaxation transients for the H, evolution reaction. The basis of the initial
potential-relaxation method for determination of double-layer capacitance is introduced. Chapter
IV reports three sections of the experimental results. Part I is about electrocatalytic performance
of Ni-Mo-Cd material as an H, cathode in a KF+2HF melt and comparatively in KOH - 2H,0;
Part 1I gives results on application of the initial potential-relaxation method to some practical
systems for determining, in situ, the real surface-area of porous electrode materials. It is
demonstrated how the rough surface area of the porous electrodes can be ‘unfolded’
electrochemically in solutions of increasing concentration of KOH; and Part III discusses effects
of catalyst poisons on the adsorption behaviour of the H intermediate and the kinetic mechanisms
of the HER at Pt electrodes both in KOH solutions and the KF-2HF melt. Chapter V
summarizes the conclusions drawn from the experimental results.

The procedures for the computer simulation of potential-relaxation transients are
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described in the Appendix.
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ABSTRACT

The industrial production of F, is through the electrolysis process from HF meit. The
reaction of HF - F, + H, includes the anodic production of F, and cathodic H, evolution. It
is the latter process on which this thesis study has been concentrated. The objectives of the
research were to characterize the polarization behaviour of the electrocatalyst material, a Ni-Mo-
Cd composite, for the H, evolution reaction (HER) from the KF - 2HF melt, its comparison with
that from the analogous KOH - 2H,0 hydrate melt, and the mechanism and kinetics of the HER.

It was found in the work described in this thesis that the high surface area of the
electrodeposited material, Ni-Mo-Cd composite alloy, played an important role in its superior
performance over a smooth surface electrode, e.g. mild-steel. The real, effective area of the
electrode during the polarization process also varies in the different electrolyte solutions, as was
observed through comparison between the KF-2HF and KOH-2H,0 melts. Contact angle
measurements at the solid/melt/H, gas interphase and experimenta! in siru determinations of
double-layer capacitance, C,, were carried out, and the effect of wettability and accessibility of
electrolytes to the inner pores of the porous surface in association with the surface tension was
discussed. The "unfolding" of the electrochemically accessible area of a porous Pt electrode in
KOH electrolyte of increasing conductivity was demonstrated experimentally for the first time.
The transmission-line model and constant phase element (CPE) concept were used in the
interpretation of the a.c. impedance results.

A new method for in situ determination of C, was developed by means of analysis of

initial (i.e. over short times of 2 to 100 us) potential-relaxation transients in the HER. Its
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effectivencss was cxamined in comparison with the results of other methods, e.g. cyclic
voltammetry and a.c. impedance measurement, based on a well-known prototype system of Pt
electrodes in KOH solutions.

A theoretical treatment was developed to describe the filll potential-relaxation transient
behaviour in terms of the roles of double-layer and H pseudocapacitance (C, ;) relaxation
processes. The representation of the experimental data through computer simulation provided
rate constants and other parameters of the reaction. It is shown how the o.p.d. H coverage, 8,,,
and the associated pseudocapacitance of the electrode can be quantitatively evaluated from the
calculation involving rate constants.

The presence of catalyst poisons in the electrolytes has significant influence in the
industrial electrolysis process. In the present work, the effects of As,0, and (NH,),C=S as
poisons for the HER on the kinetics and adsorption behaviour were quantitatively characterized.
The effects on the HER were theoretically treated, taking account of poison coverage 6 and a
lateral interaction factor, g, at the electrode surface. Related 8y, 8, g and C, y quantities were
evaluated from the experimental data obtained, for the HER, at the Pt electrode in KF - 2HF and

KOH solutions.
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CHAPTER 1

INTRODUCTION

This Ph.D thesis is the result of research conducted on a project jointly supported by
N.S.E.R.C and Cameco Corporation on a so-called N.S.E.R.C Cooperative Research and
Development (CRD) grant. Accordingly, the subject has involved both fundamental electrode
kinetic and adsorption studies, and a component of industrially oriented work of practical

significance.

1.1  Background an jectiv

First it will be useful to give a brief outline of the origin of this research project and its
general objectives. Elemental fluorine is required for preparation of UF, from uranium oxide
ores for the purpose of obtaining pure or isotopically enriched uranium. In Canada this process
had been operated for some years by Eldorado Resources Ltd. at their Port Hope plant which,
in recent years, has been owned and operated by Cameco Corporation, the co-sponsor with
N.S.E.R.C. of the present CRD project at University of Ottawa.

It is well known that, owing to the high electronegativity of fluorine and its position at
the "bottom" of the electrochemical series, it can only be prepared by an electrolytic process or
by means of an exotic reaction such as decomposition of XeF,. The electrochemical route is by
electrolysis of KF « 2HF melts at ca. 85°C, using a carbon anode and a mild-steel cathode in the
commercial operation. The cathodic process, conjugate to the anodic one of F, production, is
the evolution of molecular H, by discharge from the HF.

The operation of electrolysis cells for F, production is accompanied by a remarkably
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large overvoltage at the anode, amounting to 6-8 V under operating conditions. The study and
improvement of this behaviour, which leads to uneconomic power consumption in the
commercial operation, was the subject of previous projects of this laboratory with Cameco
Corporation and Eldorado Resources. .The origins of the anode effect were examined and traced
to (a) barrier-layer "CF" film forrnation and (b) a consequent formation of a F, gas-film barrier,
with related sluggish F, bubble formation and detachment, connected with the contact angle of
bubbles at the fluorinated carbon interface. A method leading to major improvement of the
anode overvoltage behaviour was developed and reported in several papers arising from the
previous work [1-3] in this laboratory. The physico-chemical basis of the improvement effect
was also established in that work.

It was realized later that appreciable overvoltage effects were also associated with the
cathode reaction, which had equal significance to those at the anode for the overall cell
operation. Cathodic overvoitages at the fIz-evolving cathode can also rise to ca. 6 V under
certain operating conditions (a so-called hyperpolarization effect). In the present project (work
of Mr. Qian), the origin of this effect has been found to arise on account of (a) HF starvation
locally at the electrode; (b) resulting local solidification of the melt in the electrode/melt
boundary layer, and (c) a bubble-film barrier effect in the KF+-2HF melt due to unfavourable
contact angle between H, bubbles and the melt/cathode interface, as was also found for F,
bubbles at the C anode. This effect becomes more important when poison species such as As
are present in the melt and become adsorbed at the surface. The overall work on this aspect has
been reported in an original paper in course of publication [4].

Studies on alternative H,-cathode materials, having improved electrocatalytic performance
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over mild-steel, is also one of the objectives in the research project. Electrodeposited Ni-Mo-Cd
composite electrodes, which are micro-porous, were found to have excecllent electrocatalytic
properties for the hydrogen evolution reaction (HER) in aqueous solutions, in terms of small
Tafel slopes and high exchange current-densities [5]. The behaviour of such materials as
electrocatalyst cathodes, and their resistance to corrosion in the KF+2HF melt, have been

extensively studied during the course of the present Ph.D program.

1.2  Electrocatalysis in the Hydrogen Evolution Reaction (HER)

The hydrogen evolution reaction (HER) at cathodes is one of the reactions most
frequently occurring in industrial cells, and thus naturally has been among the most intensively
studied of electrochemical processes [6-19]. This reaction has also been extensively examined
for reasons such as (a) elucidation of the mechanism of the HER as a prototype for
heterogeneous electrochemical reaction kinetics of processes involving ion neutralization and
atom transfer; (b) obtaining a systematic relation of the catalytic properties of various metals for
the HER; (c) its relevance to many related important fields such as corrosion of metals,
electrolytic hydrogenation of organic substances, etc., and (d) some more up-to-date reasons,
such as efficient hydrogen production or use of hydrogen in fuel cells, seeking a prospect
towards the so-called hydrogen economy. Finally it should be mentioned in (e), its role (in the
case of d) in the supposed process of "cold fusion".

Traditional cathodes for industrial applications have long been iron or mild steel {20,21].
However, these materials do not withstand the more severe conditions of high caustic
concentration and higher temperature which derive from the employment of most extreme

conditions in commercial water electrolysis, and in membrane cells used in the chlor-alkali
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industry at 95°C. Under similar circumstances, Ni and Ni-based alloys are mostly used to
replace the above materials [22,23].

The search for new electrode materials is expected to be guided by the fundamental
understanding of the factors governing the kinetic activity of such electrodes. In
electrochemistry, this branch of the discipline is known as "electrocatalysis”. It is the science
devoted to the relationship between the properties of materials and their surfaces, and the
electrode reaction rate at some defined potential. The objective of electrocatalysis as a science
is to establish a predictive basis for the design and the optimization of electrocatalysts, exhibiting
low overvoltage polarization behaviour and stability to corrosion.

In the case of hydrogen evolution, the theory of electrocatalysis on single individual
metals was established about thirty years ago [24,25]. However, no decisive advances have been
made since then from the point of view of the theory of composite materials. It is probably for
this reason that a great deal of applied research has been conducted thus far, following the
always convenient but empirical approach of "try and see”. In one publication [26], it has been
explicitly reported that more than 400 different‘materials have been tested in a few years with
the purpose of finding the best one! However, a fundamental analysis was made by Parsons [27]
on binary alloys with respect to improvement in kinetics of a reaction in relation to

chemisorption energy of its intermediate(s), e.g. H.

1.3  Relations of Electrocatalysis to Catalysis
Electrode reactions always heterogeneously proceed at the interface of an electrode with
an electrolyte, Electrocatalysts, i.e. catalysts for electrochemical reactions, can be defined here

through a comparison with heterogeneous catalysts. The most significant difference between
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chemical catalysis and electrocatalysis is based on the fact that the electrocatalytic reaction’s rate
is dependent on potential (A¢), while the rate of a chemical catalytic reaction cannot be so
' affected, except, e.g., analogously, by high pressure.

In the case of an heterogenous reaction, the Arrhenius equation [28] represeﬁts the
catalytic rate according to

-AG°"

kT
= cl—
V=2 expl——m— RT

= ] (1.1a)

where 8 is the steady-state coverage by some adsorbed intermediate that is involved, or,

AG®™

= 1 ___
vy =¢( 8) exp[ RT

] (L.1b)

for a step requiring a vacant surface site fraction, 1-6. Or more generally

- kT, -AG°" (1.1c)
v = ¢fif) - exp[ RT ]
In the case of an electrocatalytic process, invoiving charge transfer, the rate is given [29]
by:
_ AG"" BAPF 1.2
iy Cﬂﬂ)—CXP[ Jexp(- BT —1 1.2)

where 8 is a barrier symmetry coefficient for the case where the reaction is a charge-transfer
process. (There are other types of reactions, where the primary pre-electrochemical reaction is
dissociative chemisorption as in fuel-cell processes, e.g. HCOOH + 2M -» MH,,, + MCOOH,,,
or H, + 2M - 2MH,,, followed by a potential-dependent charge transfer step). Both of these
rates, v, contain, in their rate equations, a reactant concentration term, c; a factor f{6),
representing some function of the coverage of the electrode surface by adsorbed intermediates;
Boltzmann’s constant, k; Planck’s constant, A; the gas constant, R, and the standard Gibbs

chemical energy of activation, AG° ™. Both expressions involve a dependence on temperature
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(T) but only the electrochemical reaction rate expression involves a potential-dependent term,
in which F represents Faraday’s constant and A¢ represents formally the absolute metal-solution
potentiai difference at the electrode/solution interface. Since the latter is never knowable at a
given electrode, eqn.(1.2) is most conveniently recast in terms of the overpotential n defined (see
following Section 1.4) as the difference of any ¢ value and that ¢, for the same process when
it is at equilibrium (=0). 7 is normally measured against some convenient reference electrode,

often (for the HER case) a reversible reference electrode involving the reaction itself.

1.4  Kinetic Aspects of Electrode Processes
Electrochemical rates v are measured as current-densities, which can be expressed in the
following way:
i = nFv = knF(cp) (1-9) (1.3)
where z“ the electrochemical rate constant which, according to "absolute rate theory” [30], is
given by

AG°*

1.4
=T ] (1.4)

ze = 7(—)exP[

and 7 is the so-called transmission coefficient (often taken as approximately unity); AGe® is
an electrochemical standard Gibbs energy of activation; nF is the number of Coulombs involved
(expressed in terms of Faradays) in the overall reaction proceeding at the rate v in mol s cm?;
(cp)s is the concentration of the reactant molecule or ion at the outer Helmholtz plane and @ is
the steady-state coverage of any intermediates that are adsorbed on the surface at a given
potential as a result of the discharge of the reactant R. Other terms in the equation have their

usual meanings. The Gibbs energy of activation is potential-dependent according to
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AG°* = AG°* +8FA¢ (1.53)

AG°™ +8F(Ad,+1) (1.5b)

This equation is a relation befween the electrochemical standard Gibbs energy of
activation, AG°™, and the chemical free energy of activation, AG°*, plus an additional term
which is the electrical energy factor assisting reaction. The basic effect of voltage on rates
originates from change of Fermi level of metals, ®, (Py = Py-o = €V). In eqn.(1.5), &¢
represents the absolute metal-solution potential difference at the electrode and % is the
overpotential required to drive the reaction at a net current-density i beyond the reversible rate
(net rate zero) at the reversible potential, Ad,, i.e. 7 = A¢ - Ag..

For a simple discharge process, eqns. (1.3), (1.4) and (1.5) can be combined to give a
general expression for the net current-density, i, in the form of the so-cailed Butler-Volmer
equation taking account of both the backward and forward components of the reaction rate

(current-density):

i= '}“}. (1.6a)

= iylexp(EET) -exp(- LB, (1.65)

where i, i, represent the current-densities of the forward and backward reactions, respectively,
and i, is the so-called exchange current-density for =0 which dynamically characterizes the
reversibility of the reaction. In the case where the discharge step is rate-determining and

produces an adsorbed intermediate, the exchange current-density is given by the following

equations:
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iy = Fk’,c,(1-a)exp('3;;") (1.72)
= Flye,0 expl- LB e, (1.7b)

RT
where ¢, and ¢ are the concentrations of the reactants of the forward and backward steps and
now potential-independent rate constants (X', k',) are introduced. The fractional coverage by
adsorbed intermediates and free site availability are represented by 6 and 1-0, respectively. At

sufficiently high values of overpotential », viz. 5_1?. »1, eqn.(1.6) becomes

i = i,exp( 5F”) (1.8)
or
(BF)lm (..-..I‘,‘)lm0 (1.9)
This is a form of the well-known Tafel equation [6] commonly represented as:
n = a-b logi (1.10)
where a and b are given by
b=2 32;’"' (1.112)
and
a = -(%)lnio (1.11b)

by comparison with eqn.(1.9).
At low values of overpotential 7, viz. ERIE‘T? <1, eqn.(L.6b)can be written, taking into

consideration only the first term of the series expansion of the exponential, as



i = ;0% (1.12)

Ohm’s law allows us then to define an equivalent Faradaic charge-transfer resistance, R, as

dn/di or

R, = 22 (1.13)

which is important as one of the means for i, evaluation, to be considered later in this thesis,
and as one of the bases of a.c. impedance analysis of kinetics of electrode processes.

The Tafel slope, b, and the exchange current-density, i, are the two fundamental
parameters characterizing steady-state electrochemical polarization behaviour of an electrode
reaction and thus of the effectivéness of electrocatalysis. Ideally, a combination of high i, and
low b values is the condition required for optimizing cathode or anode performance, i.e., to
minimize polarization at appreciable current-densities and thus provide "good electrocatalysis”
in the process with minimum electrical power consumption.

However, i, and b values are usually mutually dependent quantities, e.g. both are closely
related to the adsorption behaviour of the reaction intermediates adsorbed on the electrode
surface, and the mechanism of the reaction and its rate-determining step.

The kinetically involved intermediates thus influence the exchange current-density of the
process through their standard Gibbs energy of adsorption, and the Tafel slope through the

potential-dependence of their coverage (see below).

1.5 in th rogen Evolution

Cathodic H, evolution can take place from acid or alkaline aqueous solutions. The
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overall reaction in acid solution is
2H,0* + 2e - H, + 2H,0 (1.14)
and in alkaline solutions, it is
2H,0 + 2e—+H, + 20H (1.15)
Several reaction pathways are possible for the HER but on account of the previous work
of many electrochemists, e.g. Butler, Frumkin, Bockris, Horiuti, Conway and Parsons, only two
reaction paths are regarded now as likely to be involved even though, at the beginning of this
century, a variety of reaction Steps had been proposed as part of the overall process, including
e.g. nucleation of bubbles.
In acidic solution, the reaction involves first the discharge of an hydrated proton at the
electrode surface with formation of an adsorbed H atom at some site on the metal surface lattice:
. "
M(e) + H;0* « MH,, + H,0 (1.16)
ky
The above step is common to all currently and previously considered reaction paths and
it represents the process by which H is initially deposited onto an electrode surface.
The adsorption step must be followed by either an electrochemical-desorption step:
k,
MH,, + M(e) + H;0* ; H, + H,0 + 2M (1.17)
2

or an heterogeneous chemical recombination step:

ks
IMH,, = H, + 2M (1.18)
k,

* The steps (1.17) and (1.18) are alternative desorption paths, consecutive with respect to step
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(1.16).
In alkaline solution, the mechanism is similar except that the proton donor is a waler

molecule rather than H;O" and the conjugate base product is OH' instead of H,0:

M(e) + H,0 « MH,, + OH' (1.19)

MH,, + M(e) + H,0 « H, + OH + 2M (1.20)

or

2MH,, = H, + 2M (1.21)

It has been noted in the literature, for alkaline solutions, that the aclivation energy of the
steps (1.19) or (1.20) will not generally be the same, respectively, as those for (1.16) or (1.17),
so that the mechanism in terms of which step is rate-determining of the HER in acidic and
alkaline solution at a given metal will not generally be the same.

As can be seen from the two series of equations above, a multistep reaction is involved,
for which it is assumed that there is always a "rate-determining step” (r.d.s.) which characterizes
the kinetic behaviour of the reaction. A rate-determining step in a reaction sequence is the step
having the smaller or smallest rate constant or, correspondingly, the highest Gibbs energy
barrier. Often the rate-determining step is incorrectly referred to as the "slow step” in the
reaction but, in the steady-state, all steps are proceeding at the same velocity. Through
information obtained by means of the Tafel slope behaviour, coupled with results from the new
potential-relaxation methods, and with a.c. impedance measurements, tiie adsorption behaviour

of the overpotential-deposited (0.p.d.) H can be characterized and the rate-determining step more
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easily identified.

1.6 Parameters Determining the Exchange Current-Density

The HER has been one of the first electrochemical reactions to be studied in a detailed
kinetic way {31,32]. In the mechanistic studies of electrochemical reactions, an important
concern is to find the dependence of standard rate constants or exchange current-densities, ig,
on the properties and chemical idertity of the electrode metal, and the state and orientation of
its surface. It was early noted [33] that there was a "periodic” relation of log i, to the properties
of metals across the Periodic Table, such as lattice energy, electron work-function, ®,,, etc.
However, such correlations to ¢,, should not directly arise since the potential-dependent reaction
rate constants cannot depend on the $,, due to the fact that the terms in ®,, cancel out around
the interfaces of the measuring circuit when potential is referred to the potential of a reference
electrode [29] in experimental measurements.

It was shown by Butler [10] and by Horiuti and Polanyi [34], following Gurney’s theory
of electron transfer [35], that the activation energy for proton discharge at a metal producing the
chemisorbed H intermediate, would depend on the adsorption energy AH,,, , of the discharged
H. The experimental relations of log i, values to AH,,y, and indirectly to @, that were
demonstrated by Conway and Bockris [36] and also by Ruetschi and Delahay [37] were
rationalized by Parsons [25] on a theoretical basis that the log i, values for the steps in the HER
should exhibit a "volcano" relation (Fig.1.1) when plotted against the standard Gibbs energy,
AG®,,, 4, Of adsorption of the H intermediate. The essential result of this analysis was that

log iy value is determined by the product of two terms (f,)® (1 - 8;,)f where g is the barrier
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symmetry factor for the proton discharge step, and 6, is the coverage by H at the reversible
potential to which i, applies. For 8 = 0.5, the variation of log iy with AG®,,, ,; is symmetrical
about AG®,,, 4 = 0, with its maximum at this value corresponding to 6, = 1 - 6y = 0.5.

Physically speaking, this relation expresses the fact that for an overall process involving
an adsorption step and a desorption step, kinetics will not be good if the surface is (a)
extensively filled by a strongly adsorbed intermediate (since then discharge on the 1 - @ fraction
of the surface will tend to be slow) or alternatively (b), relatively empty, since then the
desorption rate, determined by 6, will tend to be slow. Optimum conditions obviously arise
when 8y = 1 -6, = 0.5.

In a more recent examination of this matter, Trasatti [38] demonstrated that when log i,
is plotted against the MH bond energy or the work function, (using a careful selection of more
reliable log i, values for the HER for various metals together with better $ values.), d- and sp-
metals exhibit two distinct linear relationships (Fig.1.2). This type of plot is in good agreement
with the form of Parsons’ theoretical volcano plots expressed in terms of AGS,, . The
connection between these two types of plots (experimental and phenomenological, in terms of
MH bond energy or &, and theoretical, in terms of AG®,,, ;) must arise because of a systematic
relation between MH bond energies and ¢ as was demonstrated in the paper of Conway and
Bockris [36).

Of great importance is the nature of surface bonding of intermediates to the metal; this
depends very much on the geometry and orentation of the crystal plane on which the
chemisorption takes place, and on the orientation and symmetry of emergent orbitals (especially

dsp hybrid orbitals at transition metal surfaces) at the metal surfaces as emphasised by Bond
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[39]. He proposed a model of adsorption on group VIII metals [40], based on the assumption
that the distributions of surface atomic orbitals may be calculated from bulk crystal theory, and
that adsorption sites will arise where these orbitals overlap. These factors determine the
geometry of coordination of the ad-species at the catalyst or electrocatalyst surface. Since that
work [39], a great many papers have appeared on molecular-orbital calculations on bonding at
surfaces, and surface states and electron-density distributions. Interesting modelling of local
coordination situations at metal surfaces has been done on polyatomic clusters, e.g. as m the
work by Messmer et al. [41].

If correlations do exist for simple metals, predictions are much more difficult for
composite materials. The need to replace noble metals, which are often the best as catalysts,
by cheaper and more available metals and alloys having improved electrode polarization
behaviour, has led to the investigation of the electrocatalytic features of composite transition
metal catalysts for the HER [42-45]. From a true catalytic point of view, what is looked for are
so-called "synergetic effects”, i.e., a complementary influence between two or more components
s0 as to obtain a material the activity of which exceeds that of the pure components [46]. An
important and perhaps surprising prediction made by Parsons [27] was that for a bimetallic
catalyst with two non-interacting sites obtained by combining two metals with different
adsorption energies, no enhancement of the activity is to be expected. However, electronic
effects in homogenous alloys, related to d- and sp-band structures can lead to advantageous
materials that have properties not directly related to those of their component metals, as has been
found in a number of works [47,48]. Miles [49] suggested that a combination of two metals

from the two branches of the volcano curve could result in enhanced activity [SOJ, but this
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implies, of course, that a direct correlation exists between composition and heat of hydrogen
adsorption. The same approach was suggested by Jaksic [51] who showed that a combination
of Ni or Co with Mo can result in a substantial enhancement of the activity for the HER [52].

These and other experimental observations have been examined in terms of the Brewer-
Engel valance-bond model [53-56] for bonding in metals and intermetallic phases. The Brewer
intermetallic bonding model is based on the Lewis acid-base interaction concept. If metals on
the left half of the transition series, having empty or half-filled d-orbitals, are alloyed with
metals of the right half of the transition series, having internally paired d-electrons, not available
for bonding in the pure metal, an “internal charge transfer” will occur. The Brewer-Engel
model is also concerned with the prediction of the particular mixture of d- and sp-electrons,
which should be such that a configuration of lowest Gibbs energy is achieved for the alloy.

In the application of Brewer-Engel concepts of electronic-structure influence on the
properties of transition metal alloys, it is not clear how these ideas predict improved catalytic
activity for "Lewis base/acid" pairs of the metals in the alloys. Only on an empirical basis,
from the observed experimental behaviour, are such effects indicated. A further complication
is that the surface composition of alloys is rarely identical with bulk composition, so that
concepts which properly apply to bulk properties cannot be expected to apply to surface
beha.\_riour due to the asymmetry of bonding in the surface and the geometry of emergent orbitals
(¢f. refs. [39,40]), as well as surface/bulk composition differences. The covalent or metal
bonding in the bulk phase will discontinue at the surface, and form surface states due to dangling
bonds. These surface states can be determining for the orientation and strength of binding of

the adsorbed species at the surface. The surface structural factor, e.g. presence of various
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single-crystal planes, defects and steps at the surface, is also important for catalytic activity [57],
as will be discussed in a later section.

1.7 Th lationship Between the Tafel Slope, b, and the Isotherm for
Adsorption of the Intermediate

Besides affecting the exchange current-density, H adsorption is also a determining factor
in the value of the Tafel slope, b, through an adsorption isotherm factor. This is because (see
eqns.(1.16-1.18)) the rate equation for the rate-determining step normally involves a function
of coverage, f{8), of the adsorbed intermediate. The reciprocal of the Tafel slope, b, can be

expressed as follows:

1 _ diogi _ dlogf(6,) N BF (1.22)
b dn dn 2.303RT

reciprocal adsorption charge-transfer

Tafe! slope factor factor

This equation reveals that the dependence of log i on electrode overpotential, #, is related
to both the adsorption factor and the charge-transfer factor which importantly includes 8. It is
important to indicate here that eqn.(1.22) offers also the possibility of a dual Tafel siope
polarization behaviour for the same rate-determining step, i.e. if the adsorption factor becomes
appreciable and constant in one particular potential range, or if it tends to zero in another, then
two Tafel slopes can be observed depending on whether 6 is « 1 or > 1.

For reaction mechanism studies, the importance of the Tafel slope and its dependence on
the adsorption of intermediates has been emphasised in various works of Bockris [58,59],
Parsons [60,61], Despi¢ [62,63] and Conway [64-66].

When the proton-discharge step is rate-determining and @y « 1, the reciprocal of the
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Tafel slope is determined mainly by the charge-transfer factor in eqn.(1.22). This situation is
found to arise at mercury and also gold for the HER [59,67,68] since an experimental Tafel
slope near 0.118 V is obtained at 298 K, as expected theoretically, taking 8 = 0.5. However,
when either of the desorption steps control the overall rate, e.g. (1.20) or (1.21) in alkaline and
(1.17) or (1.18) in acidic solutions, 6, can be appreciable and potential dependent. It is seen
that a significant value of the adsorption factor must lead to reduced values of the Tafel slope;
this is of great importance for electrocatalysis and is exemplified experimentally (0.030 V) at
low overpotentials at Pt or (0.040 V) for some Ni-Mo composites in the HER [58,69-72].
Hence, proper elucidation of the rate-determining step and characterization of the electrocatalysis
requires reliable experimental evaluation of the adsorption behaviour of the overpotential-
deposited (0.p.d.) H in relation to Tafel slopes.
The possibility that the various steps proceed at comparable rates, rather than with a
single r.d.s., has also been suggested and theoretical calculations have been carried out [73,74].
This would explain the curvature of the Tafel line observed in some cases [75]. A possibility
of slow surface diffusion (or re-arrangement) of adsorbed intermediates:
M + H*(ag) + e~»MH", (1.23)
MH',; - MH,, (1.24)
has also been suggested. This would imply that the intermediate H',, produced in step (1.23)
may not be the catalytically active one. The existence of "inert” and "active” adsorbed hydrogen
has recently been postulated on the basis of IR surface investigations [76]). For example, at Pt,
the surface is already fully covered by strongly bound, underpotential-deposited (u.p.d.) H at

the reversible potential and it is believed that this state of H is not the kinetically-involved
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intermediate in the HER at more negative potentials.

It is the purpose of electrocatalysis to design materials capable of evolving hydrogen with
low Tafel slope up to high current-densities, which should be achievable by appropriately
modulating the M-H adsorption strength. This is precisely what is pursued when an elemental
electrocatalyst (a metal) is alloyed with others, or combined with non-metals (such as oxides,
etc.). The heat of adsorption of the intermediate is the most important parameter, which in turn
will depend on the electronic and structural properties of the catalyst Surface. Unfortunately,
the a priori theoretical description of the surface bond is still insufficient for composite materials
although important advances for pure metals have been made in recent years [27,36,38,77]; it
is therefore necessary to have resource to experimental and conceptual correlations.

The Tafel slope b is an "intensive” quantity, i.e., in so far as it is not influenced by the
surface area. Thus, the improvement of practical electrocatalytic behaviour (increase of current-
density at a certain overpotential) by use of a porous electrode, such as an electrodeposited Ni-
Mo-Cd composite electrode [S], is mainly because of the increase of the real, effective surface
area of the material per apparent cm®>. When a change of Tafel slope arises, it must be the
electronic and adsorption factors of the deposited composites that are responsible. Sometimes,
Tafel slopes are found that are not regular values such as 118 mV (2.3RT/0.5F) or 30 mV
(2.3RT/2F). Surface composition of the electrodes could be the major cause of this behaviour,
as has been found experimentally with some binary transition metal alloy electrodes.

However, technical problems may arise in the measurement of Tafel plots in so far as
that IR drop (originating from the solution resistance between the electrode surface and the

Luggin capillary tip of the reference electrode) has to be corrected before the true Tafel slope
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can be evaluated. However, in some types of electrocatalyst materials, the solution resistance
is unknown inside the pores of the porous electrode, and this can lead to uneven distribution of
electrode potentials and currents along the porous surface'. Another complication arises for the
situation where part of the porous surface is not wetted by the electrolyte, as found with the
KF - 2HF melt during the work reported in this thesis. However, industrial interest is centered
on the overall effectiveness of porous, high-area electrocatalyst materials. The practical
electrocatalytic behaviour is usually characterized in terms of the achieved currents at certain
voltages, or the required voltages under certain currents without quantitative reference to real

current densities or Tafel slopes.

1.8  Evaluation of Real Surface Area of Electrodes

Knowledge of the real surface area is a prerequisite for the proper evaluation of the
activity of an electrocatalyst material, especially when comparative data are required relative to
other samples. It is quite difficult to determine real surface areas because there are no unique
techniques applicable to all materials. Sometimes BET values are given, but the BET (dry) area
may not correspond to the electrochemically accessible active (wet) one, especially if supported
catalysts are used or inert components are part of an admixture (78]. Determinations based on
double-layer capacitance (C,) are an obvious approach but can be ambiguous [79] because there
exists no absolute reference for many materials and there is no potential at which the capacitance

is the same even among different crystal faces of a given metal [80]. For porous materials,

! Under certain conditions of significant internal resistance in pores, these effects can lead
to a doubling of the Tafel slope, as for porous fuel-cell electrodes [86].
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traditional methods involving a.c. impedance or transients give results dependent on the time-
domain of the response, but relative measurements for different samples of the same materials
are acceptable. A procedure involving determination of the diffuse-layer capacitance was
proposed by Parsons and Zobel [81], but is only easily applicable to interfaces of ﬁon-porous
electrodes. |

The best approach is normally an in sifu determination based on voltammetry or charging
curves, usually within the underpotential deposited hydrogen region [82,83] in the case of most
noble metals. It is of course necessary to know the actual value of 0 for absolute
determinations, but the method is practicable on a relative basis. The method becomes absolute
only in a few cases, in particular for Pt electrodes [84] for which the catalytic activity per metal
atom in a surface, which is the parameter really needed to evaluate electrocatalytic effects, can
be calculated.

It is essential to distinguish effects which arise just from real-area differences from other
factors of more fundamental interest arising from the electrode kinetic difference of Tafel /, and
slope b values due to surface and electronic properties [85] of the electrode metals. Because of
the practical importance of the accessible real-area of many electrocatalyst materials [86,87], it
is necessary to have ways of experimentally measuring the in siru "real-area" factor
independently of the overall activity. Such evaluations, in the past, have suffered major
uncertainty when electrochemical methods have been applied, due to the complicating effects of
porosity on electrical response functions and the role of pore occupancy by evolved gases.

The practically measured real surface area is usually found to vary depending on the

actual method used. For example, the commonly used BET method gives the real (dry) surface
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area accessible to a gas phase and includes an area fraction which may not be wetted by an
electrolyte in a real electrode/electrolyte solution system [2].

One of the major problems in in siru real surface area measurements is that there is no
reliable method available to determine the real electrochemically active area pertinent to the
overpotential regions where significant Faradaic currents are passing and the utilized surface area
may, in fact, be changing during the electrode process. For example; in the process of metal
plating, the surface area is usually continuously changing with time while in the H, evolution
reaction at porous electrocatalysts, some fine pores may become filled by H, gas as the
electrolysis proceeds.

As may be expected, the major difficulties in C,, measurement in the overpotential region
are associated with three problems: (i) the presence of the usually substantial continuous
Faradaic current; (ii) the presence of the pseudocapacitance, C, [88], corresponding to the
potential-dependence of adsorption of reaction intermediates and (iii) the influence of the porosity
of the electrode on the distributed double-layer capacitance and resistance, related to the internal
current-distribution [83].

These problems are treated in the present work (Chapter IV) by means of fast open-
circuit potential-relaxation measurements, followed by interruption of the prior steady-state
current. A prototype system was selected and QUantitatively evaluated. The HER from KOH
solution at a bright smooth Pt electrode and a porous plated one (platinized Pt) were examined
comparatively. It is believed that this system provides the best example for illustrating
treatments designed to overcome the above mentioned difficulties in C, measurements in the

overpotential region, since the kinetics of the HER and its associated H-adsorption
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peeudocapacitance at a Pt electrode have been well investigated previously [15,72]. In addition,
the Pt electrode has the unique characteristic that its real electrochemical accessible surface area
can be directly measured in situ reliably and accurately by means of slow cyclic-voltammetry
from which the monolayer u.p.d. H charge can be precisely determined [89], and thus a true
reference area evaluated.

The electrodeposited composite Ni-Mo-Cd electrode, that has been used as electrocatalyst
material in a number of recent studies of the HER at high current-densities [5,72,90], is micro-
porous in structure. The effective real-area has been examined comparatively in the present
work in the KF » 2HF melt and the analogous KOH - 2H,0 hydrate melt at 85°C. The behaviour
of a comparable smooth bulk alloy Ni-Mo electrode, which was prepared thermally as an

homogeneous solid solution, was also examined as the reference for the real-area evaluation.

1.9 h rization

The properties of the electrocatalytic materials depend on the electronic structures and
the orientations of their crystal surfaces. Well-defined single-crystal surfaces usually differ from
corresponding polycrystal electrodes in their electrocatalytic performance. It is also desirable,
where possible, to characterize the surfaces of the electrodes, i.e. the surface compositions of
composite materials to assess the actual electrocatalytic activity. Surface analysis techniques,
such as Scanning Electron Microscopy (SEM), X-ray Photoelectron and Absorption
Spectroscopy, are required to identify the surface appearance and composition of porous

materials (e.g. electrodeposited Ni-Mo-Cd electrodes) before and after the electrochemical

measurements are made.



=25 -

It is necessary to correlate the electronic and structural factors of the metals in
characterizing the catalytic behaviours. The nature of the surface also depends on the orientation
of surface structure, e.g. many catalytic features of single-crystal surfaces have been found [91-
94], which are not recognized with polycrystalline surfaces. Upon formationlof the surface, the
coordination of surface atoms, interatomic distances, distance betwéen adsorption sites, and
surface energy will all depend on the plane exposed. Generally it is not the éntire electrode
surface, but only some individual elements, the so-called "active centres” that are believed to
take part predominantly in the reactions; It is of great interest which of these surface elements,
viz individual atoms, atomic groups, faces, edges, steps, angle of crystals, crystal lattice defects
etc. are active, as has been demonstrated in various works [95-97].

In contrast to the strong efforts made to study the adsorption process, very little attention
has been paid to investigate the influence of surface crystallography on the kinetics of the HER
[98-100). It was reported [99] that there is essentially no difference in H, evolution kinetics on
Pt(100), Pt(111) and Pt(511) surfaces. This surprising lack of structural sensitivity, despite the
differences in standard Gibbs energy of adsorption among these surfaces, was attributed to a
compensation between the changes of AG’,, and the changes in the energy of repulsive lateral
interaction between H atoms.

Work on the HER at single-crystal surfaces is outside the scope of this thesis, since major
attention was on the study of polycrystalline Pt electrodes. However, it is believed that the
beha\;iour of polycrystalline electrodes is determined by the combination of single-crystal
domains at the surface. Investigations on single-crystals can provide a unique possibility for

study of surface structural effects in a controllable way, and eventually for development of a
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predictive base in electrocatalysis.

Surface characterization includes also the study of the modification of a surface under
cathodic load or after some pretreatment. The effect of corrosion on the electrode composite
should be considered (as is studied in the present work on the long-term performance of Ni-Mo-
Cd electrocatalyst materials in the KF - 2HF melt). The modification of surface behaviour during
the polarization by the adsorbed intermediates, can also be evaluated by electrochemical
techniques by obtaining information on the kinetic parameters and the state of adsorption of
intermediates, especially if digital acquisition of open-circuit potential relaxation transients and

a.c. impedance techniques are used [15,101].

1.10 Interfacial Structure and Double-Layer Capacitance

In this thesis, substantial attention has been devoted to the measurement of double-layer
capacitance at the electrode interface, in relation to the determination of real surface area, and
the distinction between the double-layer capacitance and the pseudocapacitance arising from
adsorbed intermediates. It is necessary here, in relation to material which follows in other
chapters, to depict some models of interfacial structure and the associated concepts of the
double-layer capacitance [102].

The electrochemical metal/solution interface behaves electrically as a capacitor, involving
very high fields (10° - 10’ V cm™) between the separated charges on the metal and, as ions, in
the solution. The charge separation due to ion charge on the solution side together with electron
charges or holes on the electrode side, leads to what is called the "double-layer” having a

capacitance, Cg.
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The simplest model of the distribution of ions at interfaces was proposed by Helmholtz
[103], who regarded the behaviour of the doub'e-layer of charges on the surface and those in
solution as approximating to that of a parallel-plate condenser. Later, Gouy [104] and Chapman
[105] pointed out that the thérmal distribution of ions should be considered, which would depend
on the exponential of their electrostatic energy at various locations in the interphase, in
comparison with RT. This distribution is analogous to that considered for counter-ions around
a given ion in.the Debye-Hiickel theory of electrolyte solutions. The mathematical treatment
was based on the assumption that the ions were point charges. Stern [106] recognised that the
jons have finite size, determined by their hydration radii, so that the inner region of the double-
layer has an effective average thickness and a characteristic capacitance corresponding to the
"Helmholtz" layer. The latter combines with the diffuse layer capacitance according to a series

addition given by eqn.(1.25)

1 1 1

—_— e+ —- 1.25
Ca G ' G (423

where C, is the total measurable double-layer capacitance, C, is the Helmholtz capacitance and
C, the diffuse-layer capacitance. Since C, and C, are additive in a series combination, the
contribution from the smaller one then determines the overall value of Cy4. C, is dependent on
the electrolyte concentration, as described in the Gouy-Chapman and Stern treatments [106].
High concentration of electrolytes, e.g. 1.0M, diminishes the influence of C, upon the overall
capacitance Cy,

Grahame [107] further refined the model by taking into account the different distances

of closest approach of anions (positive to the p.z.c.) and hydrated cations (negative to the p.z.c.)
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to the electrode metal surface. In this way, he distinguished an inner Helmholtz plane (for anion
conta.;t) and an outer Helmholtz plane (for cation contact).

More detailed models of the double-layer were later developed by Bockris [108], Watts-
Tobin [109], and others. For example, they considered a sheet of solvated ions, a first layer of
water molecules on the electrode surface and the contact specific adsorption of anions and
neutral molecules, as depicted in Fig.1.3. The potential distribution across the interphase is
shown in Fig.1.3 with ¢, representing the potential in the metal. Through the Helmholtz layer
the potential drops to ¥, and beyond, ¥, is the potential of bulk solution, which is usually
referred to the potential of a reference electrode in the practical electrochemical measurement
circuit, excluding the IR drop from the solution resistance. The potential difference Vi, is the
potential drop across the diffuse layer. It should be .nentioned that it is the potential difference
& - ¥, that is involved in the rate equations.

The magpnitude of the double-layer capacitance is measurable by modulation or transient
techniques since the charge on the capacitance is related to the applied potential across the
double-layer. Double-layer charging is a non-Faradaic process, whilc electron-charge transfer
through the double-layer, i.e. when C4 behaves as a leaky condenser, is a Faradaic process.
Normally the magnitude of C, is about 20 ~ 40 pF cm?, depending on whether the electrode
is at a potential negative or positive to the potential of zero charge, and can vary noticeably with
applied potential.

The pseudocapacitance, C,, arising from the deposition of adsorbed intermediates on
electrodes is, wherever applicable, unavoidably measured simultaneously with the Cy by

electrochemical techniques. However, as will be shown later, the time-response of Cy to
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[108]).
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potential modulation arises over much higher frequencies than those for C,; hence a distinction
is possible. The pseudocapacitance is found experimentally to be potential-dependent, as defined
by C,=dQ/dn=q,d8/dn, and is normally much larger in magnitude than C, except as 8 or 1-0
— 1. This is a useful feature of the C, behaviour. In the above equation for C,, q, is the charge
for a monolayer of the adsorbed intermediate species; for Hat Pt ¢, = 210 xC cm?,

The present research project introduces, amongst other things, a new treatment for
analysis of fast potential-relaxation curves (time range 1us - 1ms) in order to measure the high-
frequency component of the electrode’s capacitance consisting primarilj of the C contribution.
The influence of the pseudocapacitance associated with the adsorbed H intermediate has been
elucidated quantitatively, as will be described later.

The electrode’s capacitance, as measured by means of a.c. impedance and also by a
potential-relaxation technique, together with a theoretical kinetic simulation developed in this
laboratory, enables the coverage by the intermediates involved in the kinetics of the HER at

different metals, to be determined as a function of overpotential, 7.

1.11 Distinction Betw. P.D. an P.D. A ed H Intermediat

In the above sections, the adsorption of u.p.d and o.p.d species, e.g. H, has been
mentioned several times. It is necessary to clearly define these terms here. At potentials more
negative than the hydrogen reversible potential, the adsorbed H intermediate is involved
kinetically in the electrolytic H, evolution reaction (cf. eqns.(1.16-1.18)). Species adsorbing at
such potentials are referred to as the "overpotential deposited” (o.p.d.) H, the coverage, 0y, of

which can be evaluated as a function of overpotential, by integration of the C, vs 7 profile.
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The o.p.d. H species are deposited in excess of any coverage by strongly chemisorbed
species (the so-called underpotential deposited (v.p.d.) species) that may already be present at
the reversible potential, 8y ,uo, €.8. as at Pt. This so-called "underpotential deposition" of H
adatoms occurs by direct Faradaic reaction from solution, at potential more positive than the
H*/H, reversible potential (7==0) (Fig.1.4). The coverage by these strongly bonded u.p.d.
adatoms can be directly meosured experimentally at noble metals by means of charging curves
[110,111], a.c. impedance [112-114] or cyclic-voltammetry [115,116] methods, because such
measurements are not interfered with by any continuous Faradaic currents due (in this case) to
cathodic H, evolution.

Several theoretical works [70,117-119] on u.p.d. H have indicated the probability [120-
124] that the u.p.d adatoms are not necessarily the species that participate as intermediates in
the kinetics of the HER since a full monolayer of strongly chemisorbed H is already present at
platinum at the reversible potential. Since there is no interference by large currents due to a
continuous Faradaic process in the case of u.p.d., not only can the small currents (1 ~ 25 uA
cm?) associated with the formation of u.p.d. H be easily detected and quantitatively measured,
but also various current response peaks due to multiple-state adsorption at electrodes can be |
resolved (see Fig.1.4) with excellent sensitivity.

Maijor attention has been concentrated on the investigation of the behaviour of the 0.p.d.
H intermediate for the HER at Pt and other Ni alloy materials in the present work. The
coverage, 0y, and the associated pseudocapacitance, C,, in relation to overpotential, 5, can be
obtained through approximations (simulation treatments) by theoretical kinetic equations to the

experimental data.
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It appears that in generating the highly active surface of Ni alloys by electrodeposition,
e.g. of Ni-Mo-Cd electrodes, which takes place with cathodic co-evolution of H, and hence
codeposition of H, some kind of hydride phase is formed having desirable electrocatalytic
properties, in particular low Tafel slopes that are as important as high exchange current-densities
for minimizing overpotential [3] at appreciable practical currents. The surface region hydride
may be similar to the 2-dimensional surface hydride (strongly chemisorbed H at full site
coverage) at metals, e.g., Pt, Rh, which exists already at or below the reversible hydrogen
potential; thus the HER occurs at Pt or Rh on an already completed chemisorbed H film. On
the other hand, previous work on Ni electrodes indicates [125-127] that full coverage by atomic
H is not attained at the reversible hydrogen potential, but a 3-dimensional hydride can develop
on cathodic polarization and give rise to a surface having good electrocatalytic properties for the
HER. On open-<ircuit, this hydride phase formed during cathodic polarization can undergo
decomposition, leading to visible evolution of H, [5]. The role of the metal hydride phase in
electrocatalysis can be attributed to the modification of electronic structure of the metal, which
is favourable for the interaction of intermediates with the metal surface. The involvement of the
penetrated H into the metal lattice will consequently change the location of such metals or alloys
on the "volcano” curve in Fig.1.2 in terms of in situ H adsorption energy at the H-absorbed
electrode in contact with solution [128].

The study of H sorption into metals has been a topic of major fundamental and
technological interest for many years [129]. The properties of metal hydrides of various kinds

have been known for a long time and characterized in some detail [130-132]. Practically, the
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role of H sorption into Ferrous metals and alloys is of major importance in embrittlement during
corrosion. New interest in metal hydrides has arisen recently with respect particularly to the
development of rechargeable hydride anodes for high energy-density batteries, e.g. employing
the NigLa alloy [133] and multi-component transition metal alloys [134,135). Itis also a major
aspect of the frequently and publicly discussed *cold-fusion™ process [136] amongst D atoms
sorbed in Pd. Earlier work on H sorption into Pd [137,138] is also closely relevant.

The influence of poisons such as arsenic, thiourea etc. on the H sorption into transition
metals has been examined in a variety of works [139,140]. The presence of such poisons can
enhance the entry of H into a metal during the H, evolution processes or under conditions of
corrosion in the absence of O,. It is believed that the strongly adsorbed poisons competitively
occupy the surface sites which are otherwise taken by the chemisorbed H intermediate. Itis the
"driving force" determined by the surface coverage, 0y, of the metal by adsorbed H that

promotes the sorption of H into metals.

1.13  Effects of Poisons on the Kinetic and Adsorption Behaviour of the HER

The presence of poison species usually greatly influences the electrocatalytic behaviour
of electrodes. Two kinds of substances are génerally "poisons”: the first are inorganic species,
e.g. S[141-143], As[144-146], CO[147,148] efc., which are present as impurities in the
electrolytes or as an intermediate formed during the reaction itself (e.g. CO in oxidation of
HCQOH); the second are metallic species [149], e.g. Pb, Hg or Fe, Ni and Cu etc., which can
arise e.g. as a result of corrosion of the cell hardware in industrial electrolyses. Organic

impurities can sometimes also act as poisoning inhibitors for hydrogen evolution [150].
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The effect of poisons can depend on the nature of the cathode. If the main impurity is
metal ions, e.g. Fe&**, it is expected to have negligible effects on mild-steel, while it can result
in activation at Ni or Ti cathodes [26,151] leading to a composite catalyst film on the surface.

Poisoning effects become reduced or insignificant if the cathode surface is very rough and
porous (e.g. platinized Pt, electrodeposited Ni-Mo-Cd composite electrode, etc.) [152] simply
because the internal active surface is much larger than the diffusion front. Thus, porosity offers
a kind of simple physical boundary of limited accessibility, whose features depend on the
morphology of the inner electrode surface layer. Another reason could be that the real area of
the porous surface is so large that a trace amount of poison will only cover a small fraction of
the catalytic sites and thus has a negligible influence on the overall rate of electrode process.

From a general heterogenous catalysis point of view, poisons, €.g. sulphur, arsenic, are
usually considered to deactivate catalytic reactions [153,154] through irreversible adsorption of
poison compounds on metals. Taking the example of sulphur, its adsorption at the metal surface
can be characterized by determining the chemisorption energy or the strength of bonding. The
electronic structure of sulphur is 3s*3p*; therefore bonding involves s and p orbitals, usually their
lone pairs. Bond formation with transition elements involves mainly their d-orbitals. Maxted
[155] suggested that sulphur compounds chemisorb on transition metals by forming bonds in
which unshared electrons in the sulphur atom are donated into the d-orbitals of the metal.
According to Schultze and Koppitz [156], when a species S* comes in close contact with a metal
M, a charge transfer of electrons is possible {depending on the chemical nature of the adsorbent
and adsorbate): M + S* - M-§** + e. This charge transfer can, however, be only partial,

resulting in a partial charge-transfer "adsorption valency", which depends on the difference of



- 36 -
electronegativities between the metal substrate and the adsorbate.

It has been reported that different adsorbed species are involved in sulphur chemisorption
[157). In fact, electrooxidation of adsorbed sulphur on Pt catalysts occurs at two different
electrochemical potentials. According to the experimental conditions, reducible PtS, or
nonreducible PtS monolayers can be created [158]). Under reduction conditions, essentially
independent of the starting sulphur compound (e.g. thiourea or H,S), the adsorption on the
surface is typically dissociative, leaving a reduced sulphur atom strongly bonded to the surface
[154). The adsorption of sulphur is also surface-structure sensitive, i.e. it usually chemisorbs
at sites of high coordination on the metal surface, as was found in gas-phase surface chemistry
{159,160].

The adsorbed sulphur has various influences on the adsorption of other reactants. In the
case of chemisorbed hydrogen on metals, sulphurization of the metal results in a decrease of
the hydrogen adsorption capacity cr coverage by H and a decrease of the hydrogen binding
energy [142]. However, studies with olefinic compounds have shown that the adsorption energy
was increased by sulphurization of metals [161,162]. The sulphur acts as an electron acceptor
compound and decreases, through its adsorption, the electron density of the unpoisoned metallic
surface area and promotes the adsorption of the olefinic compounds through the high electron
density region (r-orbitals) of the double bond.

The kinetics of the HER are sensitively influenced by adsorption of catalyst poisons such
as arsenic, thiourea, etc. [163] which decrease the coverage of the o.p.d. H intermediate as
found in the present work. Poisons usually raise the overpotential at a given current-density or

correspondingly diminish currents at given overpotentials. Adsorbed poisons will not oniy
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competitively occupy available adsorption sites but can also interact with the H atoms already
covering the surface [147].

It is also known [139,140,163-167] that adsorption of catalyst poisons promotes the
cathodic sorption of H into host transition-metal lattices such as Fe, Pd and Ni. The sorption
involves diminished adsorption of H and its transfer to a sub-surface state, followed by diffusion
into the bulk. It is the chemical potential gradient across the surface, determined by the 2-
dimensional coverage, 0y, that drives the diffusion across the boundary and thence continuously
into the bulk metal until 3-dimensional saturation or phase formation occurs.

In the present thesis work, the effects of trace amount of poisons, e.g. (NHy),C=S and
As,0;, on the state of H adsorption in the HER at Pt electrodes was extensively investigated by
means of the potential-relaxation method and associated theoretical simulations by means of the

kinetic "rate equations” approach (see Chapter IV).

1.14 Objectives of the Research

As indicated in the introductior., the project arose from some well defined problems
encountered in the behaviour of anode and cathode electrodes for the process of electrolytic
F,-production from KF«2HF melts, employed industrially.

The following objectives emerged from knowledge of the types of problems involved,
especially at the H,-evolving cathode.

1) To study and characterize the high polarization potentials (overvoltages) that arise at
the mild-steel cathodes at which H, is evolved from the KF-2HF melt, the so-called

"hyperpolarization effect”. To investigate its origin in relation to IIF consumption in the melt.
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2) To develop alternative electrocatalytic materials for the cathode, and characterize H,
evolution behaviour at them.

3) Some cathode materials being porous composites (Ni-Mo-Cd), to develop a method
for in situ determination of their real, electrochemically accessible surface areas per apparent
cm?; also to characterize their corrosion resistance in the melt.

4) To show how the results applied to a porous electrode in (3) depend materially‘ on the
conductivity of the electrolyte.

5) To examine the wetting behaviour of the KF «2HF melt at electrode metals by means |
of contact angle goniometry and use of rotated cone electrodes.

6) To examine, comparatively, the electrode-kinetic and double-layer capacitance
behaviour of electrodes in a KOH+2H,0 hydrate melt vis & vis the KF+«2HF melt, also in
relation to wetting effects characterized in (5). (The KOH-2H,0 melt is the aquo-system
analogue of KF-2HF, for the HF solvent system).

7) Based on the method in (3), extended to recording of full potential-relaxation
transients, to determine practically and theoretically, by means of simulation calculaﬁons, the
conditions for which kinetic parameters can be obtained and H adsorption behaviour determined
by the potential transient method and to make practical applications of the procedure.

8) To examine both experimentally and kinetically the effect of arsenic and thiourea
poisons on the HER in terms of H coverage and the kinetics of the partial reaction steps. In this
aspect of the work, to compare behaviour deduct;d from the potential-relaxation method with

those from the use of impedance spectroscopy and cyclic voltammetry techniques.
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CHAPTER I1

EXPERIMENTAL

2.1  Electrochemical Systems
2.1.1 Electrodes
2.1.1.1 Electrodeposited Ni-Mo-Cd Electrodes

A composite Ni-Mo-Cd electrocatalyst was prepared and investigated as an alternative
to the mild-steel cathode employed industrially. The Ni-Mo-Cd was plated (see below) on a
mild-steel rod. This electrode was used in studies of the reaction of H, evolution (HER) from
a KF-2HF melt as‘ used industrially. The construction of the electrode used is shown in
Fig.2.1, which illustrates how it was designed to be sealed in Teflon, since the HF melt is
corrosive to the glass which is usually used for mounting conventional electrodes. To avoid
changes of the effective area caused by possible permeation of the melt along any crevices, the
mild-steel rod (diameter = 5.1 mm) was designed to be a little larger than the hole in the Teflon
(diameter = 4.9 mm) to keep the contact as tight as possible. Inside the Teflon cylinder was
a stainless-steel cylinder provided with a thread near its bottom for electrical contact. The cone-
shaped mild-steel electrode was designed to be used as a rotating electrode, which was found
to be very effective for spinning off the gas bubbles generated at the electrode during the
polarization which, in the KF - 2HF melt, adhere strongly to the electrode surface. The surface
area exposed at the tip of the electrode was 0.28 cm?.

The electrodeposition of Ni-Mo-Cd proceeds easily on a mild-steel substrate. The
electrode was pre-treated before each experiment by freshly polishing its surface using #1200

grit then #2400 silicon-carbide sandpaper. The polished surface was then washed in distilled
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Diagram of the design of the cone-shaped rotating electrode.

Fig.2.1



-4] -

water and dried before being transferred to a methanol ultrasonic bath to remove possible
organic contaminants other than methanol. The methanol solvent being highly volatile, enabled
the electrode to be then dried in air. The deposition method is described in ref. [5], based on
a patented procedure [168]. It consists of three steps of deposition from three plating solutions.

The compositions of the plating solutions and procedures involved are listed below:

Watts Nickel: |
NiSO,: 6H,0 (1.14 M)
NiCl, - 6H,0 (0.19 M)
Boric acid (0.48 M)
Dodecyl sodium sulphate  (1.04 x 107 M)

Adjust pH to 3 by addiion either of NiCO, or H,SO,.

Intermediate Layer:

Na,MoQ, : 2H,0 (0.012 M)
NiCl, - 6H,0 (0.040 M)
Na,P,0, - 10H,0 (0.125 M)
NaHCO, 0.74 M)
NaCl 0.17 M)
Na,C.H,0,+2H,0 (0.034 M)
CdCl, +2H,0 (3.1 x 10* M)
KSCN (1.2 x 10°? M)

On the day of plating, add 0.025 M of hydrazine sulphate (do not heat the solution) and

1 millilitre of ammonia liquor to the solution. Adjust pH to 8, filter solution.
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Final Layer:

Na,Mo0, - 2H,0 (0.028 M)
NiCl,«6H,0 (0.040 M)
Na,P,0, 10H,0 (0.125 M)
NaHCO, 0.74 M)
NaCl 0.17 M)
CdCl,-2H,0 (3.1x10* M)
KSCN (2.0x 10° M)

On the day of plating, add 0.025 M of hydrazine sulphate (do not heat the solution) and

adjust pH to 8, then filter solution.
The plating procedure was then followed using the above prepared solutions. The electrode was
rotated at 2000 r.p.m (Analytical Rotator, Pine Instrument Company) during the plating process
in order to spin off the simultaneously generated H, gas. A cylinder of Pt gauze was used as
the counter electrode. A reference electrode was unnecessary since the plating was under
galvanostatic control. The empirical procedures are described in the following paragraphs.
A.  Pretreatment

» Standard cleaning and pickling procedures for steel

¢ Transfer wet sample directly to Watts bath and immediately begin plating
B.  Watts Bath

* Plate sample for 10 minutes at 77.5 mA cm? (at 53°C)

* Reduce current density to 38.8 mA cm? and plate for an additional 40 minutes

¢ Rinse sample for 2 minutes in running distilled water
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* Rinse sample in NH,C//NH,OH solution for 7 minutes
C. i-M. n iate

* Plate at 116.4 mA cm? for 15 minutes at room temperature and allow the temperature

to rise to 34°C

 Rinse sample for 2 minutes in running distilled water

¢ Rinse in NH,Cl/NH,OH solution for 7 minutes

» Transfer wet sample to the final plating bath
D.  Ni-Mo-Cd (Final)

e Plate at 116.4 mA cm for 30 minutes at room temperature and allow the temperature

to rise to 34°C

* Rinse sample for 2 minutes in running distilled water

» Rinse sample in methanol and blow in dry air

e Store plated material in sealed plastic bag

The resulting composite electrode was examined under the Scanning Electron Microscope
(SEM); its surface appearance was "cauliflower-like", with regions micro-porous in structure

as shown in Fig.2.2a. The coating layer looks compact and fine. The deposited sample was

| then sliced vertically with the cut edge exposed. Fig.2.2b shows the SEM picture of this section
plane. There are three layers in this deposit: the dark bottom ﬁart is the steel substrate, the
middle laye: is composed of the under-layer of electrodeposited Watts nickel and the top
“caulifiower” layer is the Ni-Mo-Cd composite deposit. From the scale shown in this picture,
it can be seen that the tﬁickness of the total deposited layer is about 20 xm of which ¢a. 10 um

is from the contribution of the middle nickel layer. Of course, only the surface of the top region



Fig.2.2 SEM pictures of the electrodeposited Ni-Mo-Cd electrode.
(a) top view; (b) sectional view.
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of the alloy layer and its pores that are exposed to the solution, function as the electrocatalyst,
both through its rough, high real area and its electronic and adsorptive properties. The mean
composition of the alloy surface region was determined by X-ray emission analysis, giving the

following atomic percentages: 88% Ni, 11% Mo and 0.25% Cd.

2.1.1.2 Ni-Mo Bulk Alloy Electrodes

A smooth surface, bulk Ni-Mo composite alloy electrode was employed in several
experiments for comparison. It was designed and prepared similarly to the composite electrode
in a conical shape with the Ni-Mo alloy cylinder being mounted into the Teflon tube with a
machined conical tip exposed. The binary alloys were metallurgically prepared by Aremco
Products Inc. in the composition range where homogeneous solid solutions of the two elements
are found (up to 19 atom percent Mo). The surface-region compositions of these alloys were
examined by X-ray emission analysis, and 6 atomic percent of Mo was fourd. The polishing
and cleaning procedures were similar to those used for the mild-steel electrodes, i.e. the
electrode was polished by using fine carbide sandpapers and washed in methanol solution before
the electrochemical experiments were commenced. The geometric surface area of the electrode

was determined as 0.27 cm®.

2.1.1.3 Bright Pt Electrodes

Smooth, bright polycrystailine Pt electrodes were made from Pt wire of 99.99% purity
and 0.45 mm in diameter, supplied by Johnson Matthey Inc., USA. The electrode preparation
procedures were: () initial "degreasing” of the Pt electrode by refluxing in acetone for 12 h;

(b) flame-welding of the Pt electrode to a long piece of Ag wire to provide an electrical contact;
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(c) sealing into pre-cleaned soft-glass tubing (15 cm) leaving ca. 1.5 - 2.5 cm of Pt wire
extending beyond the end of the glass-tube. The apparent surface area of the Pt electrodes was
measured geometrically and found to be in the range of 0.2 - 0.4 cm?, differing from one
electrode to another. The real surface area was calculated from the electrochemical u.p.d. H
charges associated with the cyclic voltammetry peaks [115,170], assuming the monolayer charge
for u.p.d. H at the Pt surface is 210 uC cm?,

When not in use, the Pt electrodes were stored in concentrated pure H,SO, and, before

using, were thoroughly washed and soaked again in "Milli-Pore" distilled water.

2.1.1.4 Platinized Pt Electrode

The porous, platinized Pt electrode used as a model for examining the behaviour of
porous electrode structures was prepared by electrodeposition of Pt from a 2% chloroplatinic
acid (H,PtCl,) solution on to a bright Pt wire substrate [171] mounted in a glass-tube as
described above for the case of the bright Pt electrode. The geometric surface area was 0.195
cm? and all apparent current-densities in the experiments are reported relative to this value. The
electrode was plated with Pt from the 2% H,PtCl; solution in 2 M aqueous HCI with 0.02% of
added Pb(OAc),, using a current-density of 30 mA cm?.  As is known [172], the presence of
0.02% lead acetate has a dramatic effect in promoting even deposition of finely divided platinum
black and maintaining long life of the electrode.

Fig.2.3 shows an SEM picture of the platinized Pt surface. Under large image
enlargement (Fig.2.3c), the granular particles are clearly visible, and the micro-porous structure
of the deposit is revealed.

After platinization the electrode was stored in "Milli-Pore" distilled water.
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Fig.2.3 SEM micrographs of the plated Pt electrode at three magnifications:
(@) x 1,300; (b) x 16,000; (c) x 40,000
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2.1.1.5 Reference Electrodes

Potentials of working electrodes are usually referred to the potential of a reference
electrode immersed in the same solution under study. There are three kinds of reference
electrodes that were involved in the different electrochemical systems examined in the present
work. The conventional hydrogen reference electrode (at platinized Pt) was used in the aqueous
solutions; an Fe/FeF, reference electrode was employed in the KF+<2HF melt and a Hg/HgO
reference electrode was selected for the experiments in the KOH-2H,O hydrate solution.
According to the properties of the solution or melt, these reference electrodes were selected for
compatibility since they are thermodynamically reversible (non-polarizable electrodes) and stable
with time at constant potential in the experiments. They were also designed to fit conveniently
the construction of the cells.
(i) Hydrogen Reference Electrode

The reversible hydrogen electrode, H*/H,(Pt), (RHE) is one of the most commonly used
reference electrodes in electrochemical experiments {172]. It is normally made of platinized Pt
gauze using the plating process as described in Section 2.1.1.4. The Pt gauze was of 99.99%
purity and 100 mesh, supplied by Johnson Matthey Inc. H, gas was continuously bubbled into
the reference compartment of the cell. The RHE was mostly used in the alkaline solutions in
the present work. The potential of the RHE was found very stable in all the experiments.
(ii) Mercuric Oxide Reference Electrode

For alkaline solutions, the employment of a Hg/HgO reference electrode is convenient
and it was used in the KOH - 2H,0 hydrate. Orange HgO powder was of analytical grade purity,

supplied from BDH Chemicals Canada Ltd. The mercury used for the electrode was of high
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purity (99.99959%), obtained from Aldrich Chemical Company, Inc. A Ag wire was connected,
to a Pt contact, to the liquid mercury to provide electronic contact and extended out to the
external electrical circuit. The reference electrode was specially designed for the acrylic cell
(see below) which was alkali and acid resistant. The electrode potential of Hg/HgO relative to
the RHE is unable to be reliably calculated, since the activities of OH and H,0 are unknown
in this high KOH concentration as KOH «2H,0 ( about 28 M, without considering the activity
factor). However, the potential is experimentally available from measurements of the relative
potential of Hg/HgO vs RHE in the same solution over a long period of time, and it was found
that Vigorm, ¥8 Vius = - 0.91 V. This corresponds to the solution-independent reaction HgO

+ H, = Hg + H,0. The potential of this reference electrode was found very stable during the

experiments.
(iii) Iron Fluoride Reference Electrode

It is not realistic to use a RHE electrode as a reference in the KF - 2HF melt because the
HF content can be quickly diminished by passage of the flowing H, gas in the reference
compartment. Accordingly, an Fe/FeF, reference electrode was used in this melt, made of pure
Fe wire immersed in the melt for over 2 hours until its potential was established at a stable
value. The FeF, is formed on the Fe substrate from the reaction of the melt with the pure Fe.
Again, since the potential of this electrode is not available by means of theoretical calculations
in the case of the KF +2HF melt, experimental measurement of the potential was made relative
to a RHE in the same melt. It was found that Viee V8 Vee = 0.17 V, and its value was also

very stable under the experimental conditions at 85°C.
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2.1.1.6 Counter Electrodes

A Pt gauze, having a large surface area and prepared in the same manner as the Pt wire
electrode, was used as the counter-electrode in the aqueous solution work. It was set in a
separate compartment of the electrochemical cell, to avoid migration of anodically generated O,
to the main compartment. The large surface area of the Pt gauze minimizes the Faradaic
current-density of the oxygen evolution process at the counter electrode during polarization
experiments in KOH -2H,0. HoWever, in the KF+2HF melt, a graphite counter electrode
(anode) had to be used in the work, as is operated in industry for electrolytic F, production.
The graphite, having a large specific surface area was provided by Cameco Inc. It was set in
the counter-electrode compartment of the acrylic cell, for reasons similar to those already

mentioned above.

2.1.2 Electrochemical Cells
2.1.2.1 Acrylic cell

Since regular glass electrochemical cells cannot be used for experiments in KF«2HF
melts due to the etching reaction of HF with the glass, cells made of an acrylic plastic were
therefore fabricated and used. Acrylic is transparent (compared to Teflon) and resistant to acid
and alkaline solution and to HF; therefore it was selected as the cell material for containing the
* KF+2HF melt at the 85°C experimental temperature. It consisted of two compartments for the
working and counter electrodes, with a small opening between the two compartments at the
bottom of the cell. The Fe/FeF, reference electrode, made of pure iron wire, was sealed into
a Teflon tube with the tip situated close to the working electrode. The top of the cell was

covered with an acrylic plate in order to avoid unnecessary evaporation of HF during
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experiments. Purging by N, or F, gases was not necessary since it was found that the solubility
of O, in the melt was very small, and in addition, any bubbling would cause disturbance that
would enhance evaporation of HF. A picture of the cell and electrodes under polarization is

shown in Fig.2.4, in which H, evolution can be observed at the tip of the mild-steel electrode.

2.1.2.2 I 11

A conventional three-compartment cell, as shown in Fig.2.5, was used in the comparative
aqueous solution work and specially designed for rotating electrodes. The cup attached on top
of the cell was made to contain water so that when the "cap" of the rotating electrode was
immersed in the water, the main compartment of the cell became sealed off from air. The
reference electrode compartment was separate but connected to the working electrode
compartment by a Luggin capillary in the usual way. In each experiment, the electrode was
adjusted close to the tip of the Luggin capillary in order to minimize the "IR" drop in solution.
The counter electrode compartment was isolated from the main compartment by a wetted glass
stopcock which is conductive through the electrolyte at the rough surface between the stopcock’s
key and barrel. This allows current to pass between the working and counter electrodes but
prevents migration of oxygen from the counter to the main compartment.

All the glass components of the cell, prior to the experiments, were thoroughly cleaned
by soaking in concentrated sulfuric acid, rinsing in distilled water and finally washing with the
electrolyte solution.

Solutions in the main compartment were deoxygenated by bubbling a slow stream of H,
for the cathodic polarization experiments (potential-relaxation, Tafel and a.c impedance

experiments) or of N, for anodic experiments (cyclic voltammetry). H, gas was continuously
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Fig.2.4 Photographic picture of the electrochemical system with the mild-
steel cathode (cone-shaped), the graphite anode presented in the
KF +2HF melt which is contained in the acrylic cell.
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Fig.2.5 Photographic picture of the 3-compartment glass ceil.
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bubbled into the reference electrode compartment.

2.1.2.3 Gas lines

Electrolytic grade H, and N, gases, used for the hydrogen reference electrode and for
deoxygenation (outgassing) of the solutions, were further treated in conventional purification
trains [171] before use, to remove any traces of O, since the latter is chemically reactive and
electrochemically reducible.

Hydrogen gas was passed through a gas train consisting of Mg(ClQ,), as a drying agent,
molecular sieve (BDH type 4A), an oven containing Cu turnings and palladized asbestos at 623
K, and finally activated charcoal traps.

Nitrogen gas was passed through an identical gas purification train except that only Cu
turnings were used in the oven for removal of O,. The metallic surface of the Cu turnings was

periodically regenerated by passage of H, through the oven.

2.1.3 Electrolyte Melt and Solutions
2.1.3.1 KE-2HF Melt

In order to prepare the pure KF «2HF melt, the purest commercially available KF - HF
(99+%, from Johnson Matthey Company) and 99.9% HF (from Matheson Gas Products,
Canada) were used for raaking the melt. A special non-metal, non-glass system was prepared
by using Teflon tubes and valves. A two litre high-density polyethylene bottle was set up as the
reaction tank which was mounted on an electronic read-out balance (Sartorius B61000) so that
the quantity of the added HF could be monitored accurately during the course of the preparation.

The HF was added slowiy by controlling the Teflon valve, with the melt being stirred by means
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of a Teflon propeller so that KF+HF and HF could be reacted thoroughly in a controlled
manner.

The phase diagram of the KF/HF components is indicated in Fig.2.6 from which it is
seen that the melting point of the system sharply increases below the composition KF:1.87HF,
The practical operating temperature was around 85°C in the experiments, maintained by an air-
heated thermostat oven. The composition of the melt was taken as KF -2HF (41% HF) with a
melting point of 71.7°C [176]. The evaporation or electrochemical consumption of HF during
the polarization causes a change of composition and correspondingly the melting point of the
mixture, as was found in the experiments [4] leading to the major contribution to the so-called
"hyperpolarization effect” in the cathode reaction (see Section 4.1.2).

The specific conductivity of the melt is shown in Fig.2.7 [177]. Its conductivity arises
from proton hOppilig, like the proton conductance mechanism in acid or alkaline aqueous
solutions [178,179], viz.

FH+ F-~F +HF-FH + F—-F + HF ... etc. (2.1)
Such a process can continue in the solid state as is known e.g. for proton transport in ice [180].

Since the KF «2HF melt is a non-aqueous electrolyte, little solvation energy is available
to dissociate the HF bond unlike the situation' when it is in aqueous solutions. The strong H
bond between HF and H (H-F - - «H) would further tend to minimize dissociation. Therefore,
only a very small additional fraction of free ions would be expected in the melt arising from the
self-dissociation, 2HF « H,F* + F, analogous to that in H,0 (K, = 10).

The "acidity” of the KF+2HF melt may be considered in relation to analogy with the

aquo-system. Like H,0, autoprotolysis in HF (3HF » H,F* + FHFY) is weak. The pH of
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the system is represented by -log[H,F*]. Corresponding to KOH in the aquo-system, KF in HF
is therefore an "alkaline”™ solution, i.e. the KF - 2HF melt is to be regarded as an alkaline system.
Trace amounts of impurities can be present in the melt. Metal ion impurities, e.g. Fe't,
Cu?*, which can come from the hardware of the HF cylinder during the melt preparation, could
have catalytic effects on the cathodic polarization through deposition processes. However, pre-
polarization using a platinized Pt electrode for a long time, e.g. 2 hours, effectively eliminates
the influence of metal ion impurities. The presence of trace amount of H,0 (max. 0.1%) in the
melt will also cause some complexity in the electrode processes. In order to reduce the moisture
content, small amounts of P,O; were added in some exﬁeriments to the melt, which, it was
supposed, would absorb the water without generating any new reactive products. In this way,
the influence of H,0 can be effectively diminished as was found from the results of cyclic

voltammetry experiments (see Section 4.1I1.4).

2.1.3.2 3 1 luti

Various concentrations of KOH solutions were made up from BDH "Aristar" grade KOH
and Milli-Pore distilled water as solvent (Milli-Pore Ultra-Pure Water System, Milli-Q UV
Plus); the resistivity of the water was measured and found to be 18.2 MQ cm, a value indicating
that there were almost no impurity ions present. Since high-purity reagents were used, it was
found unnecessary to pre-electrolyze the solutions for the purpose of further purification.

0.5M H,SO, solutions used in some of the work were prepared from BDH "Aristar”
grade acid, which, in earlier work, had been found to be of sufficiently high purity for the
purposes of the experiments as judged by sensitive cyclic voltammetry results obtained at Pt

electrodes [181].



In the present work, following the purification procedure mentioned above, it was found
that deactivation could occur at Pt after a period of cathodic polarization. This is due to
accumulation of poison species from residual organic impurities or traces of heavy metal ions
in the solution, notwithstanding the use of high-purity water [114,182,183]. However, an anodic
activation procedure applied prior to each polarization and potential-relaxation measurement gave
excellent reproducibility and consistently high i, values [72], and time effects associated with
slow impurity adsorption or deposition were able to be avoided. In experiments where poisoﬁ
species, e.g. thiourea and As;O,, were added into the solution, anodic activation served to
enhance the desorption process of the strongly adsorbed poisons on the surface through oxidation
of those species (see Chapter IV).

The point-by-point activation procedure for Pt was as follows: before each adjustment
of the cathodic polarization current and the following interruption of the current for potential-
relaxation measurements, ar anodic potential of +1.1 V (vs. RHE) in alkaline solutions was
applied to the working electrode for 5 s. The potential was then switched to the required
cathodic value and 4 s was allowed for stabilization before data were collected.

It is known [89,115] that at +1.1 V at Pt, surface oxidation, but not Q, evolution,
occurs; moreover, successive potential sweeps between 0.05 and 1.5 V gave identical surface-
process current profiles which meant that the state of the Pt electrode was excellently

reproducible over that potential region and a clean surface had been attained.
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2.2 i "IR" i

In many experiments in interfacial electrochemistry, the measurement of the relative
potential drop between an electrode and the solution side of the electrical double-layer is of
primary importénce. However, when a net current, I, is passed across such an interface, a
potential-sensing probe placed near the electrode surface measures a finite potential drop, IR,
in the solution near the electrode, in addition to the desired interfacial potential difference:

Vae = V + IR, 2.2)
where V,, is the observed potential, V is the real potential and R, is the resistance of solution
between the tip of the potential-sensing probe (the Luggin capillary) and the working electrode.
The experimental error due to this "IR drop” becomes significantly large when appreciable
currents are passed [184,185], depending on the conductance of the solution, as is well known.

In the present work, all Tafel plots were corrected for this; effect of the solution
resistance, R,; the latter was determined by the current interruption method with digital
recording of the potential-relaxation transients made by means of a Nicolet digital oscilloscope,
Model 310. Currents were interrupted by means of a fast vacuum mercury relay, controlled by
a suitably debounced micro-switch which gave a clear interruption of current without noise or
*ringing” in the potential transient.

A typical potential-relaxation curve (Fig.2.8) consists of two components: (i) a steep,
almost instantaneous and linear drop due to elimination of IR, as I -» 0, and (ii) an exponential,
dominating component due to the Faradaic process at the interface. Using the fastest available
horizontal sweep rate of the oscilloscope, i.e. 1 us per point, the potential difference at the time

of interruption, AV,.,, which is the drop due to solution resistance, Vi, can then be measured.
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By measuring the "length" of the linear component, Vy, and the current, I, prior to its
interruption, the value of R, can be determined from the slope of the Vi, vs 7 plot.

The solution resistance could also be measured by means of a.c. impedance using a
Solartron Frequency Analyzer. The R, can then be obtained from the intercept on the real (Z°)
axis of the complex plane plot at the high frequency response end.

The results of measurements by the two methods were in good agreement. /R drop
corrections, based on these measured resistances, were applied in all the polarization
experiments, especially at appreciable I’s.

Complications arise when porous electrodes and/or problems of wetting of such an
electrode by the electrolyte melt are involved in the measurements. Solution resistance inside
the pores of tie electrodes cannot be precisely determined since currents inside the pores are
unevenly distributed, especially when the porous surface is not totally wetted by the melt. Small
H, bubbles occupying in the pores of the porous electrode will also contribute to the difficulty
in R, determination. The effectively measured resistances would probably vary according to the
potential applied. However, the R, could usually be determined satisfactorily and in siru over

various potential regions by utilizing the two methods mentioned above.

2.3  Contact Angle Measurements in Relation to Bubble Adhesion

In the course of the work on H, evolution from KF-2HF melts, it became necessary to
consider the wetting characteristics of various electrode materials by the melt.

Contact angle is one of the measurements of adhesion in wetting of a solid surface by a
liquid and is used to calculate adhesion tension. A Goniometer (Model 100, Kruss) was used

to measure the contact angles of H, bubbles at the electrodeposited Ni-Mo-Cd electrode in the
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KF « 2HF and KOH - 2H,0 melts. The H, bubbles were generated in sifu cathodically and could
be viewed individually through the optical goniometer.

The melts were contained in an acrylic, transparent cell which was mounted in a chamber
with controlled temperature. The gas/melt/electrode interphase was viewed through a
microscope with rotatable reticules. The contact angle was measured from the aligned tangent
of a fiducial hair to the bubble profile at its baseline of contact with the electrode substrate. All
the setup was placed on an optical bench enabling the assembly to be smoothly adjusted. The

microscopic view of the bubble at the electrode surface was recorded photographically by a

placed Polaroid camera.

2.4  Electrochemical Measurement Technigques
2.4.1 Tafel Measurements

Measurements of steady-state currents, resulting from controlled bu: variably applied
potential, provide useful information on the overall kinetics of the electrode process of interest
(in this case, cathodic H, evolution). The general form of the log i vs » relation, commonly
called a Tafel plot, and its slope(s), provides infomaﬁon about the reaction mechanisms. The
exchange current-densities derived from extrapolation of the linear part of the Tafel plots to zero |
overpotential, which characterize the kinetics of the electrode process at equilibrium, are
explicitly related to the standard rate constants of the reactions.

All the Tafel plot measurements made in the course of this work utilized an automated,

computer-controlled, data acquisition system and employed software developed in previous years

in this Laboratory.
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An HP217 (9000 series) computer-controlled, HP-IB-compatible digital-analog converter

(Kepco, Model SN488-122) was used to supply the desired potential to the external control input
of a Potentialstat (Model HA-301, Hokuto Denko Ltd.). This D/A converter gave 13 bit
resolution over -+ 1 V or 4 10 V, which corresponds to a minimum potential increment of 0.2
mV and 2.4 mV, respectively. The current resulting from the applied potential was monitored
by means of an HP-IB-compatible digital multimeter (Keithley, Model 195A).

The computerized experimental setup allowed convenient use of staircase and rectangular
potential programs for steady-state polarization measurements. The current data were acquired
every 4 seconds at the programmed overpotentials. In the experiments involving activation of
the Pt electrode, the potential could be set in the anodic direction for a required time (e.g. 5
seconds at +1.1 V in alkaline solutions). Data could be displayed simultaneously on the
computer screen and stored later on a disc. The Tafel measurements were plotted using an HP
7470A Plotter.

Note that the potential data acquired through the computer are the directly observed
v'alues. The actual overpotentials applied at the metal/solution interface in steady-state

polarization measurements have to be obtained by IR correction, using egn.(2.2).

2.4.2 Potential-Relaxation Transient Measurements

Open-circuit potential-relaxation transients were recorded following the interruption of
currents by means of a vacuum mercury module (AMF Potter and Brumfield, Model JMF 2-
2000-71) controlled by a suitably debounced micro-switch, which gave a clean interruption of
current in a very short time (which should be less than 1 us) with no noise being introduced at

the commencement of the potential transient. Before the interruption of current, similar
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experimental conditions were maintained as those for the Tafel measurements under steady-state
polarization conditions. The poicntial v§ time relaxation transients were recorded digitally by
means of the Nicolet digital oscilloscope (Model 310).

In most experiments, two or three oscilloscopes were operated in tandem to cover a total
of 6 or 7 decades of time change, starting in the us region. The oscilloscopes were
simultaneously triggered from the signal of the mercury relay when the current was interrupted.
Steady-state current-densities were monitored prior to the interruption of currents. Since each
digital oscilloscope can record 4000 data points, the horizontal sweep rates were typically set
at 1 ps/point for the first oscilloscope, 500 ps/point for the second and 200 ms/point for the
third one, depending on the electrochemical system under study (it was found that it took longer
times for porous electrodes to relax to the equilibrium potentials (see Chapter IV). It is very
important that full-range potential-relaxation transients be recorded in order to make kinetic
simulations of the experimental data, i.e. transients for which the potential relaxes down to or
near the reversible potential.

The data acquired from the oscilloscope were stored on the disk and then treated using
in-house prepared software in QuickBasic on an IBM PC. Data on different time-scales were
joined smoothly into one full curve. Very clean 7-t relaxation transients were obtained from the
careful measurements described above, The potential transient figures were plotted by means
of AXUM software and printed out using a HP LaserJet III printer.

Much desired information can be obtained from the potential-relaxation measurements.
The double-layer capacitance of the electrode can be conveniently obtained from use of a fitting

procedure for the initial region of the potential-relaxation transient (in the range of 1 us - 1 ms,
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depending on the system). The fitting was realized by the nonlinear regression method operated

by means of STATGRAPH software. Parameters could then be obtained from the fitting of the
n(t) curve so that (dn/dt),.o could be calculated. From the obtained (dn/dt).o and the initial
current (i,.¢) prior to interruption, C, could be easily evalua@ (see Section 3.3) from
~Ca(dn/dthmo = Limo-

The full potential-relaxation behaviour is determined by the equations of the HER which
involve the rate of electron production, or Faradaic current, and the rate of production of MH,
the adsorbed H intermediate (see Section 3.2). The two rate equations are stiff ordinary
differential equations, which can be solved numerically using the STFODE subroutine from
SANDIA [186], kindly supplied to us from the University of Sherbrooke [187]. The simulation
of the experimental transients was realized using a non-linear least-squares technique (NLSQ),
the program for which was originally developed by Macdonald [188]. Substantial modifications
were made to the programs in order for them to be used in the present work, especially with
regard to the rate equations which take into account lateral interactions and coverage by a poison
(Chapter IV, Part 3), an important aspect of the present work. The program was implemented
in VS FORTRAN language and run on the CMS mainframe system at University of Ottawa.

More detailed discussion of the procedures will be given in the Appendix.

2.4.3 Cyclic Voltammetry

The technique of cyclic voltammetry [115,116], or CV, involves the procedures of
sweeping the potential linearly between two limits, under the control of a potentiostat, at a
constant sweep-rate, s, and recording the current response. The dynamic current-density vs

potential profile can provide uniquely detailed information about a particular surface process,
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such as underpotential deposition (u.p.d.) of H and surface oxide formation. In the present
work, interest was mainly centered on the measurement of the monolayer charge for the
underpotential deposition of H at Pt, which provides a precise basis for determining electrode
surface area by taking (see Chapter I) q, = 210 xC cm?. Poison effects on the u.p.d. H
adsorption were also quantitatively investigated (Chapter IV) by means of the CV technique.
Standard instruments for CV measurements were used consisting of the following
components: (a) a function generator (Model HB-104, HD Ltd., T~pan) which provides a
linearly-varying, time-dependent input potential to a potentiostat; (b) a potentiostat (Model HA-
301, HD Ltd., Japan) which controls potentials and monitors current responses; (c) a digital
oscilloscope (Nicolet 310) which records V ys i profiles in two channels; and (d) a low-
frequency filter which is used to eliminate electronic noise (the 60 Hz city electricity noise).
Continuous read-out of the potential was available on a digital multimeter (Pacal Dana model
4002). Data recorded from the oscilloscope could be stored on the disks, and treated on the

IBM PC with the developed softwares and the CV then plotted using AXUM software.

2.4.4 A.C. Impedance Measurements

The system used for impedance measurements consisted of a Solartron 1255 Frequency
Response Analyser in conjunction with a PARC M273 Potentiostat, controlled by ZPLOT
software (Scribner Associates Inc.).

The solartron affords a rapid and accurate means of measuring a system’s frequency
response to various input signals. It consists basically of a programmable sinusoidal generator
and an analyzer. The generator provides an output signal of known amplitude (A) (10 mV in

the present case) and frequency (w) in the form A sin wt. This signal is applied to the
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electrochemical system to be tested, through the potentiostat.

The response of the electrochemical system to its input signal has a fundamental a.c.
component in the form of R sin (wt+¢). In simple terms, this means that response of the
system has an amplitude, R, different from the input amplitude, A, and a phase-angle change,
y. The function of the analyser is to accept the electrochemical system’s response to the
stimulus signal of the generator using a correlation process, resolving it in terms of R and ¢,
or as real and imaginary components of the overall impedance for plotting in the complex plane.
Relations of phase-angle and log |Z| the impedance vector, to log w can also be analyzed and
displayed simultaneously.

The frequency range was typically set from 6.5 x 10* t0 0.2 Hz. A short integration time
was selected in using the Solartron 1255 FRA, so that only about 50 s was required to complete
the full range of frequency scan. Therefore, any effects due to deactivation during the passage
of d.c. current were minimized and were actually negligible. Reasonably good reproducibility
of the impedance spectra was confirmed by sweeping the frequency from high to low (‘LOG
DOWN?’) and from low to high values (‘LOG UP’) in the scan.

The impedance spectra were fitted by means of a complex, non-linear, least-squares
immitance fitting program, LEVM [188] and treated using ZSIM software based on equivalent

circuit models.
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CHAPTER III

THEORETICAL TREATMENT AND SIMULATION OF
POTENTIAL RELAXATION TRANSIENTS
3.1 Introduction

In order to derive information on surface coverage, 8y, by the adsorbed o.p.d. H
intermediate in the HER and the .associated pseudocapacitance!, C, = q, d6,/dy, steady-state
methods are not useful nor is cyclic voltammetry applicable. The required information can only
be derived from non-steady-state transients, e.g. potential-relaxation following current
interruption or a.c. modulation at potentiostatically controlled potentials. These two methods
have therefore been employed complementarily in much of the experimental work described in
this thesis.

The method of recording the time-course of potential-relaxation on open-circuit, following
interruption of a polarizing current of an electrode reaction, provides data leading to information
on the interfacial capacitance, and the adsorption behaviour of the intermediate involved in an
electrode reaction. In cases where steady-state coverage by one or more adsorbed intermediates
is appreciable, a potential dependence of the coverage by such intermediates arises, i.e. an
adsorption pseudocapacitance (see Section 1.8), C,, is generated [117,118]. The method’s
principal value lies in the provision of a procedure that enables determination of the latter
quantity over an appreciable range of overpotentials where substantial continuous Faradaic

currents for the reaction were previously passing. Thus, information on the kinetically

! C, is also known as C, defined as the pseudocapacitance (¢f. refs. [72,85]). Here C, is
referred as a steady-state quantity (see eqn.(3.9)), different from the transient pseudocapacitance,
C,. and the operational pseudocapacitance, C,, (¢f. ref. [15]).
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significant, overpotential-deposited (0.p.d.) species is obtained, complementary to data that can
be derived (for the case of some noble metals) for the underpotential deposited species, below
the reversible potential, by means of cyclic voltammetry or charging curves. Related
information on the o.p.d. species may be obtained from a.c. impedance measurements conducted
under potentiostatic control of the overpotential [101,189-191]. Recently, the first method has
been developed in depth in this lab [14,15,72,82] by means of digital data acquisition and
computer processing of information from potential-relaxation experiments, applied to evaluation
of the behaviour of o.p.d. H in the HER, as further extended in the present work.

When the electrode is polarized, the current across the interface will charge the
capacitance and pass through the reaction resistance. Upon interruption of the current, charge
will continue to flow across the interface, discharging the capacitance by passing through the
reaction resistance, Ry (Chapter I). At the real electrochemical electrode/ solution interface, this
process involves the continuing electron transfer from the metal to the reactive solution species
in the double-layer, for example, H;O*, while the external current is zero. Reaction is still
transiently taking place, thus the recording of potential-relaxation at the electrode provides
information from which data such as kinetic rate constants, interfacial capacitances, and
information on the state(s) of chemisorbed intermediates can be deduced. The principle of this
method originates from Armstrong and Butler’s paper published in 1933 [192], applied to the
determination of the double-layer capacitance at Hg.

A general treatment of potential-relaxation behaviour for several mechanisms of the HER
was initially based in earlier work from this lab on the simple decay rate relation - C dn/dt=i,

[193,194], where i is the potential-dependent current-density for the Faradaic process
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represented kinetically by the Tafel equation. In that treatment, the decay rate was related to
the behaviour of a simple "RC" equivalent circuit for the electrode process and assumptions
were made by relating the potential-dependence of the steady-state Tafel current to that involved
in the experimental transients.

In the present work, a different and ﬁom complete approach [82,83,90] is presented in
which the kinetic equations for steps in the HER are solved numerically for open-circuit
potential-relaxation conditions without any restrictive conditions or representation of the process
in terms of arbitrary equivalent circuits. The theoretically calculated -t relations, using the rate
equations (described below), are related to the experimental data by means of an non-linear least
squares fitting procedure, which successfuily generates rate constants and the parameters Cy, C,
and 0 etc., necessarily required for the understanding of o.p.d. H adsorption behaviour.

In the following sections, the theoretical treatment of the potential-relaxation behaviour
in terms of kinetic rate equations for the HER will be introduced. The procedure of simulation
of the experimental potential-relaxation transients by means of the automatic computer-controlled
least-squares fitting procedure will also be described and discussed. The roles, which the kinetic
parameters, e.g. rate-constants k, Cq, etc. play in determining the potential-relaxation and
adsorption behaviour, are investigated through theoretical simulations and graphical illustrations.

A new method for determination of double-layer capacitance at potentials where
appreciable continuous Faradaic currents are passing, is proposed in terms of fitting the initial
stages of the potential-relaxation transient; the reliability of this procedure is tested by means
of a real electronic hardware circuit and by other means of examination, based on theoretically

generated potential-relaxation curves.
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3.2 Kineti igus fi ntial-Relaxati ien volvi
3.2.1 Theoretical Treatment

The steps of the HER have been discussed in Chapter I of this thesis. In alkaline
solutions, the HER proceeds via well known steps, viz. electrosorption of H (Volmer reaction)
followed by the "atom-ion" electrodesorption of H (Heyrovsky reaction) and/or by desorption

recombination (Tafel reaction) (see also egns.(1.19-1.21)):

Kk
Step 1: M(e) + H,O - MH,, + OH (3.1a)
k,
k;
Step 2: MH,, + M(e) + H,0 = H, + OH + 2M (3.1b)
K,
or
K
Step 3: 2MH,,, ~ H, + 2M (3.1c)
ks,

No a priori assumptions are made about the mechanism or which step is rate-limiting.

When the adsorption behaviour of H obeys a Langmuir isotherm in the steps above (Frumkin

or Temkin adsorption isotherms will also be considered in Chapter IV about poisoning effects

on the adsorption behaviour and kinetics of the HER), the net rates of individual steps (v;, v,,

v, /mol em? s™) are dependent only on the overpotential, », and the fractional coverage, 6, by

the adsorbed intermediate "MH". Taking 8 nominally as 0.5 for the charge-transfer steps 1 and
2, one has:

v; = k; (1-6) exp [Fn/2RT] - k, 0 exp {-Fn/2RT] (3.2a)

v, = k, 8 exp [Fn/2RT] - k, (1-8) exp [-Fn/2RT] (3.2b)

v; =k 6 - k, (1-6)° (3.2c)
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Here, the surface concentrations of reagent (};0 or H,0") are formally absorbed into the
forward rate constants, while k, and k; include pressure of H,. The Faradaic current is
proportional to the rate of electron production, o, which is equal to the sum of v, and v, , thus
i/ F=10) =V, +Vy (3.3)
Likewise, d8/dt is proportional to r,, the rate of production of MH,, :
(q/F) (do/dt) = r(f,m) = v, - V2 - 2v; (3.4)
where q, is the hypothetical monolayer charge per cm? for the o.p.d. intermediate, H,
corresponding to 8;=1. Since v; is defined as the rate of hydrogen (H,) production in step 3,
or half the rate of consumption of adsorbed H in that *tep, the consequence is that a coefficient
two appears in eqn.(3.4)

On opening the circuit, the potential difference across the interface must be reduced by
diminution of the charge on each “plate” of the double-layer capacitor. For a cathodic reaction,
each electron being transferred from the metal to the solution side of the interface reduces the
charge, o, on each plate. Consequently, the rate of reduction of this charge is equal to the
Faradaic current and eqn.(3.5) then follows as:

i, = -do/dt = (-do/dy) (dn/dt) = - Cy(dn/dt) (3.5)
For the parallel-plate model assumed here, C, will be potential independent. A more complete
theory would take into account the fact that C, is often potential dependent, e.g. near or through
the zero-charge potential region, but this need not be pursued here. Bringing eqn.(3.2) and
eqn.(3.5) into eqns.(3.3) and (3.4), and making the substitution B = exp[F»/2RT], we have

dn/dt = -F/Cyq [k,(1-6)B - k6B + k8B - ky(1-6)B"] (3.6)

and
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dé/dt = F/q, [k,(1-0)B - k,6B" - k6B + k;(1-6)B" - 2k:6* + 2k 4(1-6)1) 3.7

The rate constants are not all independent but are constrained by the equilibrium
conditior, at n = 0, for the net reaction, and thus must obey eqn.(3.8):

kk, / kk; = kk; / k?ky = 1. (3.8)
Therefore, only four ont of the six rate constants are independent in the eqns.(3.6) and (3.7).

Eqns.(3.6) and (3.7) are two "stiff” differential equations which do not have analytical
solutions. However, they can be solved numerically using the STFODE subroutine [1 86], which
has been employed for solving stiff equations. The overpotential transients, »(t), thus obtained,
may be compared directly with the appropriate experimental transient, and the rate constants can
be derived by seeking the best agreement between the calculated transients for various rate
constant values and the experimentally observed »(t) behaviour. The simulation of the potential-
relaxation transients was realized employing the FORTRAN program implemented on the CMS
mainframe computer at University of Ottawa. A full-range 7(t) curve, i.e. with n falling to 0
for the equilibrium condition, has to be recorded in the experiment and used in the simulation.
This is particularly important in order to obtain information on the pseudocapacitance, since the
discharge of the adsorbed intermediate H usually occurs over the long time region (> 1 ms) and
at low overpotentials (below -150 mV) [82] (see below).

Usually, the polarization is at steady-state just before the circuit is opened. Therefore
the value of 7(0) (i.e. 7 at t=0) is defined as the initial condition for solution of the differential
equations and is the overpotential at which the system was held prior to the transient (solution
resistance IR drop has been compensated). The initial value of 8 is the corresponding steady-

state value, obtained by inserting 4(0) into eqn.(3.4), setting eqn.(3.4) equal to zero and solving
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for 6:
dé,/dt =v,-v;-2v; =0 3.9

The steady-state adsorption pseudocapacitance is defined according to the treatment by
Gileadi and Conway [118], as the product of the monolayer charge, q,, and the derivative of
coverage with overpotential, eqn.(3.10):

Cin = q (d6,. / dn,) (3.10)
All the reported values of coverage, 8, and pseudocapacitance, C,, in this thesis are referred to
the steady-state quantities.

By providing the rate constants, the solutions of eqns.(3.6) and (3.7) can be numerically
obtained using the appropriate software. A resulting computed arbitrary 7 - t relationship? is
shown in Fig.3.1a for three initial overpotentials -0.4, -0.3 and -0.2 V, taking k, = 10%, k, =
10, k, = 107°, k, = 10"° mol cm? s, Cy = 25 yF cm?, q, = 210 uC cm? which are typical
values for the HER behaviour at Pt and Ni-based electrocatalysts. Fig.3.1b shows the
corresponding coverage and pseudocapacitance calculated from the same set of rate constants.
It can be seen that the potential-relaxation curves are comprised mainly of two regions. The
early stage, in the short time region (1 us - 10 ms), is associated with the discharge of the
double-layer capacitance; as the consequence, eqn.(3.5) controls the process. The overpotential
falls slowly with log t and @ does not change significantly from its initial, steady-state value.
After certain time 7, however (further discussion later), the overpotential falls approximately

linearly with log t but 8 still remains almost unchanged. In the longer time region (10 ms -

? The purpose of this calculated example is simply to provide an illustration of the type of
potential-relaxation behaviour to be expected, provided that 6 and C,g, are significant.
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Fig.3.1 (a) Theoretical calculation of potential-relaxation transients. Parameters are shown
in the Figure, which are typical values for the HER mechanism at Pt or Ni.
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Fig.3.1 (b) Dependence of steady-state coverage and pseudocapacitance on overpotential,

calculated from parameters shown in Fig.3.1a.
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> 100 s), an arrest appears which is due to the discharge of the pseudocapacitance arising from
the adsorbed intermediate H. The overpotential begins to level off and then finally decays to
zero. Correspondingly, the coverage, 8, by the adsorbed H decreases dramatically (see Section
3.2.2 below), which means the pseudocapacitance changes significantly according to. the
definition of egqn.(3.10). A peak of maximum pseudocapacitance appears in the low
overpotential region (Fig.3.1b) with its values in the range of mF cm?, which are thus much

larger than that of the double-layer capacitance.

3.2.2 Physical Processes Associated with the Potential-Relaxation Transients

In order to provide a basis for discussion of the significance of the results presented in
the previous section, it will be necessary to outline briefly the mechanisms and physical
processes which are involved in potential-relaxation following current interruption.

In the case of electrode surfaces at which there is insignificant surface coverage by an
electroactive adsorbed intermediate, e.g. H, i.e. normally when the rate constant for the step of
desorption for the adsorbed H is substantially greater than that for the initial discharge step
producing it, as with the HER at Hg and Au, the course and the time scale of the potential-
relaxation transient is determined simply by the "RC time constant" of the parallel combination
of the double-layer capacitance and the potential-dependent Faradaic resistance corresponding
to the parameters of the Tafel relation for the electrode process [192]. For such a condition,
i.e. C=Cy, C,~0, and the slope [-dn/d log(t)] of the fransient in log time is numerically equal
to the Tafel slope [dn/d log(i)] of the steady-state polarization relation (cf. ref.[90]).

The open-circuit relaxation of overpotential in the HER in alkaline solution over the
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potential range where C, is appreciable, takes place [118] by a mixed, coupled anodic/cathodic
process in which: a) self-discharge of C, takes place and b) the non-equilibrium coverage (6,)
by H relaxes to its equilibrium value. The processes involved in the latter change are
represented by:
MH,, + OH M+ H,O +¢ (m
MH,, + H,O +e—-M + H, + OH [I1]
where the latter step, I1, is simply the continuation of the rate-controlling process in the overall
reaction. However, discharge of Cy must still occur and takes place in a much shorter time
scale than that for the H desorption as shown in the treatment of Harrington and Conway [15],
referred to above. Disposal of the charge on C, must result in a smail generation of adsorbed
H which will be removed at lower potentials through the coupled process [T}, [II], together with
any H present at coverage 6y corresponding to the steady-state kinetics of the overall reaction.
An arrest plateau arises in the 5(t) transient when processes [I] and [HJ "buffer" the declining
potential in time in the case when 0y is significant, as found in ref.[72] (see also Fig.3.1a).
The situation when recombination desorption, viz.
2MH,, - 2M + H, [I1]
is the rate-controlling step must be different from that for the other cases since no charge is
consumed in step [III]. Then, in addition to a small generation of adsorbed H through the
reverse of step [I] from discharge of Cy, step [IIT] continues with the potential being determined
by quasi-equilibrium in [I] according to
6y/ (1-6p =K, exp [Fnlliﬂ (3.11)

(or some other electrosorption isothefm) as 0y, declines due to continuation of process [1II]. In
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the case of either processes [}, [I1] or [I], [III], an arrest arises in the potential-relaxation
transient corresponding to discharge of the adsorption-pseudocapacitance of H, C;, but the initial
potential decay rate will be determined principally by the C, [82,83,90], as will be discussed
below and in section 3.3 (also ¢f. ref.[90])

From the theoretical calculation discussed in Section 3.2.1, it is seen that an explicit
correlation can be found by numerical analysis between the individual kinetic parameters and the
potential-relaxation transients, or the steady-state coverage and pseudocapacitance. Influence
of these kinetic parameters on the behaviour of potential-relaxation will thus be examined by

varying cach individual parameter while keeping the others unchanged.

3.2.3 Effect of Values of Parameters
3.2.3.1 k,

Fig.3.2a shows the effect of changing the k, value in this way while taking k, = 107,
k, = 10", i.e. changing the ratio k,/k, (k. can be known from eqn.(3.8), here the second step
is rate limiting), k; = 10! mol cm? s*, C, = 25 uF cm?and q; = 210 pC cm™. Ask, is
increased from 2 x 10° to 2 x 107, the discharge of the double-layer capacitance remains
uninfluenced, while the plateau region (Fig. 3.2a) appears earlier and increases in height. This
is because the effect of the back-reaction of the first step becomes increasingly important in the
relaxation process so that H desorption in the reverse of step 1 is dominant at the interface as
the k, value increases. This Figure provides evidence that the height of the plateau or arrest
appearing already at shorter times in the overall time range of the potential-relaxation curve is
an important indication of the significance of the rate constant of the back-reaction in the first

step.
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Fig.3.2 (b) The relation of @, vs % calculated from the parameters shown in the Fig.3.2a.

(c) The relation of C, vs 7 calculated from the parameters shown in the Fig.3.2a.
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Fig.3.2b shows the corresponding # vs 1 plot, calculated using ihe same set of parameters
as for Fig.3.2a. The coverage values at equilibrium (y = 0) vary with the change of k, as they
are dependent on the K, = ky/k, value shown in eqn.(3.11). In fact,  for the maximum §
scales with log K,. When k, increases, values of  for a given coverage shift increasingly to
a higher overpotential region; this means that with larger k, values higher overpotentials are
required to approach the same extent of coverage with the smaller k, value. Fig.3.2¢ shows the
corresponding relations of pseudocapacitance vs overpotential: the peaks of C, shift to higher
overpotentials with increasing k,, which is a result corresponding to the derivatives of the 8 -
5 curves in Fig.3.2b, (recalling the definition C, = ¢,(d0/d»)). Additionally, the maximum

scale of C,, and the 0y values attained, depend [85] on the ratio ky/k, (see below).

3.2.3.2 k;

Fig.3.3a illustrates a series of potential-relaxation transients calculated for increasing
values of k,, while other parameters k, = 10°, k, = 2 x 10%, k; = 10! mol cm?s!; Cy =25
uF em? and q, = 210 pC cm? remain unchanged. For larger k,, the decay of overpotential
begins earlier, Curve 3 shows a transient which decays so fast that the arrest becomes
insignificant. This is because the exchange current-density is determined by the rate-limiting
step 2, so an increase of exchange current-density due to increased (rate-limiting) k, will lead
to more rapid relaxation of overpotentials. A facile electrochemical desorption step, of course,
more rapidly reduces the coverage of the H intermediate, leading to rapid discharges of both the
double-layer capacitance and pseudocapacitance in the potential-relaxation process.

An int