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It will be useful to outline the structure of the thesis at

" firsc.,

PREFACE _ o
, - ) o - . . '

»

The. material 1is presented.in four Chapgersﬁ " Chapter 1

i1s an introduttory ré€view on previous work and discusscs pro-
. L - v . b . .

r

blems. concerning the determination. of the behaviour of adsorbed

reaction intermediates at electriode surfaces, and their relation

to electrocatalysis in-the hydrogen evolution reaction at varlaus

metal cathodes. Chapter 2 describes the experimental techniques

and electrochemical systems employed 1n'thé'presépt'rcscarch.

Chapter 3 presents the principles of the potential-decay and a.c.

impedance methods that were used for the study of:"overpotential-

deposited™ H in the H2 evolution reaction while Chaptér 4 reports

the experimental results and discussion.

»

.

The work prébenééé in ;his'thesis has been published oris in

course of publication, as follows:_ -, .

Data Tollection and Processing of Open-Circuit Potential-
Decay Measurements Using a Digital Oscilloscope: Deriva-

tion of H-Capacitance Behaviour of Hz-Evolvigg, Ni-

based Cathodes, B.E. Conway, Lijun Bai and D.F. Tessicr,

N

Electreanal. chem., 161 (1984) 39.

H,y Evolution Kinetics at High Activity Ni-Mo Electro-
coated materials and the State of Adsorbed H, B.E. Conway
and Llijun Bai, Proc. Fifth World Hydrogen Encrgy Conference,

Toronto, Canada, July, (1984) B879.



- 13- ;

“

Det;rnination oi the Adsorption Behaviour of 'Overpoten-
tial-deposited’ Hydrogén-acom Species in the Cathodlic
Hydrogen—evolution Reaction by Analysis of Potential-
relaxation Transients, B.E. Conway and Lijun Bai, J.
chem. Soc..Fdraday Trans. 1, 81 (1585) 1841 .
Determination of Adsorption of OPD H Species -in the
Cathedic Hydrogen Eiblqtion—Reaction.ac Pr in Relation

to Electrocatalysis, B.E. Conway and Lijun Bai, J.

Eletcroanél- chenm., 198 (1986) 143.

”~

Behaviour of Overpotential-deposited Species im Faradic
. .

Reaction; Part JI: A.C. Impedanée Measurements at
Activategd and U;aCtiva:ed Pt Cathodes, Lijun Bai, D.A.
Harringtdp and B.E+ Conway, in course of publication.
Behayiour of Overpotential-deposited Species in Faradaic

Reaction; Part II1: A.C. Impedance Measurements at Ni

and Ni-~Mo-Cd Electrocoated Cathodes, Lijun Bai-and

B.E. Conway, in course of publication.
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. ABSTRACT

/

A new method of analysis of the kinetics of the decay of over-’

potential on open-circuit, following interruption of a pelarizing
- I' -

Current, has been applied to the study of the adsorpticon behavior
of the "overpotential-deposited” (o.p.&.) H, generated as the
kinetically significant intermediate in the cathodic hydrogen evolu-

tion reaction (h.e.r.) at appreciable currents.
’

The a.c. impedance method has  alsc been applied to the study

of the adsorption behavior of the d.p.d. H, using a development of

Armstrong's treatment for interprétat%on of the results. This gives,
for the first time by this methga, reliable informatipn about the
o.p.d. H, although the a.c. impedance met?od has been éuccessfully
employed to study the underpotential deposited (u.p.d.) H ;n other
carlier work. The complementary use of the a.c. method givEs results
that can be compared with thoée derived using the potential. decay
method. . - . ;

Results are described for the h.e.r. at Pt, Au, Ni and, electro-

deposited Ni-Mo-Cd composite cathode materials in acidic and/or

alkaline sclutions. - .

v B L

At Ni.and Ni-Mo-Cd alloys thexéﬁéady—state fractional H coverage
approaches a limiting value, <1, with increasing @verpotentialf
which can be explainé& by the kinetics of H deposition and desorption

~

steps. At Au, the H coverage is very small but E surface diffusion

_is involved in the h.e.r. from acidic solution. At Pt, a dual H



-

desorption pathway is involved and, in acidic solution, some
’ ' ‘ ‘ - . - . '
evidence of H sorption_as a surface-region hydride is indicated

A

‘and may ke the rpasbn for the exce1leT€\clectrocatalytic.behavior

of active Pt for -the h.e.r. in acidic solution.

M .

Th;ough‘information obtainedrby means of the above two methoas,
the adsorption behavior of the o.p.d. H and mechanistic information
for the h.e.r. at these cathode materials can ﬁe quantitaﬁively
correlated and the current-voltage behavior rationaliéed. - In.,

particular-, the Tafel-slope behavior for the h.e.r. under various

conditions and for several cathode materials can be understood. p
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: ‘Chapter 1
.- INTRODUCTION

1.1 Introductory remarks

Despite its major importance in electrocatalysis and mecha-
nistic aspects of elect;ode prdcesses. the experimental determi-
nation of the adsorption behavior of kineticaliy involved inter-
rmediates.'e.g. H in cathodic H, evolution, in electrode reac-

tions proceeding at appreciable Faradaic currents, has hitherto

remained little developed. This is a surprizing situation.

A new method of analysis of the kinetics of the decay of

overpotential on open-circuit, following interruption of a po-

&

larizing current, has been applied to the study of the adsorp-

&

tion behavior of the overpotential:deposited" (o.p.d.) H, gene-

R

rated as a intermediate in the cathodic hydrogen evolh%ion reac-

fion (h.e.r.) at appreciable currents.

The a.c. impedance method has also been applied to the
study of the adsorption behavior Qf_the o.p.d; H, using a deve-
lopment of Armstrong's treatment for interpretation of the re-
sults. This gi(es: for the fifst time by this method, relia-
ble information about the o.p.d. H although the a.c. impedance.
ﬁetho& has been -successfully employed to study the underpo¥
tential deposited (u.p.d.) H in other earlier _work1 .The comple-
mentary use of the a.c. method gives results that can be com-

.pared with those derived u§ing the éingle transient, potehtial

decay method developed in this laboratory. p

—

Results are described for the h.e.r. at Pt, Au, Ni, and

electrodepositeﬁdNi—Mo-Cd composite cathode materials in acidic

b

L - .
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and/or alkaline solution. Through information obtained by means
of'the above two methods, the adgorbtion behavior- of the o.p.d.
H and mechanistic information for.the h.e.r. at these cathode
materials are rationized; in particular, the Tafel slope behavi-

or for the h.e.r. under various conj}tfons and for several ca-

thode materials can be understodod.

1.2 ’General kinetic aspects of electrode processes

In terms of usual general -way of representing a reaction

velocity, v, that of an electrochemical process can be writ-
2-8 .-
ten » in germs of the curreat-density i, as:

i = nFv = (T(KT/h) exp(-AG°"/RT]} nF(Cp) (1-8) (1.1)

.

g

where the rate constant according to absolute rate theory” is

S

given by.the term in curly brackets, T is the transmission coef-
ficient (taken as approximately unityg),-k, T and h have their
usual significance and A6°£ is an electrochemical standard free

energy of activation; nF is the number of <coulombs involved

(expressed in terms of Faradays) in the charge-transfer step

of the reaction proceeding at the rate v mol s_1 cm-z; (CR)S

is the surface concentration of the reactant molecule or ion
and (1-8) is a geometrical site availability ‘factor giving the
specific fractional area available for «continuing. discharge

of species on the surface.

-

- The coverage, ©, referring to " the steady-state coverage
of intermediates adsorbed on the surface, will be discussed

in more detail later in the present thesis.

56°* is related to the chemical free energy of activation,

AG"*. for an ordinary chemical reaction by the equation:
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85°% = 8G°* - BF(8¢_ + 1) . - .2
2 . ' R .
This equation involves, in the second term on the r.h.s.,

an eiectrical energy factor comprised of the metal-solution
potential differencé. Ad, at the electrode interfacg giyen by

the sum of A¢r, the absolute metal-solution potential differeﬁce

when the system is at equilibrium, plus an overpotential, n,

required to~drive the reaction at net current density, i. The

-

quantity, B,is a barrier symmetry factor analogous to Brédnsted's
factor @ in his linear free energy relation, since it represents the fraction
of. the elecprigal‘free enefgy provided to the system which is

used to increase the reaction rate beyond its value when 40 = O..

It is commonly éccebted, on both expé;imental and theoretical
grounds, tha£~the symmetry factor B should be close to one half

for a_more or less szmmetrica} energy bar}ier, and this‘value

will be assumed in the gﬁbsequent diséus;ion of kinetic parame-
ters. ' The potentials A¢ and 8¢_ normally fall a thin interfacial

region at the electrode surface, the double-layer.

Combining egns. (l1.1) and (1.2) for a simple discharge

process.bthe net current i is given by egqn. (1.3) which leads,

rd

.through eqn. (1.2), to a form Of-the Butler-Volmer equation:

’/
i =1, -1
f b , . ‘
= i { exp(BFn/RT) - exp[ ~(1 -~ B)Fn/RT]) (1.3)
- where f, b represent forward and backward, respectively, and ¢,
io' the so-called exchange-current density at n =0, is given

for concentration Ci & Cj of the reactants of the £ & b steps, by:

T ‘= o _ N
i, = Fk°.C.(1-8) exp (BFA¢_/RT) N |

= Fk°,C.0 exp[—(1 - B)FAS /RT] T (1.3a)
Here the rate consfants k°, represent the potential-independent

’
—
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term in curly brackets in eqan. (l.1) and in particular: the
chemical activation energy term AG?‘ in eqn. (f.2¥. These rate
constants are for ] = 0. At high values of the overpotential

ra

n, i.e. 8Fn/ RT >> 1, eqn. (1.3) becomes:

i =i exp (BFn/RT) . : (1.4)
or
. A
n =(RT/BFln i - RT/BF) 1ln 1, , v (1.5)
L ]
This is a form of the well known Tafel equation N = a - b log

i, (writing b = 2.3 RT/BF)'proposed by Tafel in 1905 on the
basis of his eiperimental investigation of the h.e.r.lo: b

is the so-called Tafel slope. -

-
1.3 Adsorbed intermediates in consecutive heteropencous

electrode processes

Electrode reactions are heterogeneous processes in which
charge transfer.occurs; their rateswill therefore be influenced
by (e) the adsorption and hence the surface concentration of
the reactant ions at the interface; (b) the activation ecnergy
for the heterogeneous reaction at the surface, which u{il_depcnd
on the electrochemical nature of the reactants and the'cagalytic
and adsorptive properties of the surfaée; (¢) the presence of

. : t
adsorbed intermediates and/or reaction products on the surface;
and finally (d) the potential difference, 4¢, at the interface

(egqn. 1.2) which, amongst other factors, controls the rate of

the charge-transfer reaction.

4

Factor (d) is the principal one that distinguishes electro-

chemical reactions from other heterogeneously catalyzed reactions

LN



at the solid=-solutdion interface; also, factor (d) strongly
influences, and 1s closely related to, the factors a, b and ¢,

for clcctrochemical.reaasions.

Electrode¥reactions are also influenced directly or indi-
rectly by the specific surface propeﬁfies of'qetals, e.g. the
' electronic work function, suffacg defect concéntration,.énd
the net.adsorption energy for intermediates and reactants whith
may implicitly involve the energy for solvent molecule adsorp-

tion f; situations where a solvent molecule must be displaced

from the surface.

L

In fact, electrocatalysis is mainly concerned with the

electrical behavior of intermedigtes which arise either in ad-

sorptive and deé;rptive charge-transfer steps or with dissocia-

tive adsorption, e.g. as in the electrochemicél oxidation of

Hz and organic molecules at Pt;' |
Historically, the evaluation of 'both the role and the ad-

sorption behavior of intermédiates has played a ﬁajor part in

the discussion of electrocatalysis and the mechanisms, of elec~

trode reactions of_ various xinds, in particular those leading

_to or from a gaseous substance, e.g. the h.e.r. and o.e.r. (oxy- .

gen evolution reaction), and the reverse processes of H2 oxida-

tion or 02 reduction to water where a bond-dissociation step

is required. :

Most electrochemical.reactions except perhaps one-electron

\

ionic redox steps, proceed by at least two consecutive steps.
]

In some cases, alternative desorption pathways in the overall
. . .

“ o~

™
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given reacticn must also be conaidered as in the h.e.r. and

0.e.T.

In consecutive reactions, it is slways the step with the

.smallest rate constant (often referred to erroneously as the

"slow" step; all~sﬁEps in the steady-state have, of course,

the same velscity) that is faté-determining. In alternative
path@ays, it is the péih which proceeds with-the greatest veloci-
ty that character1zes the klnetlcs of the overall reaction.

Since the electrochemical rates of various steps depend on
potential, a step that is elgctrochemlcal rate-controlling at

one potential may not necessarily be the kinetically‘limiting

step at another potential. We shall encounter examples of this

"situation in the discussion of the experimental results for

the h.e.r. to be gix later in this thesis. ' .
| 8IS 1 .

1.4° The h.e.r. as ;Shodel reaction of a multistep process _ -

y o B

The h.e.r., which serves as a model reaction for electrode

kinetic studies, has been most . thoroughly and widely .investiga-

ted. The likely reaction mechanisms which were revealed by
. - : 22—
early investigationslo 23 and are now commonly “accepted 2-27
e :

are as follows:

In acidic solution, the overall two-electron reaction in-
volves first the discharge of a hydrated proton at the electrode

surface with formation of an adsorbed H atom

k
M(e) + H.0T === MH_, + H.O (1.6a)

% K - ads = "2 _

~1

at some site on the metal electrode surface lattice. This must

be followed by either an electrochemical-desorption step

L]
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_ .k 2 |
HHads + M(e) + 330 _ H, + H,0 + 2M (1.7a)
k_2 ~
or an heterogeneous chemical-recoibinetion step
. k3 '
prome— ' 1.8
MHads + MHads — H2 + 2M ( )
-3

In elkaline solution, the mechanism is similar, except
tﬁat the proton donor is a water molecule rather that H30+ and

the conjugate base product is OH  instead of HZO:'

. . _ )
M(e)-f H20 . ——:: MHads + OH (1.6b)
-1
ky _ .
ﬂ“ads + M(e} + HZO -;—* Hy + OH + 2M (1.7b)
' -2
_ kg :
—— \
Mggds + MHads - H2 + 2M (1.8
-3

For the alkaline solution, the activation energy of the
steps (1.6b) or (1.7b) will not generally be the same, respec-
" tively, as those for (1.6a) and (1173), so that the mechanism
of the h.e.r. in acidic and alkaline ;olutinn at a given metal

will not generally be the same.

Despite much work over many years, general agreement on
the regction mechanism, i.e. wﬂich step among the above reaction
equations is respectiveiy the rate-determining one at various
metals..eSpecially at the catalytically active ones, e.g. Pt,
and in alkaline solution, has not yet been reached. Results
depend much on the state of preparation of the surface of solid
metals. Only for the h.e.r. at Hg &® a liquid does a general

consensus exist that step (l.6a) is rate-determining in acid{z'

28-36

1.5 Potential-dependence of coverage by adscorbed H

Extensive discussion of this problem has been given by Con-

way and GileadiBY-Ao. A general discussion, with the h.e.r. as
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an example, is reviewed here.

1.5.1 Adsorption isotherms

Two general types of isotherms have been exténsively ea-~
loyed in interfacial electrochemistry. the Langmuir and the
Frugkin. The Langmuir‘adsorption isotherm is based on the as-
sumption that the surface is homogeneous and that laterel-inter-
action effects are‘negligible. Implicit in both thes'e assump=

_tions is the presumption that the adsorbate randomly occupies

sites on the adsorbent lattice.

In many systems of practical interest, & better approxi-
mation is obtained 1if it 1is assumed that the adsorption equili-

brium constant X decreases eiponentially with increasing cover-

age -

-
]

R exp (-Y98/RT) | _ i

Koexp (-g@) (1.9)

it

An equivalent way of stating the same assumption is to say that
—the apparent standard free energy of adsorption. varies linearly
with coverage

Lo}

. .
aG g = a6 g g * VO (1.10)

This assumption gives rise to the Frumkin isotherz (see below)
and can be shown to arise if pairwise interactions in the ad-

layer are taken into account, or if the surface is heterogencpus (p. 206)

The adsorption bghavior of kinetically involved species
in an electrode reaction may be examined in terms of either
of two approaches: (a) the quasi-equilibrium hypotheéis. in
which it is supposed that all ‘steps prior to the raée—determining

one in the reaction sequence are almost in equ1libn4um. i.e.
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the rate constant of the rate-controlling step is, say, at least

ten times smaller thanrﬁhose of all other antecedent steps in
both directions; or (b) the steady-state method, in which the
rate of change of concentration of.intermediates_with time is
equal to zero. The st;aﬂy—state method is, in general, to be
preferred but usuall; it leads to cumbersome expressions, so
that nuﬁerical computing is usually required in order. to obtain

the predicted behavior;

For an electzochemi;al reaction involving adsorption of
an iﬁtermediate in a discharge step (a so-cal;ed "electrosorpt-
tion" "reaction), the Gibbs enerjy of adso;ption-or electro-
3§rption, e.g. of H, differ frof the chemical Gibbs energy of
/ﬁ\wfdsorption by an electrical free-cnergy term "VF". Thus, for

a8 process éuch as step (l.6a) at quasi-cquilibrium, the driving

force for chemisorption of the H is potential-dependent so that

the ratio of coverage, GH by H to free site availability, 1-

GH' follows a relation of the fornm

/(1 = 8y) = K (") exp(VE/RT) (1.11a)
This is a Nernst-type thermodynamic relation (in exp.'form).
analogous to the corresponding type of expression for the elec-

trode potential of a redox reaction:
E = E, + RT/ZF 1n [O0X]/[RED] ‘ (1.12)

The Gibbs energy of electrosorption in egn. (l.1lla) is
therefore of the form,ﬂ;v - AG\eo + VF, or more generally with

eqn. (1.10), AG, = AGB=O,V=0 + VF 4+ y8. Egn. (l.1la) ig fundamen-

tal for representing the potential-dependence of coverage by

ad-species in u.p.d. processes. An analdgous but more complex

A

!
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expression arises for potentigl-dépendence of steady-state co-
verage by an intermedié{e bué then the relation has a kinetic
rather than & thermodynamic significance (see eqns..{4.8) and

(3.39) and refs. 25, 37-40).

1.5.2 Langmuir, quasi-equilibrium case .

The Langmuir case for quasi-equilibrium conditions for

the h.e.r. in acid solution will first be examined. As usual

23, 37-40

the primary discha:ge step is assumed to be almost

in equilibrium, when either step (1.7) or (1.8) islrate—controi-
'ling; then QH can be written directly - as eqn. (l.1la) (writing

the overpotential N instead ofrthe'potential V in eqn. 1,115),

so that -

QH/(I—QH) = K°ﬂcH+) exp(nF/RT)

or \ .
K°ﬁCH+) exp(nF/RT) S e
QH = (1.11)
1 + X I((:H+) exp(nF/RT)
where Kl = kllk-l’ Equation (1.11) is the electrochemical Lang-

ﬁgir adsorption isotherm modified to apply to the case of ad-

sorption involving charge transfer as discussed above.

For convenience, in the above equations and all further
material in this thesis, cathodic overpotentials associated
with the forward direction of the h.e.r. will be taken with

a positive sign, i.e. N is defined as A¢r- Ad.

Since QH is generally a functfion of potential (see eqgn.
1.11), so is the é%ﬁrge Qf passed during the progress of the

Faradaic electrosorption process; thus a type of differeatial
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capacity may be defined as
Cd - de/dn = qldg/dﬂ (1.13a)

where 9 is the charge required'to form a complete monoclayer
of the adsorbed species. Cd is termed .the- adsorption pseudocapa-

city. From eqns. (;311) and (1.13a), Cd is found to be

K*® (CH+) exp(Fn/RT)

1
(1+ K°,(Cy+)exp(Fn/RT)]’

(1.13b)

Cd - qu/RT[

A more complex equation results when g (eqn. 1.9) is not zero;
then the potential-dependence of Cé differs ffom that given

by eqn. (1.13),

1.5.3 Frumkin isotherm;: quasi-equilibrium case

With the assumption that the primary discharge step (eqn.
1.6) is almost in equilibrium and applying egn (1.9), we find

(cf. refs. 23, 37-40).

6,/(1-8,) exp(gd) = ¥°§cﬂ+) exp(nF /RT) . (1.14)

the Frumkin isotherm, from which rhe Langmuir‘isotherm‘follows .

as a special case when g=0. ]

At intermediate values of the coverage (0.2 < 8 < 0.8)
and for sufficiently large g, the exponential-term in eqn.
(1.14) predominates and upon taking logarithms of both sides

3
and neglecting the term 1n(6/(1~8)) one obtains

8y = 1/3(1nK1%%p + Fn/gRT | . (1.15) -

This relation has the form of the Temkin isotherm but his deri-
~

vation and assumption (heterogeneous surface) were different

from those implied here (interaction effect). The Temkin beha-
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vior 1is characteriéed by & linear dependence of coverage on
the potential and a logarithmic dependence on the concentration,

CH+ here.

When the Frumkin isotherm (eqn. 1.14) applies, O, cannot

be written as an explicit'function of n and so C¢ can be ex-
pressed only as a function of GH

0,,(1-0)
€4 = 0, F/RT [13 gQH(l—Q)]

(1.16)

which can, of course, be numerically evaluated as a function

of n by means of a computer (see refs. 37-40), using eqn. (1.14).

1.5.4 Steadv-state approach

The expressions given above for the agsorption isotherm
and the pseudocapacitance of an electro-active chemisorbed spe-
‘cies pertain to equilibrium or near equilibrium situations,
e.g. as ih t.p.d. or for steps prior to a clearly rate-determi-

ning process in a consecutive reaction sequence, €C.g. in the

.
h.e.r.. It should be mentioned here, that more generally, a

steady-state condition for the kinetics of a-.consecutive step
reaction can be set up which leads to correspon@iﬁg steadf—stacc e
coverage VS potgntial relations. 'These can be evaluated nume-
rically aad form the basis for;é kinetic theory of a.c. impe—-
dence and Eotential decay behavior whig% will be discu;sedidn

chapter 4.

The steady-state treatment of these quantities is a more
realistic approach to the adsorption behavior of o.p.d. species
since under o.p.d. condition net, and often appreciable, Faradaic

c
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currents for the overall reaction are‘passing.

1.5.5 0.p.d. H coverage

-

.The coverage QH of the reaction intermediates can be evalua-
ted as a function of overpotential by integratioﬁlof the C¢

vs n profile (i.e. the peak area of C¢ ¥s n curves):

9, . fn
9, de, =.§ C¢(n)dn
0 0
HeO

Thus
n
QH = 1$qu—oc¢dn + eH,o

(1.17)

vhere OH 0 is the coverage at nN=0, i.e. the condition of equili-~
brium. Since only the cathodically adsorbed and kinetically
involved H is of interest, the QH g €an- ‘in some cases be

assumed to be equal zero for most cases of o.p.d. measurements.

At Pt, of course, full coverage of H already exists as u.p.d.
' 23,76

H at n=0 so the o.p.d®™H is in excess of this coverage.

Surprisingly the pseudocapacitance behavior of o.p.d. spe-

cies has hitherto received very little attention experimentally

37-40" This

but rather only in tefms of theoretical‘treatments
situation hés arisen becausé. hinherto,.no satisfactdry means
of,experimental measurement has existed_for.obtaining the re-
quired.information_for'o.p.d. species, while, by contrast, nuch

knowledge exists on u.p.d. speciesl'za’Al'Az'TG.

-Therefore. it is the purpose of the thesis to describe
"7development'bf'new methods for experimental study of the pseudo-

capacitance behavior of o.p.d. species, especially H in the
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h.e.r., and analyze the significance of such results.

-

1.6 H adsorption and electrécatalysis in the h.e.r.
“»

Electrochemical polarization performance is characterized

by two fundamental parameters: (a) the exchange current density,
. . — r

i,» and (b) the slope of the relation between log(current-densi-

ty) and potehtial, called the Tafel*ﬁlope b. Iaéally. a combina-

-

tion of high io and low.b values is the condition required for

optimizing cathode performance but this not always 1is feasible,
i0 and b values for -2 given process being normally not indepen-

dent quantities.

Generally speaking, the desirability of a low slope b para-
meter, has not been fully appreciated -- it is a principal fac-
tor allowing low pelarization to be maintained up to relatively

high current-densities and - 'a low rate of change of n for

a further increase of currert-densitiy. Most characterizations,

43,44 - X

26,43,44,50,52 of electrocatalysis at various metals have been
e

concerned with the value of the exchange current density, io-

Optimization of performance through the latter parameter is
achieved by using certain favorable metals and, in particular,
large specific-area materials, that is porous-type electrodes
that can p}ovide low rTeal current—@eqsities based qn a large

real area of the electrode.

- -

Both i0 and b for the h.e.r. are closely related to the |
adsorption behavior of the H atom reaction intermediate on

the electrode surface: the former (1 ) én the standafd Cibb; energy
o

24,44 -

of adsorption of H and the latter (b) on.the potential

dependence of the coverage by H.
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1.6.1 Exchange current density i, and electrocatalvais

"Blectrode reactions may be broadly divid d info two types:
(a) those in which chemisorption of reactenys, intermsdiates
or products play a role in the kinetics and mechanism of the
processes and (b) those in which the electrode acts éimply as
8 source or sink of electrons. It is in the case of the first
class of reactions ‘that electrocatalysis is normally manifested
on account of formation of.éhemisorption bonds an@/%hange of
the surface structure of the electrodes. |

£

1.6.1.0 Relations of i°,¢and AH T in the simplest case
L*)

A convenient reaction of the second type, referred to

abové. is

3+ - _ 2+ )
Fe aq.P+ e > Fe aq. . o (1.18)

such as has been subjected to a detailed examination e.g. by

Bockris, et al. &S. They found that the heat of activation, .

’

¥ ) . '
AHo + for reaction (1.18) at various cathode materials was

.

essentially independent of the electron work functions ¢, of

the metal. However, & linear relation between the electron

work function and 10 values was obtained for the various metals

£

investigated. From the absence of a dependence of AHO on the

¢, strong evidence for an electron-transfer, non-bonding mecha-

nism, i.e. not involving chemisorption, for redox reactions

- 46-49_ The

with species involving aquo-ligands was thus obtained
variation in io of the reaction with the nature of the substrate

was saiq to ﬁe Que to secqndafy effects on the reactant coacentratioﬁ
éauseh by the double-layer structure; however,.fhis itself must

be due to some adsorption influence from the electrode metal, e.g.

differences in the solvent adsorption behavior.
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1.6.1.2 Variation of i with ¢  AH and MH igteraction in
- ~ e ads - —
the h.e.r - .

+

The effect of the substrate on the rate of reartions when
one’ or more reactants or products are adsorbed on the electrode
is much more pronounced than in the simple case discussed above.

Here, the substrate affects the heat of activation-and, because

io is related exponentially to the hest of activation tsee eqn.

1.3a), the io value €2n vary over many orders of magnitude on

- -

»
account of different values of the heat of adsorption of one

of the reactants or products. The strengthof adso?ption bonds

will affect both the surface concentyration term for the interme-
diate and the Gibbs energy gf activation .in the rate eqﬁationza.
An anaiysis of these effecfs for the h.e.r. was given by Parsonsg
44 and by GerischérQs.

Kitaso

has correlated io for the h.e.r. in acid solution
with the heat of adsorbtion’of H for a number of d- and sp-me-
tals (see Fig. 1.1). from Fig. 1.1, it can be secen that.the
behavior of d-metals is distinctly different from that of sp-

metals, namely the activity of d-metals has a tendency to de-

crease with increase of ;AHadS,'whereas the activity of sp-me-

- tal remains .almost unchanged. The d-orbital metals exhibit

a periodic dependence of the io on their atomic number (see Fig.
1.2 ), with highest exchange curreat densities cor}eSponding
to Ni, Pd,; and Pt in the three transition metél series. The
heat of adsorption is correlated reasonably well with the ato-

mic number and the column in the periodic table. A similar

periodicity for fhe-hydrbgen electrode reaction was first sug- '

gested by Bockris51 and the log io,ii AHads reletion was first

Al
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g 2 ‘ 52 : 44
given by Conway and Bockris and later treated by Parsons .

A corresponding relation of loé 1, to ¢ (see Fig. 1.3)

-

can be demonstrate§53; in fact two straight lines uish oppgsite.'

slopes represent the behavior of high overpotential Wetals on

the one hand and the medium or low-overpotential metals “on the
other (see Fig. 1.3 ). These relations are consistent with

the view that the slow’discharge mechanism 1s operative at the

high-overpotential metals and that the electrochewmical desorp-

tion step controls the rate in the .case of the medium-overpoten=

‘tial metalsza'26. Probably H atom recombination control deter-

mines the kinetic behavior at the lowest overpotential metals,

e.g. active Pt, Rh, Ir and Pd.

A i S
Conway and Bockris. pointed outsz,that the electron work

function increases with percentage d-character in the dsp hydrid
v . ' ,\' -..
bonding in transition metals. Thus, since there is a linear

relationship between the work function and log ao' a similar

. . - ’

relationship between percentage d~character and iog io should .
be expected for the transition metals and this was found by

Conway and Bockrissz. .

The greater the percentage d-band character, the smaller

is the number of unpaired electrons in the d-band. The lesser

the number of unpaired electrons, the lower should be the heat

-~

of adsorption of hydrogen_on the metals, for there will be a

diminished tendency for electrons in the maetals to pair wit
the ls electron of the hydrogen atom.. This preaiction is con-
firmed by plotting the experimental finitial) heats of adsorption

-

of hydrogen on metals versus the percentage d-band

’

"“ T - -
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charactersg‘(see Fig. 1.4).

-

A plot was also made of the oyerpotentiéls at 8 constant
current density of 1073 A ¢n~? versus the MH boﬂa energy for
é number of'metaissz Qsée Fig.l.Sj. For this purpose, the Sond
‘;nergy DM—H was calculated using Pagligg's equationsa as suggeé-
ted by Eley 55: ‘ o

2

where bM—H and DH—H are the bond dissociation energies of two
adjacent metal atoms on the surface of a metal and of mole~ -

-

cular hydrogen, respectively. Xh and XH are thg_electronegativi-""

ties .in electron volts of the metal and H atoms, respectively.

Ruetschi and belahay56 made the first plets of log io as
a function of Dy , by an equation.related to (1.19) by neglec-
. - o
ting the rather important electronegativity ‘term. Because of
this omission, their results differed in direction and signifi-
cance-fnpd those of Conway and Bockr1552 who utilized the com-
pletgﬁeqnﬂ (1.19) to calculate DM—H' which gave a better rationn-

~ +€»
lization of the log 1. ¥s Dy_h behavior.

Iﬁ the n ¥s DM—H plots, two distinct groups of metals are S
indicated (see Fig. 1.5). 1In one group, which consists of the
transition metals, N inéreases as DH-H increases. *On the otherL
hand , for the group of metals Hg, Pb, and Tl, n decreases with
increasipg_DM_H; In the 'slow—discharge mechanism of the h.e.r.
(step 1:6), the rate-determining process involves electrosorp- C
tion of atomic H on the metal (see eqns. I.G;Q . Thus, an in-. .

i e
‘crease in the heat of adsorption of hydrogen on the metal should

" "
accelerate the reaction. Conversely, in the slow-electrochemical
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desorption mechanism of the h.e.r., an hydrog;n atom isldesorbed
fromthe surface'ih the rate~determining step. Hence, a decrease‘,
in the heat of adsorption should accelerate the reaction. These
results, along with other evidence22 27. confirm the view that

8 rate—determipiné discharge mechanism applies at Heg, Pb, and

T, while a rate-deternining electrochemical desorption and/?r

-uchemical—recombination desorption step obtains at most of the

transition metals.

Parsons showedhA that i for each of the various compo-
nent steps (one of the reaction eqns. .1.6, 1.7 and 1.8 is the

-

F.d.s.) iévexpected to be correlated with the Gibbs energy of
adsorption (PG°) 0% Hszﬂz + M = MH) on the surface. Such ;or—
relatiénsare represented by volcano curées of the type shown
1n ‘Fig. 1 6 when B for each of these reactions 1is % i.e. the
Gibbs energy barriers are all symmetr1cal. The flat region

at the top of each curve corresponds to a‘Temkin region of the
adsorption isotherm, if it arises. In fact, Bock;is_and Con-
wvay's resultsS2 57, 56 are con51stenr with the existence of two
différent-mechanisms,,both of which give volcano expressions
with a maximum rate when AG® for the r.d.s. is . ze;o. How-
ever, onl} the ascending branch (AG® positive, 8 < 3) of oﬁe
mechanism, the discharge r.d.s., is experimentally accessible.
Similarly, only the descending branch (AG° negatlve. 8 >> %)
for the other mechanism;electrochemical-desorption r.d.s., is
observed experimentally. For metals thaf have AG® close to

zero, a third possible volcano expression can arise when the

recombination reaction is the r.d.s.
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It is interesting thet .in éaréﬁns' derivation of ghe volca-
no relations fqr log iO as f(AG;) in the h.e.r., 1t is shown
that the principal effect of changes of 4G} arises from their
influence on the coverage OH rather then on the eﬁergf ;f acti-
vation which enters. the result as the sum of. AG* values for
thé forward anﬁ backwérd-steps of the reaction involved and

this sum is approximately independent of AG®.

T

1.6.2 Tafel slope .b and electrocatalysis - _

One essential difference between electrocatalytic and cata-
lytic processes is that the velocity of an eiectrocatalytic
step when it ;nvolves chargé-transfer depends exponentially
upon the overpotential 70 (sqe eqns. 1.3-4).  Thus, the energé
of activation for the electrocaialytic; realiy an electrosorp-

tion reaction, is linearly reduced by the overpotential (see
-

egn. 1.2),

The dependence of log(current) upon n is charaéterized
by the Tafel slope b = dq/diogi. The relationship ﬁetween b .
ahd_the potential-dependence of the coverage of the a&s;fpedw
intermediate can be shown by means of the following equéfions.
From eqns., (1.1) and (1.2), the rate equation for an electroche-

mical process iﬁvolving adsorption of the ihtermediate can be

4
’

written as

i = EFRO(CR)SGH(n) exp(BFnyRT) ‘ ©y1.20)
where k° is the ;éte constant including all the potentiél-inde-
pendent constants in eqns. (1.}) and (1.2); 6(n) is a general
function for dependence of coverage © in n which is (I-QH) for

a r.d.-discharge process and Oy for a r.d.-electrochemical

/



desorption process.

The reciprocal of the Tafel slope can expressed by:

1/b = d log i/dn = d log O(n)/dn + BF/2.3RT (1.21)
A adsorption charge-transfer
- factor factor

The Tafel slope b’ thus is seen to depend both on the adsorption
factor for the behavior of atomic hydrogen in the h.e.r., and

on the charge-transfer factor.

The charge—tranéfer'factor-arises in all electrode proces-
ses due to the modification of Gibbs energy of activation of
the process by the electrode potential, analogous to the Brén-—

. ' .5 .
sted linear free energy relation 9, referred to earlier, as

‘ <

exemplified by eqn._(l.Z)J The adsorption factor which is rela-
ted to the differential coefficient.of the adsorption factor

6 = £(n) (e.g. see eqn.-l.ll), with fespect to n is thus rela-
ted to the adscorption pseudécapacitance (see eqns. 1,12 and

13).

-

An impoftant résult of eqn. (1.21) is that the larger is

the value of the adsorption factor in eqn. (1.21), the lower

and thus more favorable, is the value of b. 1In the discussion

which will follow, ‘it will be shown that the adéorption tern
in eqn. (1.21}, hitherto rather neglected as a factor in electro-
analysis, is very important in determining favorable electrocata-
lytic behavior of active electrodes for higH current density
opération.
IS ’
The Tafel slope b has certainly been an intensively stu- - --

died experimental parameter expecially.in relation to reaction

s

-

.
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24,26,60,64,65 o

mechanism, e.g. in various works of Bockris® )
-68 . - -72,7
son829'66 68. Conway69 7 and Desp1c72' 3.
28-36
In the case of the h.e.r. at Hg ", the experimentally

observed b value of 0.118 V can be explained with eqn. (1.21)

assuming the discharge reaction is the r.d.s. and is associlated

with d log GH/dn - 0, 1-9H = 1,2nd taking B = 0.5 and T = 298K.

For the h.e.r. at Pt,with an observed b value of ca. 0.030.V

50+63,80 at low current-densities; the behavior can be accounted
for in terms of recombination of the o.p.d. chemisorbed H as
the r.d.s. Thus with the rate equation

i = 2Fk,0,° | - (1.22)

3
, - : . ' 24,26,
and applying eqn. (l.11) by the widely-accepted treatment

80 for the condition OH—> 0 as n —> 0 the resulting value

for b would be 0.029 V at 298 K. However, the assumption QH

74,100

"=> 0 is certainly incorrect, since we know from reliable

u.p.d. experiments that the-coverage of H at Pt electrode should
be high and already near unity at n = 0. In the present thesis;'
special consideration will be given to this problem in relation
to the éxperimental determination of o.p.d. coverage at Pt and

other metals.

Frow eqn. (1.21), it is clear that the analysis of the

Tafel slopes can be ambiguous without experimental information

about the adsorption behavior of H. This can be illustrated

by reference to the following examples.
b |
In the case of thg‘h.e{r. with discharge followed by rate-

determining electrochemical desorption (eqn. 1.7), if QH(M)-

can be represented by eqn. (1.11) and assuming QH => 0, or

-

K;(Cy+) exp(nF/RT) << 1, as discussed by Bockrisza,. then eqn.
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(1.21) gives 1/b = (1+8) F/2.3RT or b = 0.039 V 2t 8 = 0.5,
T = 298 K. However, 1if 8y 1is constanﬁ with n, eqn. (1.21) Bives
1/b = BF/2.3RT or b = 0.118 V with the same g and T as above.
The latter situation arises .in the results presented 1ater in
this thesis for the case of the h.e.r. at Ni and unactivated

Pt. °

Another example is when the experimeﬁtally observed value
of b.u 0.118 V can bé explained either in terms of the disch;rée
step (eqn. 1.6) being as rate—determiﬁing with OH —-> 0 orfby
the electroghemi;al—desorption step being rate-determining (eqn.
1.7) with QH ¢ f(V). However, in the %étter case,the coverage
of H should be significantly or especially greater than 0, if.
the rate constant of the adsorption step (k Yis much greater
than that of the desorpgion step (kz). Therefore, the determina-

tion of QH is an important criterion for determining whether

-

the discharge or electrochemical-desorption step is rate detcr—r"ﬂ/_g.

mining when a Tafel slope of ca. 118 mV is observed at 298 K.

1.7 Problems related to the experimental study of the h.e.r. .

There are two major problems with fegard to the state of
experimental knowledge concerning the behavior of the h.e.r.,
e.g., at Pt and especially at base metal cathode materials,

e.g. Nij; é) the coverage of the cathodical}y adsorbed, kinetical-
iy involved H species (the o.p.d. H) has hitherto noé been reli-
ably measured as a function of pqtential (see below) or even
evaluated at all; b) the electrocatalytic activity of Pt elec-
trodes is poorly reproducible qnd'aebends sensitively on solu-
'gipn_and_Surface preparation, and on cleanliness, and the rela-

tion of its activity to o.p.d. H coverage has remained largely
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undetermined. -

The first difficulty is that virtually all of our present
knowledge about the adsorption behavior of H atoms on active
metal electrodes as a function of potential has been derived:

experimentally at noble meta;s,-especially Pt, by meanms of char-

22.23,74.75. a.c. 1mpedan9822;23'76;77 or cyclic-vol-

78,79

ging curve

tammetry (CV ) methods , and refers only to the strongly

bonded, so-called "underpotential deposited” u,ﬁ.d. adatoms,

at the electrode surface, which are not necessarilyao'sl those

involved kinetically in the steady-state of the h.e.r. at eppre-
ciable Faradaic current-densities (for mpr; d;taiis, see sec-
tion 1.8). By contrast, virtually nothing i$§ known about the
coverage of the o.p.d. H as a function of cathodic overpotential
except ﬁhat, in_théoretical discussions of the mechani;m-of

the h.e.r. at Pt, a small but exponentially potential-dependent
80,81

coverage, GH, by o.p.d. H species has been suggeste in
: k!

order fo*account for the observed "recombination Tafel slope"
of EE- 30 mV at active Pt electrodes. However, these aré(mherwiselumwnAI.
to be fully covered alfeady'atnthe reversibie potential by
u.p.d. H, so that at cathodic overpotentials some further in-
crease of this coverage beyond 9H="1" would be expected. How-
ever, an alternative mechanism was praposed by Breiter77 to
account for this slope at highly active electrodes and involves
diffusion of molecular H2 from the electrode.remﬂtim;frf?a
supposed local supersaturation of H2 near the cathode surface
and an influence of the back-reaction of H, dissociation on

H coverage. |

The second difficulty is as follows: it is well known23’27'
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77'82-89 that the electrochemical behavior of the Pt electrode
' degends to a great extent on its pretreétment. the state of

its surface gnd the preﬁence or. absence of chemisorbed.impuri-
ties, perhaps much more so than at most other metals except
platinum's own congeners in group VIII. Thus, it has been recog-

- - -
ed82 83 that even trace impurities at the level of 10 10

niz
mol dm—3 can signiffcantiy polson the eiectrode reaction. A
variety of discrepant experimental observations_haé been repor-
ted for Pt in‘the°literature, so that the mechanism of the

h.e.r. at Pt and especiaily the behavior of the o.p.d. H are -
still controversial subjects but ones ;hich are of major inter-
est in understandiﬁg the behavior of Pt in relation to its impor-
tance in the field of électrocatalysis. e.g. in fuel-cell and
electrolyser developmentgo'gl, and fundamentally as a prototype

example of a catalytic and strongly adsorptive surface, in con-

trast to Hg.

Another important éhp in knowledge of the behavior of H

Y
atom adsorption in the h.e.r. exists for the base metals, e.g.

Ni or R which are practically important electrolys;r cathode
ﬁéterials. In these cases, study of u.p.d. H behavior (1f it
arises) cannot be carried out because of onset of surface oxidé-
tion at these metals either near or already at the H2 reversible
b

potential in alkaline solutioa, or of dissblu;ion of the metals
in acidic solution. At cathodic ové}pq;entialsﬂ no sdtisfactory
experiments hav; beéen performed to examine the coverage and

state of the o.p.d. H; oﬁly some involvement of diffusion of

H into these two metals has been investigated in relation to

TR

-
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hydride formation and metal embittlement by sorbed H.

In the work to be described in the present thesis, it has
“been shown, for the first time, how the electrochemical adsorp-
tion behavior of'the kinetically involved, adsorbed o.p.d. H
intermediates in the h.e.r. at Ni, Ni-Mo-Cd plated alloys, Au
and Pt electrodes in{ acid and alkaline solution can be deter-
mined by means of: ¥) the new procedure employing open-circuit

potentlial decay measurementsgz-gs and b) a.c. impedance measure-

ments, interpreted with aid of a2 newly developed treatmenc96'98'
applied to the behavior of the h.e.r. at Ni, Ni-Mo and Pt elec-

¥

trodes. -

In érder to deal in satisfactory way with the state-of
Pt electrode surfaceg gnd their cleanliness, a point-by-point
‘anodig activation proceduTe was eﬁployed-which gave excellent
repro&ucibility. Based on the "¢lean surface" behavior thu;
observed, the effects &f impurities on the o;p.d. H adsorption
behavior could then, for the first Lime27, be stqdiedu In. a
sense, the mechanism of the h.e.r. ét Pt in the presence of
trace imprrities is practically of more importance than in the
absence of impurities, if we think only that the most active
electrocatalytlc systems in éﬁgineerlng appllcatlons90 1 ‘usual-
iy have 1 to tolerate, and be opera;ed with, significant levels
of impuri;ies in the électrolyte or gas streams. Nevertheless,
knowledge of the fuddamental behavipr of the Pt élecrrode under
the cleanest caqnditions possible is essgntial_in order to pro-

vide a basis of reference for proper understandlng of the kine-

.tics of the h.e.r. at this 1mportant metal.
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1.8 U.p.d. H and its relation to o.6.d. H

. The phenomenon of so—called 'underpotential deposition]

(u.p.d.) of strongly bound adatoms at electrode surfaces hés

: . o ‘ -
been widely studied and well characterized both experimentall-yg9

%Pa'and ;heorenically37—40’10&?105

. Such speciés ari s> by Fara-
deic defosition, usgally in submonolayer-arrays, at potentials
corresponding to lower energies than thoSe for deposition of

the same. element in the bulk staﬁe at unit éct%vity. i.e., in
the case of H, at poténtials.gglgg the Qevérsigle potential

for the h.e.r. ' -

80,100-106

In most cases, it is believed that these strongly

bound u.p.d. species are not necessarily. the kineti&ally in-
. e

[ ]
volved intermediates in the corresponding overall continuous

Faradaic¢ reaction, e;éi for H2’ Clz, O2 evolution and bulk metal

electrocrystallization processes. This is certainly the casec

for up.d. H in the h.e.r. at Pt wheré GH is already near 1 at |

the reversible potential '(n=0).

Experimentally, u.p.d. is easy to study since the small’
current densities associated with deposition or desorption of

1
monolayer arrays 'by definition' suffer, unlike determination

of o.p.d._H, no intérferenge from any large currents of parallel
Faradaic processes associated-with the corresponding bulk reac-

tion.

In order to understand the kinetics of multistep Faradaic

reactions of the electrocatalytic type,, e.g. the cathodic

8,107

h.e.r., it is necessary . to have information on the adsorp-

tion behavior of the 'overpotential deposited' (o.p.d.) interme-

e
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in faradaic reactions. . 7



- 32 -

. '.|.
species that are deposited (and removed) in t steady-state

of the Faradaic reaction proceeding at appreciable net current

densities, i. In fact.'the coverage terms involved in the kifte-

tic rate eqn (1.11) must refer to the o.p.d. H. .Up.to the

present, it is qﬁrprising that there are no reliable.experimen-

tal data for the behavior of o.p. d.”Ml recorded 1in the literagli

tureﬁ this is because o the dlfficvlties associated ‘with appli-

_cation of hitherto existing experimental techniques (see the

. fpllowing section).

This situation can be illustrated in-Fig. 1.7, fer the
u.p.d. and o.p.d. H CV profile at Pt electrode. "Under" the
Drevérsible potential for Hf/Hz (E=0), there is no net Faradaic

reaction (i.e., hydrogen oxidation reaction) current passing .

at the Pt electrode surface, because Nz.is normally continuously

-

bubbled through the solution, so-that no‘Hz‘exists in the solit—

tion. Formation of u.p.d. H, associated with.very small cur-

__4

rents, can be easily detected ,as two or three peaks in the cur-

rent vs potential plot of a cycllc voltammogram (see F1g 1.7)

which correspond to different adsorptlon stdtes. However, 1if

the potential is "over" the reversible potential, a large Fara-

]

. : ; . 3 <.
'ﬁxalc current, due to the h.e.r., which is at least 107 times
higher than the u.p.d. currents, makes measurement of currents
‘ B -
for the o.p.d. H on the electrbde surface impossible to observe

by the CV method (a.current component would exist for changing

o.p.d. H~overage with change of n - see below, chapter®4).

]
It is of interest that u.p.d. of ad-species i electroche-

micel reactions rarely follows equations (l.lSj. (1.14)-0r

e -

(1.11). More commonly, a multiplicity of discrete adsorption
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]

AY
-

states can be resolved below monolayer coverage over an appre-

‘ciable potential (electrochemical Gibbs energy) range of ca.

0.3 - 0.6 V, even at well defined singleJErystal;surfaces. How~-

by -
ever, the discrete states that can often be experimentally well

‘regsolved by‘électrochemical methods, e.g. cyclic-voltammetry

(see Fig. 1.7 as an'exampie) are each quite well represented
by.the Langmuir isotherm (eqn. (1.11)) and each has & chirac-
teristic K1 value'og standard ch;mical free energy p} adsorp-

tion41 " This discrete adsorption behavio;”doés_not necessarily

apply to o.p.d. species, as will be shown later.

= LY

1.9 Problems with some previous approaches for o.p.d. H

determination

-

Methods for study of the adsorption of intermediates have
ra .

been discussed in references 25.-37. 108. The most génerally

- . .
.applicable methods are based on observation of the electrical

effects associated with causing changes in the extent of cove-
rage ‘of the electrode by the Faradaically dep051ted electroac-
tive intermedlates. 'This can be achieved by "charging” or "dis-

charging™ the surface layer either galvanostatically or potentio-

(
statically.

1.9.1 Charging curve and cveclic-voltammetry methods

- tion step, H, + 2M

There are two common procedures used widely in the study

of the adsorption beﬁavion;,a) the galvanostatic charging method,
N

* .
In certain cases, e.g. in H? ox1dat10n. the reverse of the

h.e.r., the H intermediate ma¥ arise by a dissocilative chemisorp-
> 2 MH , followed by electrochemical

oxidation of“the adsorbed H (reverse of step 1. 6)

ey
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l-

which originated in studies of the capacity of the double-layer
109

at Hg by Bowden and Rideal and was extended by Frumkin and

éo—worker315'16'7s particularly to studiles of H deSorptioﬁ by

fva;ious other workefs7&'110-112; b) the éycldc—voltémmetry (Ccv)

T iethoql00,113-116 -

These two techniques have high sensitivitf and g%CUracf
for determination of coverage\and pseudocapacitance behavior
of u.p.d. specles. Especially ‘suitable f's the cyclic- voltamme-
try method for resolution of multiple states of adsorptioq_iq_

-

u.p.d. which gives directly informatlon in Cﬁ \\ These methods
are, however, inapplicable or applicable only w1th difficulry
Sver polential ranges where the Tafel relagYon for éppreciable
continuous currents applies, gl»lng potqntlal dependent back—
'ground CUrrents for the main Faradaic reactlons that are oraers
of magnitude larger phan those corresponding to changes of co-
verage by the chemisorbed intermediate spccies,‘as illustrated
in éig. ?.7 and discussed in the last section. |

At axtive Pt electrodes, for example, difficulties are
enco;ntered in using the anodic charging curve method”"77 with
transients taken from cathodic overpotentials, espeqially when
high cathodié currents have been previously passing, o;ing to
reoxidation of readsorbed dissociated 32. as was found and dis-

5.74'78. Thus, these authors were able

cussed by, Breiter et a
to evaluate cotal H charges for several H evolution cathodic
current-densities that were prev1ously passing and as’ a function

of anodic strlppdng current desitles. However, the results

demonstrated that H, dissociated and readsorbed from H2 madeAa
-~ .

&
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when Hz

contribition to the total H oxidation charge measured
. ! 3

-bubbles had been generated by previously passging cathodic cur-
rent when the latter was large. Also, more generally, anodic
‘transients taken from cathodic overpotentials include charge

contributions from both o.p.d. &nd u.p.d. H which are not always

- easy to separste.

In & d¢fferent approach,- but also using anodic charging

cufves. attempts were made by Bockris et al.llo and_2§ Devana-
than and Selveratnam'l® to measure o.p.d. H at Ag and/Ni by

means of a "double charging” method. However, the results ob-
tained cannot be considered satisfactory owing to the large

\ .
metal "surface oxidation" corrections that are required in this

procedure; an uncertainty of 25% was stated in ref. 110.

1.9.2 A.c. impedance'method

Another powerful procedure for u.p.d. and o.p.d.'adsofption
measuremgﬁts is the a.c. Empedance method86-89'117_130. Al-
though this technique has been used fo study the u.p.d. H, for

example, on Pt electrode%3’76’77. there are surpfisingly few

»

impedance studies on the h.e.r. in the'overpotential region.

GeriscggrAand Mehl117 made impendance studies of the h.e.r.
at mercury, silver and copper electrodes at appreciable overpo; .
‘tentials. The treatment presénéed-ghere is app%;é;ble only
suffidientl} far from the fevensigle potential- that the Tafel
approximation holds. This restriction means that the iﬁportant
potential region, espécigllg at‘Pt, ocver which the su?face cove-

“rage 1s changing appreciably withupofential was eliminated from

., the measurement. Furthermore, their theory did not fit the .expe-

t
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rimental data well, and the-observed frequency dispersion was

ascribed to spurious effectsll7'12§ but probably was actually

a fundamental aspect of the behavior of the adsorpted H (see -

section 3.2).

-

In Breiter's a.c. impedance work76'77. the adsorption pseu-

docapacitance &f u.p.d. H at Pt was evaluated at various frequen-
cies as a function of anodic potential; the behavior was in
good agreement with that-derived by means of anodic charging

curvesYa and with other cyclic-roltammetry-resulté. The impe-

LY

dance behavior was also evaluated at small cathodic overpoten-

tials at active Pt electrodes and indicated, surprisingly, a

‘role of diffusion of molecular H2 from the electrode in the

"“kinetic behavior, as was mentioned in section 1.7. However,

ool

the results in the o.p.d. potential regions were not related
to the adsorpt10n behavior of H as a functlon ‘of cathodic overpo-

tential, that aspect being ,obscured apparently by the H2 diffu-

-

-sion effect.. : *

|

Armstrong and Bell 3? made a useful a.c. imoeoance study
of the h.e.r. on rotating W and WC electrodes at potentiostati-
cally- controlled overpotentials. The obgerved impedance spec-
tra, plotted in the complex-plane, were szngle dlstorteJﬁ%eml—
circles. The u.p.d. of the erlecr.rodes was reported and a suppo-

sed dooble-layer'capacitance (éee Errata in ref. 132) was found

with values up to 59 oF cm-2 that were a fun;rion of .n. Surpri-

-
-

singly, these authors did not use theAinteresting reaction model

treatment published earlier by Armstrong and Henderson129 in

the discussion of their results; the large capacitance values’

3
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measured were probably related to the pseudocapacitance of ad-

sorbed H (see chapters 3-4).

Tﬁere are several difficulties in the determination of
the behavior of o.p.d. H in the.h. e.r. using the a C. impedance

method that are not only due to prohlems of reproducibility

~of the surface of active metal eleccrodes. the following prob-

-

lems also arige: a) H, bubbles that are formed cathodlcallx

and become detached from the electrode cause a "noise" effect

and distortion of the frequency dispersion of the impedance

data} b) H2 and H+ diffus;on at active cathodes may cause compli—‘

cations due to introduction of a Warburg impedance element 22;

-

¢) the 'character of the h.e.r.,requiring measurements over a

‘wide frequency range to achieve adequate resolution of processes

-
-

with different relaxation tipeé; and d) problems about the inter-—

pretation of the R and C quantities measured (the real, ..

Is

and imaginary, z", components of the impedance) in tepms of

Faradaic resistance and pseudocapac1tance in the equi t
J

-

.circuit for the reaction of Hz evolution involving a potential-

dependent coverage of the adsorbed 1ntermedlate. This latter

-

.important question was dealt with by Armstrong and Henderson129

and is further examined in some detail in a later chapter-(39y'

of this thesis. . , .
!
1.9.3 Potentisl-decayvy method

-

It has been shown in works of Conway, Tilak and the present

author that the study of the course of potential decay, V, in

: 133-143 S .
‘time, t ; after interruption of a polarization current

can give information on a) the capacitance behavior of "the elec-

-
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trode--;Lnt:erfe.c:.e133_-]‘3-S and b) on the kinetic and'mechanistic

. behavior of the electrode reaction135~137, From the capacitance

behavior, information on potential-dependénce of H coverage

-
-

can be obtained.

The potential-decay meﬁhod was sometimes use@ in early
electrochem££a1 kinetic studiegthgfé. by Butler and Armstrong
at Hg and by Conway and Bourgault at-Ni—oxide'electrode£35}
singe the required \nstrumentation i; relatively simple.' Pre-
vious procedures,utiliéed integration of the difﬁerential equa--
tion for potential decay, V(t) in time t, giving a V(t) vs log
t plot (see section 3.1). However, when a pseudotapacitance.
C¢ associgted with potentlal dependance of coverage by electro—
active intermediates e.g. H, is 1nvolved tEe decay equation
¢an only be iétegrafed after some assumption is” made regarding
a 1§mitiné form of C¢ as f(V). Also, for some fast reactions,
.e.gl the h.e.r. at Pt, the transients of potedtial éecéy are<
complege within 0.2 s and could n;t possibly be accurately and

.

reliably studied by early potential decay measurement  techniques

’

using analog oécilloscopes. Attempts to evaluate the "differen-

nl38-142 associated with the h.e.r. at nickel,

"tial c;pacity

iron and mercury electrodes were made by the potential decay

method using either- the initial rate. of de<:ay‘:“ofl'38 n.}(dn/dh)t_ol
or the rate of decay, dn/dt, read from the decay curve ‘

at any n142. The reults wefequantitatively different: either

only a constant small capacitance at the high n region138 was
observed or the capacitance was found to be %ot only a function

of'n but also a function of the n value prior to interruptién
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of the current.

A new and verj effektive method of analysis of the kinetics

of the &ecay of n on open-circﬁit,'basigkeﬁ“processing of digi-
tally acéuired‘potential decay ‘data in“"a computer, has been
developed in‘the present research projecg-and will be discﬁssed
in this thesis lateg (sée sectibﬂ 3.1):" The method enables,
_for the'first time, the o.p.d. H coverage behavior of electrode

potenqial, together with the associa;ed pseudocapacitance, (o pe

reliably determined at potentials where apgpreciable faradaic currents

for H, evolution are passing.

<

1.9.4 Other physicochemical methods

i

At the present time, no other very satisfactory methods
exist for the determination of 0.p.d. H.. The infre-red absorp-

tion method, which has been successful in gas-solid stud@es,

&

has severe difficul%ies aséociated with the strong absorptioﬁ
of components of most eleqtrdiyiically conducting solutions,
e.g. HZG, which give rise to too strong 2 background ébsorption
for small changes of absorption due to the elgct:oqhemically
formed intermediates to be detected in the electrode-solution.-
interphase. Using‘infra-rei neflectancé spectroscopy, Bewick
et 81.144 have, however, claimed to have det;cteg a state of.
adsorbéd (u.p.d.) H at Pt, bonded in some way to oriented water

molecules, -

[

The electron spin resonance technique hés been applied
to thé examination of the Behavior of electrochemically produced
free .radicals in solﬁtion b;t there are sevefe intrinsic limita-
tions to extending‘thiSmethod ;g-ih§estigatibﬁ of radicals
such as.H adsorbed at surface, These problems arise from the

limited quantity of radicals available for detection, their

L]
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liﬁetiﬁe and the probleﬁ that a radical chemisorbed, e.g. at

a transition metal, probably does not retain the bqramagnetic

-

character that it normally exhibits in the free state.

Use of én‘gllipsodgter to measure the polarization of re-
flected light from electrode shrfacé‘provides-a useful method
for study of surface filas involving precipitation of a solid
produc%bformed in the electrode reaction} also the u.p.d. H
film at Pt is detectaﬁle. However, application to determination
of o.p.dF\H in tht/XKe.r. is probably excludgd’becéuse of the
stroﬁg influence of H2 bubb1e§ formed on the e%ectrodes.giving

rise to optical inhpmogeneities. .

The réﬁio—labeliihg EecHniques, with direct detection

' thr;ugh thin electrode films by means of a‘Geiger counter, of-
fers opportunities for chemical characteriZation of adsorbed -
intermediétes in certain reactions. This method has been‘uscd
in work on adsérption of organic}molecules and ion; but no

"o.p.d. H determination work is to found in the literature, ec.g.

using tritium.
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Chapter 2

ST EXPERIMENTAL

¥

2.1 Choice of electrochemical system and methods

The electrochemical Teaction of cathodic hydrogen evolution

at Ni, Ni-based alloy eleéﬁrodes in alkalihe solution, and Pt

and Au electrodes in both acid and alkaline solutions was chosen

+

for the present subject of stﬁdy, in particular, the involvement

of the o.p.d. H in the h.e.r. at these metals.~

The h.e.r. is perhaps the most widely studied'electrochem;-
ééi reaction and has been used as a model reaction inithe déve—
lopment of electron transfgr theories wherg an ioan neugralizar
tion with atom transfer also takes place. Unlike the case of
the h.e.r. at Hg general agreement on the reaction mechanisnms
for the catalytically aétive and a@s;rgiive métals has not been
reached because, amgongst other feasons discussed in section
1.7, thereis a lack of experimental information on the adsorp-
tion behavior of the Teaction intermediate, chemisorbed H in
various states. Ni, &i-based alloys and Pt are typicel of such
metal electrodes that are active for the h.e.r., especially.
as they are commercially important and widely used in pr;cﬁical
electfocapalycfc processes, e.g. in water electrolysis, in the

chlor-alkali process and fuel cells. The Au electrode was cho-

-1
sen because of its weaker affinity for H, e.g. no u.p.d. of

s H is observed at this metal, so that the adsorptiorn behavior

at the Au interface will be simpler than that at Pt or Ni. It

is interesting, therefore, to extend to the overpotential region
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the study of the behavior of adsorbed H in thé h.e.r. at the ]

Au electrode, in particular to establish if any o.p.d. pseudoca-
pacitance arises for H adsorption at appreciable overpotential. -

' . ~ ) :
Since there is no satisfactory method previously existing

for the study of o.p.d. species (see sectioq,l.Q); methods for
\ .
study of carpecitive behavior, viz, potential decay and a.c.
impedance, were chosen for application and development for deter-
7 . . '

miration of the o.p.d. H behavior in the h.e.r. at the above

types of electrodes.

2.2 Electrochemical systeﬁ

2.2.1 Electrodes

J

i) Ni‘Electrodes: Ni electrodes we%e-made from 0.038 cm

diameter high-purity grade wires (Joinson Matcthey & Mallory Co.).
The Ni wire Qamples ware degreased by>re£1uxing in acetone in

‘a Soxhlet-type extractor for 12 h and then heated and sealed

in protectiée glass bulbs in‘a stream of purified hydrogen,

as described in earlier papers 145, 146

. The glass bulbs were
broken in situ in the cell with a suitable negative potential
being applied before rupturing the bulbs. . The geometric areas

-

. - g .
were ca. 0.3 co’ but were measured exactly in each experiment.

ii) Ni-Mo-Cd plated alloy electrodes: Ni (80Z2)-Mo(192)--

Cd(1Z) composite electrodes were prepared by electrolytic code-

position of Ni and Mo with traces of Cd on to an Fe plate ac-

cording to the method described in ref. [147], based on a paten-"
148

ted procedure for the preparation of high-activity, elec-

trocatalytic materials for H2 evolution in electrolyser or
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%

chlor-alkali cellé, These cathode materials give unusually-

-

low H, overvoltage behavior with low decadic Tafel slopes (ca.

2

" 30 oV per decade of i), especially at elevated temPperature,

e.g. 363-358 K in chior-alkali electrolysié technologylA?vlaa_

The composition of the Ni-Mo-Cd electrocoated cathodes

wvas checked by X-rey emission analysis in a s.e.m. ,These elec-

trodes have a noéular cauliflower appearance under the,;.e.m.

at moderate ﬁagnificatiq;s [Fig. 2.1 (a)] and.somg finer-scale
structure is observable at higher magnifications [Fig. 2.1 (b)].
- The structure is evidently porous as Kr desorption B.E.T.
measuremeni.gavé.a ;eal/apparent area ratio of ca. 450. The -

., 2
geometric surface area is ca. 0.24-0.30 ecm™, but was measured

exactly in each experiment.
) L4

iii)_Ni—Ho.bulk alloy electrode: For comparison, the catho-

dic behavior at an 80% Ni, 20% M~ bulk alloy, thermally pre-
pared (by the MétalIurgy‘DepartmenQ, McMaster University),

was also examined. The electrodes were.frépared by se¥ling -
a p;ece. d-d.lO cm, of the Ni-Mo bulk alloy in a glass tube )
.. with epoxy resin which was_found not - to contaminate 'the system
in slkaline solution ové; reasonably.eitensive experimental
time periods (severallhrs). The geoﬁetrical surface area was

0.47 ca?.

iv) Au electrode: Electrodes were made from Au wires of

99.999% purity, using Johnson Matthey "Grade 1" Au. Appropriate
lengths of these wires, of diameter 0.51 mm were first degreased
overnight in refluxing acetone in a Soxhlet extractor. After

short lengths of Au were flame welded to much longer Ag electric-



-

.Eig. 2.1 S.e.m. pictures of electrocoated Ni-Mo-

cd electrode at two magnifications a) 10 uym

scale; b) 1 uUum scale.
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‘al-contact .wires, 8 droplet of softglass was melted on to the

Au wire and sealed into the end of a soft-glass tube. leaiz/g

ca., 3.3 cm ofgiu wire protruding beyond the end cf the tub

-

The apparent ‘surface area of the Au electrode was 0 52 cm

Seals in pyrex glass were found to be unreliable, giving oc-

casional leaks.

v) The rotating disc Pt électrode: The Pt disc electrode.

(Pine Instrument Co., Grove éity,'Pa., USA), mounted in Teflon,
had & geometric area of 0.45 cmz. All current-densitied are
reported relative to the real area (0.68 cmz),'calculated from
the cﬁarges under the hydregen u.p.d. peaksjs’lég determined

by CV in 0.SM 52504 at 296K, taking 210 uC cm * for the mono-

layer H charge, in the usual uay.:

The purpose 4f/??ing a rotating electreﬁe weé, beei&es
that ef increasing nass—-transport {(cf. the H2 diffusion e}fect
discussed by Brelter77 and‘Ludwig et alﬁe ) ) to reduce
the effects of. hydrogen bubbles formed cathodicali on the elec-
trode surface which can cause a;preciable fluctuations of cur-
rent!at an active electrode. It was feend that with & reason-
able rotation rate (3600 r.p.m. in our experimental conditions),

very Qjeproducible i vs n relations can be established which

are independent of:fgrther increase of rotation rate.

- Especially, in a.c. impedance measurements at active Pt
stationary wire electrodes, "noise" problems ariser{h the exper-—
4 e

iments which were caused by the presence of cathodically gener-

——
ated 112 bubbles. However, at a disc Pt electrode rotated at 3600 r.p,m. or
greater, "noise" effects were found to be avoided. Also . Hz'supersaturation

77

and associated effects of the kind treated and observed by Breiger ' and’

v > o
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74,76

Breiter et al. were eliminated by the electrode rotation. Combined with

L 4

the procedure of anodic activation of the Pt surface (see below)
before each series of readings in the a.c. impedance, potential-
decay and d.c. polarization experiments,this approach gave excel- -

A

lently reproducible resulrs.”

vi) Re;Lrence electrode: Potentials of the-.test electrodes

were referred to that of a reversible Pt/H2 elect{ode 1$'the
same solutioq. The potential of this referééce.electrode-was
communicated to two diéital oscilloscopes in tandem through | ’
a Tektronix type O amplifier in a cathode—-follower mode.capa%ﬂe
of handling freguegcies up' to the 10 MHz range, equivalent to

the time scale of fast decay transients. For convenience,

thr0u3h6ut this thesis, cathodic overpotentials are taken with

a positive sign as mentioned earlier.

2.2.2 Cell: A conventional threefcbmpartment all-glass cell’

was used. Sometimes when measurements were required at relativi§?

high currents (ca. 0.4 A), the stopcock between the working and

counter electrode compartments could be opened slightly as neces-

2

‘sary. PuFified H2 gas Qas bubbled continuously through the
wofkiﬁg'and counter-clectrode compartmeﬁts. The limiting dif-
fusion current associ’e.!:ed with reduction of residual traces
of oxygen was shown to be negligible. For cleaning protedures

see ref. 149.

¢ . - : 3 . .
2.2.3 Solutions: All solutions were prepared using pyrodistilled

$149,150
er

wat with additional purification by pre-electrolysis

151 .
. However, the latter procedure was found to be unneces-

sary when pyrodistilled water was used, as reported previously

[y
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-159 Aqueous ﬁarbonate-free NaOH solutions were made up from
AmalaR grade NaOH that had been recrystallized in 4 N2 atmosphere
at low tempe‘rature152 and dissolved in the requisite volume’

eof pyrodistilled water. H2804 solutions were made up from the

BDH Aristar grade acid which, in earlier work, had been found

-

to be' of sufficiently high purity as judged by sensitive cyclic- /’#’/

voltammetry results at Pt. electrodes.-

. -
2.2.4 Gases: Electrolytic grade hydrogen gas was passed through

a conJ:::;onal purificatfon train consisting of a drying agent,

Hg(C104)2! molecular sieve, an oven containing Cu turnings and

palladized asbestos at 623 K, and charcoal traps maintained

at liquid nitrogen temperature149'153; Nitrogen gas was treated
as above, except that only Cu turnings were used it .the heated 8

oven for deoxygenation. A bright metallic state of the Cu tur-
gqings was maintained by periodic regeneration of the Cu by pas-

sage of H2 through the oven.

2.2.5 The iR-drop measurements: The iR-drqp between the Luggin
capillary of the reference electrode and the working electrode
was determined at various cu?renq/densi:ieslby the current inter-
ruption procedureISA using a Nicolet digita} oscilloscope.

The solution resistance was also measured by means of a.c.
impedance using a Solartron frequency analyzer. The resisténces
involved were 1.5-2.5 Ohm in OLSM H2$04 a&d 3.0-5.0 Chm in 0.5M
NaQOH solution, depending on eléctrode geometry‘and temperature;
regsults of measurements by the two methods were in §dod_agreement

-~
and the resistance values c¢ould be .determined with an accuracy

of 22 prior to each experiment., "iR" drop corrgﬁtionsg based
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these resistances, were épplied in all the polarization measure-

ments.

2.2.6 Activation of Pt electrodes: In the present work, follow-

ing the purification procedure me€htioned above, 1t was found-

that pre-eféctrolysis did not significantly improve the exchange

current density (io) values and their reproducibilitj.' However,

an anodic activation procedhre applied prior to each polariza-

tion and potential decay run gave excellent reproducibility

23,77,80,83

and consisteﬁtly high io values , and the time effects

gssociated with slow impurity adsorption were’able to be avoided.

The point-by-point activation procedure was as follows:

-

before each adjustment of the cathodic polarization current

-

and the following interruption of the current for the potential-

decay measurements, an anodic potential of +1.3 V EH
2

was ap-

plied to the working electrode for 30s. The potentiat was then

switched to the required cathodic value and 10s was allowed

for the current to reach a stable value. Using a two-channel

PAR model 173 potentiostat, the potential could conveniently

be switched between these two, cathodic and anodic, values.

It is known78'100

that at +1.3 V at Pt in O0.5M uzsbA sur-

face oxidation, but not oxygen evolution, occurs; moreover,

successive potential sweeps between 0.05 and 1.50 V gave identi-

cal surface process current profiles which means that
of the Pt electrode was excellently reproducible over

tial region.

For comparison, unactivated electrodes were also

gated.  In these cases, initially clean Pt electrodes

the state

that poten-

investi-

were kept



e

- 49 -

cathodically polarized at about 50;050 v EH for known.times,

.and the.steqdy;state polarization i vs n data and the potential

decaym ¥vs t data were then recordedJ\ For each éxperiment in

this series, the u.p.d. H cyclic-voltammetry profiles were deter-
mined (see section-2.3.4). During the periods of constant poten-
tial polarization at --0.050 V, the Pt became slowly deactivatpd,
invariably due to accumulation of poisoning species from ‘resi-
dual impurities in the solution, notwithstahding the use of

-

high-purity water.

2.3 Methods
.

2.3.1 Steady—-state poclarization

In an early part of the work, electrodes were cathodically

polarized ‘at various controlled current densities, i, and the

corresponding overpotent@gls, n; were registered by means of

a digital milli;oitmeter. "Steady-state"—values‘of n were recor-
ded 30 s after each change of'i. Since the porargzation behavi-
or could be dependeni on the periods of time betyeen.éucceésive
adqutmen%&iof potential n in thg steady-state polarization
measurements, a slﬁw "potential-sweep polarization" method waé‘
developed in order to obtain sufficiently highly réproduc;ble'
and accurate i vs n data that are‘feéuired for h;ndling the

results generated from the petential decay experiménts (see

below) in the later dévelopment of the work.

This potential-sweep polagization method, provided most
of the results presented here (for Ni, Ni-Mo-Cd pléte and Au
electrode). The procedure,involved application of a slow poten-

tial sweep to the electrodes by means of a potentiodyne systeg,v
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(a PAR 173 potentiosta%’and a Tacussel type GSATP function gene-
rator). 'The currents and corresponding potentials were recor-
ded simulténeously by a two—channel ﬁicolet digital 6scilios—
éépe (Model 206 or 1090 A). Tests wer® made to show that the
sweep-rates (1 aV :3-1 for Ni, 3.7 oV é—r foriAu and 0.24 oV
: s”! for the Ni-Mo-Cd electrodeposited combosite eiectrodes)
‘gave polarization results that were almost independent of any
further diminﬁtion of sweep-rate, i.e, virtual "stéadx-stateﬁ
conditions had been achieved. The experimental data collected
+ through the Nicolet oscilloscopes were transferred fro? the
' os;ilioscbpe_hemory to a pdp 11/34 computer and stored on discs;

the assembled data was then processed, as required, by the compu-

ter.

The advantages of the petential-sweep polarization;nethod
are, besides giving excellegnt reproduc%bility and high accuracy:
a) that a very large.number (ca. 2000)0of i-n pairs of data_méy
be:measured conveniently, allowing'TafeI'slopes and exchange
current densities to be V{rYacéurately determined.. Also, the

large dats base facilitated reliable derivation of the pseudoca-

Fd

pacitance behavior of the H reaction intermediate, when the
results were processed in conjunction with opem-circuit poten-
tial decay daté from seﬁa;ate expériments (see section 3.1);

and b)'tﬁat processing of e.g. back-reaction and iR-drop correc-
tions, gogether with convenient display of the experimentél
results as well as comﬁarison of these latter with the predic-

tions of possible physicai‘models. could easily be achieved.
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2.3.2 Open—-circuit poteqtial.decax

. Foliéwing characterization of the Tafel relations—by the above
procedure, currents we;é then interrupéed by means -
of a C}are vacuum mercury relay (HGJZMT Si231 EOd) controlléd
by a suitably debounéed micro—switch,.whi;h gives.a clean iqnter-
ruption of current with no.ringing or spike in the potential

transient. The potential vs time relaxation transient was recor-

ded digitally by means of a Nicolet “digital oscilloscope (Model

- 206 and/or 10904). In 'most experiments, two oscilloscopes

were operated in tandem to cover a total of 5 or 6 decades of

time change, starting in the Bs region, at the same time maintai-

“ning an adequate sampling density in the time data. A wide

logarithmic range of the time data also could have been acquired
by ohly one digital oscilloscope but use of the two insgruments
is-preferred for obtaining results of high reliability and éccu-
racy. Thus, two separate transiénx'heasurements were made as
follows: first, the n ~ t data were acquired a;d thus_‘sﬁored
using the faster range of time scales (0.5-100 us per point).
In this case, the circuit needed to be "open" for less than
g-few seconds. With this small disturbance, thé system came
back easily to the controiled steady-state, which was indicated
by fhe both currént and potential being almost identical with ‘
the respective valses before interruption of current. Thenl
a further acquisition and storage of n-t data using a slower
time scale was qade. Tests were carried out to show.fhaﬁ the

.

results acquired by one oscilloscope from two separate transi-

ents, following the ‘above procedure, were identical with the
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ones measured by two oscilloscopes used aimultaneousiy for the

given e;perimental conditions,

- -

These digitally acquired n{t) data were then processed in

a pdp 11/34 computer to obtain the'kinetic parameters and ad-

sorption information (see section 3.1) after also computing
the quantity dn/dt by a differentiating sub-routine, this deri--
vative being required (see section 3.1) for evaluation of the

o.p.d. H pseudocapacitance.

The great improvement of the method over other previously
used procedures lies in being able directly to evaluate dn/dt

accurately from the experimental n(t) data, which is impossible

if the transients are recorded on small Polaroid photographs

.of signals recorded or stored on screens of analogue oscillos-
copes, especially in the very shorttime ' range. Since the

n{t) acquired and stored by the Nicolet oscilloscope had suffi-
“‘cient. points (ca. 8000 for each decay curve) the dn/dt data

-

could be obtained accurately by fumerical differentiation in
the computer of the accumulatéd n(t) data recorded on the digi-

tal oscilloscopes. The data was represented in sequential sec-

' o

tions as a linear polynominal fitted by simple linear'regre3$ion
uéing the least squafes mgthodlss. Each of the sequential ;ec-
tions contains 20 to 80 data points depending onlthe non-lineari-
ty of thentime curves; the'correlgtion.coefficien;s for the

most of the derived dndt data were found to be at least (.99

in the present work.

For the open—-circuit potential decay transient measure-
ments, special attention must be.paid to reduce the noise of

the primary n(t) data, since for the best numerical differentia-

e
Y
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tiation'tge n(t) results must be as noise-free as possible.
-Very clear n-time d;cay curvés can be obtained by carefully
grounding all instruments together with the uorkihg‘eléctrode
and shielding the reference electrode including the wires, as
well- as removing any strong a.c. noise soufce from the working

area.

2.3.3 A.c. impedance

“

The system used for measurements consisted of Solartron

1170 Frequency Response Analyzer (FRA) equipped with an 1186

. Solartron potentiostat which controlled the cell.

Tﬁersolartron affords a rapid and accurate means of‘measu—
ring’a system's frequency,response Lo variousAinput sighéls.
It consists basically of aikrogrammablesinusoidal ;ignal genera-
tor and an analyzer. The generator provides an output signal
of known amplitude (5 mV in the present case)and fréquency which

is in the form A sin wt. This signal is applied to the electro-

chemical system to be tested, through the potentiostat.

The respogse of the electrochemical system to its input
siénal ha§ a fundamental a.dﬁ”combonent in the form R sin (wt
+¢). In simple terams, this means that response of the system
has an amplitude, R, different from the input amplitude, A, 7
and a phase-angle'change,P, has also occurred.. As well as
this fundamental frequgn;y term, harmonics due ta system non-
~linearities, together with random_noﬁse, will also be.present

in the system's output.

The function of the analyzer is to accept the electrochenmi-

cal system's response to the stimulus signal of the generator
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using d-correlation process, resolving it -in terms of.é and
P, or the inphase (real) and qua&rature (imagi;ary) componenis,
i.e. in terms of Cartesian coo;dinates (z', Z%). The analyzer
uses a digitallintegration procedure to give precise"measure~'

ments of the system's response in the presence of interfering

noist and harmonics.

.

A program was written for a pdp 11/34 computer to control
the FRA;, read the data (Z', 2Z") dnd corresponding frequencies,

f) and store them on a2 disc. The data could then be analyzed

and plotted on a-graphics screen or an x-y recorder. . .

il

The program allowed the frequency to be scanned in a step-

.

-t

.wise sequence, at constant d.c. potential, typica}}} fréﬁ 10
KHz to 0-.05 Hz with a variable nuymber of steps pe?”ﬁqcade (iO
for most cases) on a loga£ithmic scale. The instrument was

set to autoscale and the integration time &ould‘%g varied to
provide higher precision in frequeﬁﬁy ranges_wﬁere the signal-
to-noise level was low. The whole series of measurements is .
then repeated for a different d.c. potential, after waiting

at least 10 minutes for the system to acquire its new steady-

state, or fer the electrode to be reactivated (Pt).

Steady-state d.c. currents were also measured at the same
time at the various overpotentials for which impedance data

were recorded as a function of;frequency. They were fourd to

T .
—_—

drift within 5% (10%2 for the Pt electrode in alkaline solution)
during the time required ta measure the impedance at the low~

frequency end of the impedance spectrum;

For each system, the impedances were measured at 6-10 over-

pptentiéls but, for éimplicity. only the impedance spectra on
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the complex-plane at four overpotentials will be shown here
in the di;grhms which follow in Chapter 4. At each n, at least
two runs were carried out; the réproducibili;} was found usual-

ly to be within 2% (5% for Ni and Pt in alkaline solution).
All experimental a.c. impedance results were obtained at
L] . ‘

296 K.

2.3.4 Cyclic-Voltammetry

78,79

The technique of cyclic-voltammetry (CVY) involves

sweeping the potential linearly between two limits, under the °
control of a potentiodyre, at a constant rate and measuring the
potential (time)-dependent current response. The series of

peaks thus obtained gives both a good qualitative and quantita-

»

tive picture of the electro-chemical processes occurring over

various potential régions. in the case of u.p.d.

Experimentally, u.p.d. H on Pt electrode is easy to study

in a reliable way. ‘Some of the measurements of u.p.d. H in

the present experiments were made in.a slightly different way

from.those in previous work in this:laboratory79'150. For inves-

tigating the effects of prior cathodic polarization on coverage
by u.p.d. H, the potential of the eiectrodes wvas switched to

a given cathodic value at wh‘ich'H2 e;olution took place for

a known time ft) and then switched back tolén anodic value of
0.050 V; 2 min. were all?wed_for the bubbling of N, to remove
the Hz-produced in sol&ggéa during the cathodic pgiarization.

One cyclic V vs i profile was then recorded from 0.050 V to;jggﬁ

0.75 V and a reverse one from 0.75 V to 0.050 v, EH.

Usually it is desirable to employ the first three methods,
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i{.e. steady-state polariztion, potential-decay and a.c. impe-
dance, to get the fyllest complementary information on the pola-
rization behavior and, in particular, its rationalization in

terms of electrode propertiés”qﬁd hjdrogen adsorption behavior.

W

Steady-state evaluations alone are quite inadequate for this
iy,

purpose. . .
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v CHAPTER-3

~

The Principles of Potential Decay and a.C. Impedance

Methods for 0.P.D. H Determination

As with‘ihé determination of u.p.d. behavior of H[ gyalua—

tion of coverage and pseuddcapacitance assoclated with o.p.d..

H in the h.e.r. requires a non-steady-state method. It was

noted earlier in section 1.9 that determination of anodic char-

3ing curves from cathodic aoverpotentials encounters difflcultles
) rin the signlflcance agj interpretation of the quantities mea—
sured. By means of potential aecay transients taken from catho-
dic ovérpotentials and/o¥ g.c. impedance measurements made at
succession of potentiostatically contfofied overpbtentlals,
satisfactory information on the behavior of o.p.d. H species
in the h.e.r. can be ébfained experimentally; Qith tﬁe aid of
the‘theoretical-treatmgnts developed or presented in this thesis,
such_data ;an be usefully interpreted in terms,of potential-de-

™. pendence of QH and C¢. ag well as in relation to the kinetics

of the multistep process of H2 evoiution.

“In this chapter, the principles of the potential-decay
and a.c. impedance methods are described in relation to the

quantitative experimental evaluation of b;p.d.kH behavior.

“

3.1 Open-circuit potential decay

-

-

‘For an electrode process characterized by a rate equation

for the current density i-(see eqn. 1.3)
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N

i = 1 exp(V/b') o (3.1)
R ' ~
where b'x2. 303 = b the Tafel slope (dV/d log 1) and polari-
zation cond1 ions are such that the back reaction156 can be

/N
neglected. The course of potentlal decay in time t, V¥(t), is

given by the differential equat1on

-C dV/dt = 1(V) - . S (3.2a)
=1 exp[V(z)/b"]- ' 'f“\\\\ LY
wnere C is the toﬁel capacitance of the electrone interface
and i(V) is the internai. petentfal-aependent self-discharge
current which has the same potential- dependence as the stead)-—
‘sState, experzmentally measured current den51t;illﬁor cases invol-

ving electrpactive adsorbed intermediates.at significant dr

+
appreciable\coﬁerage’g (6 > ca 0.05) .,

%
where Cdl is the'cepaci;ance of the double-layer. Equation (3.2)
" is based }32 on the behavior of an equivalent circuit comprising

a parallel or series/parallel combination of the charge-traansfer

“resistance and the Cdl' together with the H pseudo-capecitance.

N
Co-

%

It is implicit in this répresentation that Cy anc C
are combined -directly in a parallel equivalent-circuit arrange- -
ment. This is usually approximately true if the discharge Fara-
daic resistance is low. A full treatment of this problem is
given in other work in progress with D.A. Harrington. Unpub-
lished results of this work confirm that, for most conditions,
eqns. {3.3),.(3.11) (3.13) provide a satlsfactory (within 5Z)
basis for evaluation of Cg.
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Ve
In the simplest case of constant C, e.g. Cy = 0 and Cdl

is to & good approximation a potential-independent constant

(see eqn. 3.3),, eqn. (3.2b) can be integrated, viz.

\-', f - gxp[: V(t)/b']) dV = Jr(iOIC)dt (3.4)

the solution of which involves an integration constant, T, that

usually must be derived empiricallle&'IBS; the well-known133_13
’ ' ’ 7 -

result is, R - ) \'f‘

‘ R . : . o

bt exp (-V(£)/b') = (1 /C)t + T = (i /€)(t +7T) . (3.5 .. .
where T = b'i /i and = b'C/i. Then . -

o - :
«
V(t) = a - b log (t + 1) R (3.6},
s " ' )

o where a = -b log (iO/b'C)

V() then-c:;rges linearly with log (t + 1) with a slope

of -b, the négativ of the Tafel slope, when C is constant with

V. f%om eqn. (3.6), it can be shown that dV/d log t = -b, as
7 <<C t'and it is of interest that evaluation of T for known io

.and b will also ygive € (egn. 3.5).
. &

Iff(:é back-reactgyn is significant,-é similar procedure:'
can be aﬁplied to the analysis of the potentialeecay behavior

by writing, instead of eqn. (3.2b), the following (see egn.

&

1.3) involving the net current:
. =C dV/dt = i o= io[exgs VF/RT - exp - (1-B)VF/RT)] (3.7)

.

, uhich.givcs. 1n place of eqn. (3.6), taking b' = RT/BF and 5= 0.5

- - - -

; : : ’
LQ*[?ﬁnhf.\/2§ ) / tanh( V /25" )] = ~{ 210/b°c) t (3.8)
vhere ﬂi = Vét=0), thd initial'po:éngial at the moment of current

> ~

interrupPion. §
4 . ',
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In the case when the .adsorption pseudokapacitance Cﬁh
is impoy;&&t, in particular yﬁap C; >> Cdl and is potential-de-
~ pgndent, tRe deé;y slope, d, and the Tafel slope are characteris-
tically ‘di}ferent135'136. If C¢ variés “e.g. limitingly «as Cd x
exp (-V/d") or C0 exp (V}d“) for high and low overpotentials,

respectively, where CQ is a” constant, introduction of these

cases'of C¢ variation_into eqn. (3.4) gives
- exp[-V(t)/b'] 4V = io/CO.exp[iV/d"Jdt (3.9)

respectively, for the two cases of variation of Cy with V stated

~above. Then'it is found that

&W/din(t+x)=1/ (L’b':'['/d.'_') ' - (3.10)

Thus, when C, incregses exponentially with vV, dv/d 1n
{t+ 1) 1is nuﬁerically > dv/dlni ;hile when C decreases exponen-
tially withl v, .the oﬁposite, inequality holds. The potential
decay method hence ines the directions”of capacity depéndence
on potential over a range of potentialslBS for the t#o Iiaitfng
cases shdwn ‘above . They correspond approximatelyto conditivous where
6@ is decreasing from a value near 1! towa;ds‘O.S or from near

]

0.5 toward zero since Cy has a maximum at or around 8 = 0.5.

-

. The problem with integrating egn. (3,4), when C.-is f(V),
- - * ' L} .
is thedt the form of the latter relation is not really known

. L4 :
a priori so that the above limiting exponential forms ° consi-

- b 4 [+

' . . Lot . 135 i
dered in earlier. work from this laboratory » Arce restricted special

or even arbi®rary cases.

]

A new procedure for dealing with experimental V(t) infor-

: -
mation using the digitally scquired data s proposed in the
presdgt uorknggJ. The approach is to evaluate C; directly

from eqns. (3.2b) and (3.3) using the relation

-
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- : "1/(- "3:11
Co + Cqp = 1, exp[V(tl'b 1/(-dV/dt) ‘ ( ?
or, in logarithmic form,

1n(¢3:¢-63gx5_: ln[—(dV/dt)] + 1n i, + V(t)/b’ (3.12)

Plots of log (-dV/dt) vs (t) can be made and 1ln iyand

i are. knoun from the correspond1- experimentally determipé
Tafel plots (eqn. 3.1). The ne

\.- .
evaluate dV/dt accurately; th

the potential relaxation follo ing interruption of current,
these data having been regorded as ca. 8000 V, t points.
y .

A more generai treatment of the decay data involves the
use of the actual (i.e. not necessarily Tafellan) i(V) data
from steady-state polarlzatzon measurements in the derivation
df C(V); this remqves the‘restiiiﬁiﬁn to reactiohs exhibiting"
| linear Tafél log i ¥s. V relationships. In this uay, i{V) and.

dV/dt from separate experzmental measurements can be combined

(from eqn. (3 2a)) accord:ng to

dl

C¢ + C = i(V)/(-dV/dt) : (3.13)
or | |
"log (Cy + Cdl) = 'log i(V) - log (-dV/dt) . < (3.14)
.in.order to derive the interfacial capacithﬁce behavior.'<

Therefore, the Cy as funééioh of V can be directly evalua-

ted from the experimental i(V) and dV/dr data by means of egqn.
/

(3. 13) or (3.14) without ‘any emplrlcal paraméters belng involved
e -
or” any 355umpt10n being made about the form of the adsorptxon
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isotherm for the electroactive species characterized by CQ

or even without knowing the épeﬁifit form of the rate equation——

for the reaction. It is noticed that since both i(V) and'dV/dc 

-
]

in eqn. (3.13)- are the actual experimentally measured quantiﬁiés.

the back reaction correction, e.g. as.for the case of eqns.
. ) . : . - . >
(3.7) and (3.8), is also avoided.

From the derived Cyp vs V data, the coverage or changés

of coverage of the o.p.d. H species involved in the reaction

can be calculated as f(V) by integration of the experimentally
" o . - N

determined Cy ¥s V profile (see eqn. 1.17).

Eqns. (3.11-3.14) give information abQuL\the total electrode
interface capacitance,,Ca + Cdl' Only thg term C, is of interest

in the electrode kinetics and ‘adsorption behavior of H, i.e.
: . .

- -

when C¢ >> Cdl . As we shai} see, the significant-results of

the above treétmént are readily recognized: (i) when Co o> Cdl

and is botentiél—dependent and (ii) when C = CA-+ Cdi — con-
, ] .

stant, equal to the value of cdl' <

When C = Cal' potentiél relaxation takes place (cf. refs.

133, 136) by self-discharge of the double-layer cébaci{ance
through continuving passage of electronic charge across it at
a riﬁe determined by the potentiél—dependent Faradaic rpéction

resistance as characterized by the charge-transfer kinetics.
- .

Wherd C¢.>> Cdl and the electrode surface is apﬁreciably
& . T,
covered by the reaction"intermediate, e.g. H, the self-discharge
. . - » *

- : : S .
process must proceed by m}«ed_anodic and cathodic reactions,

viz, for the h.e.r. in alkaline %plution

.o
»
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o
OH +;HHad8.;__ M+ H20.+ e;(an?d;c) (a)
MH go + H0 + e — Hy + OH" (cathodic) L)

since the éharge for H removal at appreciable coveérages is on'
the order of 25 times greater than the charge required for chan-
ging the potential diff¢rénce across Cdl over the range of

n(t) during decay.

*

‘ When C¢;>> c&l it is présumed, in the usual way (;f._refs.
'25. 68), that a desorption step (e.g. b)zis_rate-contfo;ling

in the overall reaction so that the'parFial re;ction process
(a) ts almost in equilibrium. On open-circuit decay133-136
it’is reasonable to assume that the same conditions must obtain,
i.e. with step (b) continuing to be rate-controlling so that -
the: same values of %0 and b.apply in .equation (3.2) as they

do in the correéponding Tafel equation for the steady-state

process. The'Eijvalent circuits involved were discussed by

" Tilak and Conway in ref. 136.-

The relation between Tafel slope b.,and potential-decay

slope d (d =-d log (~dV/dt)/dV) can be derived from éqn. (3.12)
dlog C(V) /dV=1/d-1/b ° ' © (3.15)

From eqn. (3.15), it is clear that, when d=b, d log C(V)/d V

=0, i.e. thé interfacial capacitance is independent of potentizi

?%(see eqn. 3.4); when d > b, d iog CV)/dv > 0, i.e. thé capaci-
o - ) : ‘ »

terice increases as the potential is numerically increased while

4

when d < b, d log C(¥)/dV < 0, i.e. the capacitance decreases

as the potential is increased. Thése cases correspond to th
. . ‘-

ones referred to earlier in this section with regard to the
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relation between the Tafel and decay slopes.

Typical poﬁential decay resdlts can be illustrated as.shown
in Fig. 3.1: fwhen the potential is~h1gh enough (C¢~—-> 0},
experimentally both log i and log-(-éV/dt) vs V should be paral-
lel st;aight iines with siopgs b = d2 (see.Fig. 3.1) and the
separation bqﬁween the two lines is determinéd by log Cdl (sce
eqns. (3.12), (3.14) and (3.15)). When che'poténtial is low,
Cy becomes significant and §-> d1 (CO decreases as potential
is increased in this case, see eqn. 3.15). The quantity C,
+ Cdl can be evaluéied as f(V) by eqns. (3.13) or (3.14), 1if
the values of i and‘dvfzf at each V have been obtained by numcri;/‘“

cal interpolation and differentiatjon.

. . - ~— Y

. oo (v
Following the above discussion, the critical pxp%rimcntal

conditions in using the potential decay method are: v

(i) Beside the charge-transfer processes and adsorption or de-~
sorption of reaction intermediate(s) in the studied reac-
tion, there should be no other reacti¢n occurring during

the course of the potential degay,measurement, e.g. Corro-

- 3 ’ ." : . . .
: sion of the electrode, adsorption and desorption of impuri-

-

ties, etc. .

>

- (ii) In the case of the h.e.r., constant pressure must be
maintained,‘{<g. by bubbling H2 since potential is also
d function of H2 gas pressure. *

e " - ) - .
"~ ',-(iii) The Tafel polarization and potential decay results must

be reproducible and the two types of measurements must

" be made under idemtical expérimental,conditions, one after
. e ' . ' :
the other. . e R

[ - . - -
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In eqns. (3.11 - 3.14), it is implicit that\Cdl‘and C¢
are added in_a simple parallel relationship but someeimeg tﬂis
is an oversimplification. In that case a fuller analysis of
the relaxation characteristics of the eqpivaleet circuit must
be made, as for an impedaece analysis (see,belou). This matter
has been thoroughly examined in ;elated‘work with Harrington.

in this Laboratory and some of the conclusions wjll be brought

into the discussion of the results later in Chapter 4.

- {

3.2 A.c. impedance metK;E“\N\_ ) ’ . _’

-

3.2.1 'Qbmﬁlex—plane and Bode plot representation-

-

CSle and Cole

o

157 studied the relaxatlon or- dlspcrslon effect

of the dielectric polarization in a polar medium and for the
first time expressed their results in terms of a ﬁﬁot of the »
real vs the imaginary component of the dielectric constant,

a

giving a so-called Argand dlagram or .a representation of the

N

kine'tic behavior cowplex plane " It was recognized
_ \ ¢ ‘
by Rehbach and Sluyte s in 1961 that a similar representation

could be applied to the kinetic behavior of electrode praocesses,
where .a "real" (ohmic) component arises,.eo:responding to the
reciprocal of the dependence of the rate on potential over a.
small modulation potential. together with an "imaginery" (éapaci-.
,tatlve)one. dependent on frequency. The complex—planc method

of analysis has been very fruitful in the treatment of kinetics .

l\bf surface and other processes at electrodes, e.g. by Ardstrong
' 124,125,160 - -

S
et al. 129,159 _and by Epelboin and Keddam et al.
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‘The a.c¢. impedance déc;\are'usually'dnaly ed in terms of
e proposed "equivalent circuit™ of the electrochemical interface

and, in earlier work, the elements of the circuit,viz. double

- -
layer capacitance, charge-transfer resistance, pseudocapacitance
and Harburg_impedance16l._havé'been igentified, not always cor-

rectly, with parameters of the constituent steps of the reaction

. .

‘mechanism. 'y

In the complex-plane répresentatio of the a.c. behavior,

the cspacitative contribution, 2", to t impedance Z is plotted
against the ohmic one, Z2', for various frequencizzy/ET‘lzf and
Z' are read out directly from the Solartron frequency response

analyzer used in present work.

. Regular simple kinetic processes occurring across an inter-

-

face exhibiting & double-layer capacitance give a semicircular

arc lying on the ohmic resistance axis (Fig. 3.2a) while complex

-processes, with more than one characteristic rate constant, ~

give two or more arcs (Fig. 3.209 ocesses coupled with diffu-

Sion which give rise to a Warburg {mpedance generate a straight
» -

line of 45° slope in the complex-plane plot (Fig. 3.2¢c) since

thé{capacitgtive.and ohmic contribution arising from. diffusion

“are each linearly dependent on us-é (w=2 7 f) and thus exhibit

a phf%c-angle of 45% indepéndent of f.
. N . A ]

~ Some processes that involve generation of a surface film

“which can give rise to passivation exhibit an S-shaped i vs
! : B 8 { -
A profile.” This behavior léads to negative resistance and nega-

‘tive capacitance which corresponds to % pseudofnductance. In-

Y -

the complex plane, such processes giGe fcf;. ref. 124,125,160)
1 \ . b

N T
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curves such as that in Fig.'(B.id), with a loop.

-

Thé pargmeters may_Be calculated from the diameters of

the circles (R) or the critical (resonant) frequency (*w" )

-

of the the experimental point at the top of the arc (C = 1/

- :
“,u R). This methnd of estimation of the parameters is prone.

“

&

to some ynavoidable error because it uses only a few exberimental
'points. and because the theoretical curves may not alway§ be

true circles.

A more rigorous method of impedance plane analysis involves

examining a series\of value of the parameters of the model,

- -

" e.g. the rate constants, until the theoretical impedance locuys

best matches all the experimental data. In the present work,

. ’ Q’ ) ) '
the latter approach was used. : ) .

‘An alternative method for interpretation of complex impe-

<
dance data can be obtaineg‘using the so-called Bode plot162. .
Sipce:
1n 2 = 1n(X + jY)= ln(IZ[eid) = 1ln |2} + jé . (3.16)
&\

where ¢ id* the phase angle, a plot of btoth the logarithm of

| z| and of 6 v¥s log[frequency] is :equifed for a proper descrip-

-

ttion of the impedance behavior.

.
]

.In a Bode plot, the impedance

tance"” can begizsfegented as a spfaight line with a slopé of |
-1 and a phas gle of -90° (see Fig (3.3)). The behavior /’/ﬂﬁ\

of a “resistor” will plot .as a horizontal line ‘for the log i Z! N

f()of a "perfect capaci-

with a phase angle of 0° (see Fig (3.3)). A Warburg, impedance

will give ‘a stratght "iine wvith a'slope:of -t and a cdnstant y

. o - i , .
. phase-angle of -45°. While the essential information is present

* N
. M .
‘ .- . ~

. / - 1. . . V
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v . . -

in @& complex%gfbne plot when the frequencies—efe labelled on ‘ )
" . . .

the graﬁh} the Bode plot ‘provides an.alternative way of treatjing

the experimental data'in relation to thevretical godels. espe-— ‘; , ffj\
cially as it shows more clearly than in :he'complex-pl&he method, -

the frequency dependence which is very important’ for capacitance

VA . :

determination. : ) -

“

Typical Bode plots and corresponding equivalent'circuits

are~illustrated fh FiérB-?L In the present work for simplicity,
, - .

only log |Z| ¥s lqg‘g plots will be shown in most cases.

AN

3.2.2 Theory of a.c. impedance behavior for a mulfi-step process

-

»

* ; with one adsorbed intermediate
- o . o
A.c. impedance data can also be directly analyzed in terms

-l

of the rate-constants and adsorption isotherm parametefs for

the elementary steps of the mechanism. A rather generalized

but useful treatment of a two-step reaction with one adsorbed

intermediate has been given by Armétrong et 31.129, 130., In e

the eresent work*, Armstrong' tr'atmen;,has been'exteeded to

the multi-step, single or tuo.ad orbee intermediaté(s) case,

aﬁd applied to the case of the hde.r.;'especiallyt in:the present
work, the eehavrgr of the o.p.d. H geneeated in tﬁe h.e;r. was,
fé? the first time, successfully determined by‘aeal;zing-the

.‘ - qa
" -

- ' . . Q- - -

-

The work reported here is in collaboration with Dr. D.A.
rington §hd-is based on" a joint paper - to be published -
~ith him (see refs. 96-98). . ’ '
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— Ll

>a@c;,impédance data. This approach was conducted to provide

- an dhalysis'éomplemgntary to that involved in cna}uating‘the 

-

behavior of the o. p d. H by means of the potential decay method

-

(section 3.1). . L > ' )

! . "
s -

. - The usual geneéral reaction mechearnism for the h.e.r. is

# considered: eléctrosofption (Volmer reaétion. eqn. (1:6)) fof-
lcwed by a ‘parallel electrodesorption (Horiuti reaction, eqn..

(1.7)) and recombination desorption (Tafel reaction, eqn. (1.85).

The particular reaction mechanism for an electrochemical systenm

=49 characterized by the magnitude of the'rate constants for

eachlétep ané their potential—dependencé. The rate constants
vér@“bvaiua;ed by analyzing the a.c. impedence data coupled

with information from steady-state polarization measurements.,

(see discussion below).

A traditiomal -assumption in the electrochemical study of.

24,26

a multi-step reaction is .that there is alwavys a recognizable

“rate-determining step” (r.d.s.) which characterizés the kinetic:
= ' : ’ :

behavior of the reaction. Consequently, the other reaction

steps. .prior to the r.d.s., vere resardcd as in quasi-equilibri-

5y .
um; then the adsorpt‘on 1sothcrm of reaction intermediantes

on the eleotrode surface can bc evaluated -for L“e quasiucquzl‘

. -

L ‘brium condition. This assumption is, however, sometimes overc

. S . ) = )
simplified as indicated in the present study and by otDer suthors

- & ) .-'- . i ‘
160. On the contrary, fmythe present work, the kinetics of

s - the h.e.r. are described prec&;ely in termss of the rate constants

. " L er ‘ oy . o :

- for the fndividugl steps in the reaction z®chanists. Also,
the steady-state coverage §__ as a function ol . can be calcuia-
- K

. ted fog the mechanis: wvith':ndicated ratercunsnlanis w

. L)
\ . . . ~ PR - . - . . . - .
¢ . ' . . e '
. ) - L]
: T - . - ‘.
\'\ \ ' B - T i )
- . N . . o . A " . R . . ta .

.
~»
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"quasi~eqpilibrium“ assumption. A corresponding steady-state

pseudocapacitarice,, C , arises as treated by Gileadi and Conwéy

37-40 and characterizes the potential-dependence of gss for

various steady-—currents at different polarization, N values.

3.2.2.1 General derivation and equivalent éircuits

2

;f we use Vir Yo Vi to denote the~-net rates (in mol cm

s-l) of steps 1.6, 1.7,‘apd'1.8 (on pagé 6-7) in the directions

_written, then the Faradaic current may be found by solving eqns.

electrons, Ty is the net rate of production of the adsorbed

A4

(3.17) and. (3.18) for the potential program bf interest:

i/F = roo= vy +.v2 (3.17)

(_qlfF) dG/Qﬁ =1 = oV, = V., - é§ . (3.18)

In these equations, r .1is the net rate of production of

species, 6 is again the fractional surface coverage of“the' ad-
sorbed intermediates and 9 is the charge f{or. complete coverage.

rd

3 £5*defined'as.thé_rate‘bf hydrogen production in step }.8,

or half EPe'rate of consumption of @ ip that step, with the
consequence that the coefficient two appears in equation (3.18).
It is assumed that mass_trénsport;of species towaéds or away

from the electrode surface is not rate-limiting, i.e. r_ and

r

] are fuhctions'éf 8 and E only.

"Equation £3.19) gives the applied potential, consisting

-.-of the d.c. or steady-state potential and the small amplitude -

v

-

-\sinuisoidai'a.t. component. Both i (3.21) and 8 (3.20) wil1l

vary'sinusoidally also, but with different amplitude aand phase

—



(contained in ai and 4Q):

E = Egg+ AE exp (Jut) £, 7 (3.19)
0 = gss +268 exp (jwt3 — . (%.20)
i = iss +.Ai exp (jwt) . - ) (3.2

Under small perturbations from equilibrium, the rates may
be expanded in Taylor series form, negletting second and higher

order terms: |

-
’

fo = To,ss * (ar /3E)G(E = E_ ) + (a7,/30)5(0 - 6., (3.22)

rl=r1

ss *t (arl/aE)g(E - ESS) + (arlfaG)E(Q - GSS) (3.23)

In order to simplify the material whicﬁ/follows, it is

converdient to define three parameters A, B, and C, as:

) A = F(aro7aE)g o I (3.24a)
B = P/ (ar /38) (3T /3B)y (3.24b)
C = <F/q, (3r,/30) | : (3.24c)

An expression for M/AE may then be obtained by substituting

eqns. (3.20) and (3.22) into eqn. (3.18):

T AB/aE =~(ar1/aE)g/[iuq1/F + (arl/aG)E] (3.25)
The Faradaic admittance, Yé = Ai/AE may finally be obtained
by using eqns. (3.17), (3.19)-(3.25):

Ff

A+ é/(jw+ ¢y o (3.26a)

Yo = 1/Ra + 1/[R (1 + jut)] ' . (3.26b)

Ny
Ve = [Re +/(/R )+ juc )] (3.26¢)

/'Q
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where Re -"1!A; T = 1/C; R; = C/B

R, = -B/[ACCA + B)] ui-Ri J(RG¥R )i C = -A"/B « -R 1/R2 (3.27)

. The several forms of eqn. (3.26) are identical: (3.2%) is the
> A SR .

simplest, (3.26b) conforms closely-with Armstrong's notation

which will Hb used in -the la;e; discussion, and (3.26c¢c) can

be directly written out from the equivalent circuit shown iw

Fig. (3.4). .

.. h .
The double-layer capacity can be taken into account by

inserting it in parallel with the faradaic process, in accordance
with the usual simplification concerning the separability of

faradaic and non-faradaic processes, and the total interfacial

iﬁpedance, Z, is Ehen as given by
Z = 1/(Yf + ijdl) . . - {3.28)

The real, 7', and imaginary, {", components of total impedance

Z are: |
2 = YU/ YTy, 7 o= YUY e YY) . (3.29)
w[';ere _.w
[} - J.TJ
Y' = 1/R_+ 1/R (1 +w777) ’

¥ =, [Cy - T/R (1 4w 7))
The resulting function (eqn. 3.28 or 3.29) may be plotted in
the complex impedance plane. The poésible shapes of this func-
tion have been given bY Armstrong: they approximate to two
semicircles, 'either both above the real axis or cne above and

oné below this sxis. Under appropriate limiting conditions,

these may appear merged into one semicircle.

- a—



Fig. 3.4

Fig
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- Rp

adsorbed intermediate.
L]

- ?: Roo II (:p

« 3.5 The'eddivaleht circuit for the'u-p.d.

Armstrong's equivalent circuit for one

case.



- 77 -

The form of eqn. (3.26) was derived quite 3eneraliy. without
regardzto tHea:ctual potential-deﬁendence ;f-ro or r,, .or tﬁe
isothe%ﬁ for tge adsorbed épecies; :ConSequentij any reaction-
méthanism with one adsorbed intermediate and withouf_diffusion

control will give impedance behavior with a frequency dispersion

governed by eqn. (3.26).

Quite genersally, there’ may be several equivalent circujts

for the same mechanism, Hut the equations describing thei} fre-
quency diSpersioﬁ will simply be different forﬁs of the saﬁe:-

\eqUatioh. The equivalent circuit expected on intuitive grounds
may be ihcorr;ct. In the present case, the circuit of Fig.
3.4 is often ﬁroposed with the interpretation that Rem is the
charge- transfer resistance ofthe electrosorption step, Rp is
the 'charge-transfer resistance of the electrodesorption and
recombination steps and Cp is the pseuﬁocapacitance'of the ad—i
sorbed species. Hogé&er, it is c¢lear grom the above derivation

-that R_ and Rp are each properties of two or more steps in the

}eagtiow. Also, as will be shown later, Cp may not, in fact,

be identified with what is ®sually called the pseudocapacizance.

but is related to it in a rather complicated way. -

3.2.2.2 Significante of parameters .e.

(a) The parameter T

« As 29ted by Armstrong, 7is a time constant, which measures
how rapidly © relaxes to its new value after the potential is
‘ ' v '
‘changed. This has a quite precise.meaning in the case where

the rates are linear in 8, such as for/&he h.e.r. under Langmuir

-
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. conditions witﬁ negligible recombination. In this case, if
the potential is stepped to & new potential Ess then O relaxes
exponentially to its final vald;'with the time_bénstant T, the
saﬁé value that would be qbtained in am a.c. imﬁedance experi-
ment at an applied.d.é. potential ES;..(This may be shown by

-

. solving the differential eqn. (3.18) for .constant potential

conditions): In more compld? cases, such as the h.e.r. with

the r;2¥mbinatiod step considered, the relaxation will not be

exponential though we may non-rigorously attach a similar signi-

ficance to 7. N -

(b) Pseudocapacitance and Cp

Q The pseudocapacitance, Cy, and the equivalent circuit éle-

ment Cp both have the dimensions of capacitmnce. They will

2udocapaci-

be discussed in turn. In order to calculate the,
tance, the steady-state Yalue of 8 at any d.c. po ss
is first found by setting eqn. (3.lé) eqﬁal to zero and solvimg
" for © as a functépp of potential. Differentiation of this func-
tion ard mu}tiplicatiqn by ql'gives the quantity C¢ called the

pseudocapacitance by several authors. Extensive discussion

of the GSS and Cgy functions was given by Conway and-GiieadiBLAO_

Since T, is zero at every steady-staté potential, its deri-
vative with Esg is-also zero (eqn. (3.30)), leading to an alter-
native formula for the steady-state pseudocapacitance (eqn.

(3.31)): - }

drl/?Ess = O_f (arl/EB)E dgss/dEgs

+ (Brl/aE)g (3.30)

Co = 9340 JdE o = =qy( & /AE) /(31 /30)g (3.31)
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Becauée the derivative (3r1/32)G in this expressibﬁ appears
in combination with another derivative in B [eqn. (3.24b)],
the pseudocapacitance aq:a given potential cannot be obtained
directﬁy from the impedance parametéﬁ% at this potential. It
cﬁn. of course, ge calcdiated from the rate-constants once these
are obtained from a full analysis of the potential dependence

of the parameters. This latter method has the disadvantagc

that a specific reaction scheme must be assumed.

It should be noted that the quantity quG/dE depends on

the potential program applt¥ed to the interface} for example,

it has different values in a C\cllL voltammetry experiment than in

stgady—state cur}entépotcntiél measurements. The above detinition
astdcrivativé of the s:eady—sﬁate § vs E curve 1is the ovne used by
most auth;rs, although diffetept quantitics have been deincd 4s

pSeudocapaciténce‘in £ﬁe literature, ec.g. peak current divided by

sweep-rate in cyclic-voltammetry or the value of a capacitance in
- LI '

an experimentaliy evaluated equivalent circuit.

The second quanti with dimensions of capacitance, C

c, ='-'.*tA’/B - - ql[(aroja
may also bg compared with the stead¥-
(eqn. (3.315) and it is seen thét these two quantities are net,
in general, equall Cp is a pure capacitance and, in view of
the preceding digcussion, cannot beré_tru§ meaﬁure of the vdria-

tion. of adsQ£239 charge wit;?Potential.under a.¢. conditi
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and therefore 1t.15 not identical with C&. Rathef. it results
from the artificial requirement that an equivalent circuit must
ﬁontgin only linear elements, i.e. pure capacitors, resistors
and-inductors. Cp appears in combipation with the résist;r

Rp*{ﬁee‘Fig. 3.4) so that the comb;nation correctly models the
phase dela; of thé reaction scheme. We do not therefore expeﬁt
to be eble tp ascribe too much physical-signiffcance to it.

In the case of the h.e.r. Cp{and C, a;e surprizingly similar

in certain potential regions (see below and Fig. 3.6 ). Ve

therefore seek criteria for the similarity of these two func-

/. N
tions. - .

Comparison of the two equations shows ;hat they will be
approximatély identical if To and r, are comparable-[sﬁrictly,
(ory/ E)g = (ar,/3E)g and (3r,/30); = (£/30);]. "I‘hisl will

arise if the adsorbed speéies is formed in an electron transfer
step and othqrrsteps involving charge transfer or édsorbate
~reactio.n are much slower. In-this case, r_ and Ty will each

be approximately equal to the rate of the fast step. In the

case of the h.e.r., it may be-seen from eqns. (3;17) and (3.18)
that the rate caasténté for electrodesorption and recombination
must be much smaller than that for electrosorption. One case

in which Cp and C¢ are ekactl} qual is in underpozential deposi-
tion processes, e.g. of hydrogen, where ‘the adsorbate is forméd
and removed with accompanying electron transfer in only one

step (r° - rl). Mathematically, this may be cons;dered a special
case of the h.e.r. with Vo = Vg = 0,.although the adsorbed spe-
cies in underpotential deposition may-be chemically and/or konfi-' i

gurationaliy different from that adsorbed in the overpotential

region. : —
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. In the case of u.p.d. both capacitative quantities, Cp

and Cy are identical, and furthermore it is seen from eqn. ,
(3.27¢) that Rp becomes infinite, so that the equivalent circuit

becomes that of Fig. 3.5.

(c) Resistances " -

The significance of A or its recipro¢zl R, is contained

in eqn. (3.24a2); it is the partial derivative of the steady-state

current vs potential relation at constant surface coverage.
This quantity is not the same as the derivative of the steady=
state current-potential curve, as may be seen by differentiating

eqn.'(3.17) for steady-st&@e conditions:

) L
qiss/dEss = FdrO/dESS = F(3r9/£§§; + F(a;o/BQ)E dgss(dEsé

= 1/R_ + F/ql(aro/BG)éC¢ ' -

- = 1lin Y, asw =0 ; (3.33)

f
The slope of ‘the steady-state current-potential curve is
seen to differ from 1/R, by a term involving the pseudocapaci-

tance. Once again, the pseudocapacitance cannot be_found-from

Y "'_'_!'

the other measurable quantities in this equation because it
~occurs in combination with the partiaf‘deéimptive.(aro/?OlEj
C¢ is only accessible'if a fyll kinetic analysis is undertaken.
Equation (3.33) expresges how the increase in steady—scate‘
current which occurs with a sqéll increase potential may be
decompesed into two parté: the increase due only to increase
. .
in poyential without allowing the coverage to change (first
term) and the additional increase which arises as the coverage.
is allowed ‘to relax to'its steady—stafe value at the new poten-—

r

4
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tial "(second term). Both of these parts are associated with

energy dissibatzﬁﬁfnnd can therefore be represented by resis-

"tors. R, is associated with the‘char§;¥transfer at constant:’

coverage:
1/R,, =‘(3133/3E)g - ' ‘(3.34)

Ro is associated with the relaxation of coverage and is

" related to the pseudocapacitance by ~

/R, = F/q,(3r /%) Cy PR 13.35)

The Eotal faradaic resistance, Rf is .the parallel combination
of these two or alternatively the series combination of R_ and

R :
o

1/R; = diss/dES.S = 1/R, + 1/R_ = 1/(Ry + Rp) . (3.36)

Ay

Therefore, the total admittance consists of two terms (see
eqns. (3.33) and (3.36)), the first term is 1/R_, which is fre-
. LA )
quency independent because the rate caﬁ;change instantaneously

with potent?i%j}f the coverage does not have to change. The

second term -tepresents the relaxation of coverage which is fre-

quency dependent because of the slowness of the reactions.

o

3.2.2.3 Application to the h.e.r. and the numerical procedure

/

required
' v

f}\ﬂgﬂer Langmuir conditions, the rates of reactions (1.6~

- L4

1.8) are respectively:

-

vy = k1(1—9) exp{BF n/RT) - k_19 exp[-(1-B)E n/RT]

= 4,(1-8) -~ 2_, 9 "\(3.37&1)_

vy = kzg'exp(BFrVRT) = 229 (3.37b)

- %

See f?ctnotg_on following page.-
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- where 2 2_1, L, and 23 are:defined obviously in terms of the

1'
above equations. The concentrations of H' and OH™ have been
absorbed into the rate constants. If the usual overpotential

scale 1s chosen for the rate constants, then _they are not inde-

pendent but must be related through the equilibrium constant

for the overall reaction: ) .
k., k k., 'k, - ' . S
ML B _ (3.38)
kikg  k_pk_g '

We may then find o and r, (from eqns.(3.i7) ahﬁ (3.&8))

1
and hence the partial derivatives (eqn. (3.24)) These partial

derivatives appear in  the Tayler series expansion around the

’

steady-state condition and must therefore be evaluated using
the steady-state 9. This may be obtained by setting eqn. (3.18)
to zero (r1 = 0), negl&dtring a negative sdlution.whic? has no

-

physical significance:

- - 2 % [ i
8 = =-L/4 % + (L° + 8 2123) /4 3 (3.39)
. v
* where L = 11 + 1_1 + 25, 2nd the pseudocapacitance CQ is given
by .
- ; 948 FLN ( L /&93 + & /L
Cp = qqd¥/dn= “mm—t I, Tag T %/21 7F -l (3:40)
:z _ 3 3,
= E. = T e
where Lp 1 + 2_1 + 22, LH 21 : 2_1 +E2
The rate constants k and k for the back-reaction can

be calculatéd from eqn. (3238) but~are not independent paramete-
ters. Tests show that, unless k ,> k, and k ,.> k., k and
k_, will have no significant inflienc@ on the“simiilation, (no-
tice that the back-reactiomr rates decrease exponentially with
increasingn). In the case of the h.e.r. << k., and k

» e.g. at activated.Pt in 0.5 M H,SO, k37a 300 and ﬁsz_z
=%5 (see section 4.3.2, Table 4.5),“for 51mp11city, k 2'and
k -3 will not be taken into account in the situations considered
heretT
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. The steady-state current is given by
= nF (v + v3) = 2F(2,0 +.%507) \ (3.41)

The partial derivative may be substituted back into eqn. -

(3.24) to get A, B, and C in terms of the rate constants and

X .7 0 .
the overpotential only. 'Using Armstrong's. notation 8,11 (see

eqn. (3.26b)), the quantities Rm , Ro and T are given by

Cl/Re = F (% /3E), + F (3v,/3E), - | (3.42a)

- —

/R, = FPt/q [@ Vi) + (3v,/ 8) 113V /3E), - @v,/3E)g] (3.4

i

where

(avy/3E)g = (gF/RT)[y [ (1-6) + 5 _,8]; (3v,/3E)y = (BF/RT)2,0;

) vt (3"1/3 Q)E = -P,l‘ﬁ _1: (a Vz/ag)E =3 2; (av3/39)E = 2239;

Ly

Armstrong's equivalent circuit (see Fig (3.4)) will be

employed and Ep and Cp components .are given by -

2 ' : ,
R, = Rg = Ro = ~ RO/ (R + Rofo_) , (3.42d),

'

. » |
Cp - Ro‘r / Rm ' ?3.43)

The potential dependenceé of Cp Eéqn. 3.43) and C¢ (egn.
3.40) are plotted in F}g. 3.6 for some selected values of the
rate constants, cﬁosen.tolcorrespond with those found experimen-
tally (details to be dészribed in. Chapter 4). '?ig; 3.6 shows

that C, and Cp ¥s n plots (curve 1) have identical shapes when

kz_and k3<< kl as discussed in section 3.2.2.1 (b). However,

+
’
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as kz becomes significantly close to kl' Cp plots (curves 2-4)

hbecome deviant from the Cqb plot at’ highn value, increasing expo-

'jﬁnEntially with n instead of approaching zero as does Cs- This

" 'shows ‘clearly that Cp does not always have the physical signifi-

cance of the pseudocapacitance, although it may have . °

valuea_close to C¢ in some aituations.;

~Anal}sis of the date can be carried out by optimally fitting

'dana at & given d.c. potential.to eqn., (3.29), modified to

include the effect—of the double layer capacitance. . The Arm-
: .

strong circuit is particularly well suited to an initial estimate

of the'patamete;s. R. and Rp are approximately the diameters

of the high and low frequency semi-circles,respectively, in

-~

“the complex-plane plots. s ;

A series of values of thel?ate constants in eqné. (3.37)
were manipulated in the computeg until, for one set of the k
values, sufficientiy good agreement was obtained‘between the
nume ically evaluated and the_expe;imentally-derived values
of the a.c.‘impedance parameters Rm.,,Rp and R, + Rp‘as.f(n),
(eqn;'3.42).'t68ether with the correct repreaentation.pf the

b

observed steady-state nys log i plots’for the h.e.r. (egn.

(3,41).

Then double-layer capacitance, Cyy- the charge for full

coverage of H, 9, the solution resistance, Rs and sometimes

i}

the symmetry factor 8 ( = 0 5) were modified. manually untxl bath
>

51mulated complex- plane and Bode-plots, using the same set of

rate constants for all d.c. potentialswere in suff1c1ently good

‘agpeeﬂent-"ﬁv\flttlng program for adjustzng parameters was

usedj . .
P 4 . ’ .

=



A set of the potentialéindependent rate constaﬁts and other
parameters must ﬁot only fit both the dependencerf the péramen-
ters of a.c. iqpédence‘on nand the dependance of steady-state
currents on N, but also the relation between impedance and

frequency, i.e. it must reproduce the complex-plane plots and
- = _~

: - N
Bode plots at eachn. It was found very difficult to establish

any other g o.pg of rate constants and perameters to which the same

experimental data could be fitted, but it is not_pbssible

to state unambiguously -that the values given for the

L . L

kinetic results are the only possible sets. “
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Chapter 4 . e

RESULTS AND DISCUSSION

For clarity, the four systems studied: bulk Ni metal; elec-
troplated Ni-Mo-Cd composite eiectrodes; Au and Pt inralkaline
and/or acidic solutions, will be treated separately in the three
following sections. Sinéé'Nf and the Ni-Mo-~Cd elecrtrodes have
hany common progﬁgtics, they will be discussed'together in the
first section. B -

The exper}mental results ;o be prese%%ed as graphs wfil
mostly.Se.in the form of actual computer print-out points, pro-
cessed directly from the daté samplqd|in the experiments by means

of the digital oscilloscopes (potential-decay) and by means of

the Solartron frequency analyzer (a.c. impedﬁnce).

4.1 Ni and Ni-Mo-Cd plated electrodes

—

4.1.1 Results from the potential-decay method

4.1.1.1 Log {current-density} vs Potential Relations

-

We firsﬁ{gefer to the Tafel relations foyr the Ni, bulk

Ni-Mo and electro-plated Ni-Mo-Cd electrodes in 0.2M aq. NaOH

-

in order to characterize the polarization behavior and to evalu-
ate C¢ as f(n) throuéh equations (3.13) or (3.1&); Fig. 4.1 a,b
show the n vs log i plots for Ni wire, bﬁiklﬁiiﬁo alloy and the

SOI.Ni-l9Z Mo-17 Cd composite electrodes at several temperatures.

The Ni-Mo-Cd electrodes exhibit two-slope Tafel relations charac-

teristic of a change of mechanism in a consecutive 2 step -pathway

-
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and/or of a change of adsorption behaviour of the H intermediate
.with potential. A potential for transition betwcen one reglion to

another is seen at n = ca. - 0.075 to -0.1 V. At Ni uire, usually

a single valued Tafel slope 1s observed, as found previgus}yﬁa,

v

at a given temperature.

4.1.1.2 Potential Decay Behaviour ' -

{a) Ni-Mo-Cd electrodes

The digitally acquired, potential relaxation data are shown
in Fiéure 4.2a directly as f(log t) for four initial‘polarization
current-densities, Figure 4.2b shous'tﬂc same data plotted as
f[log(t + 1)) with the integration constant evaluated empirically
(cf. eqn. 3.6 and ref. 135, 136) to give a linear relation in
log {(t + T) for short times when T > t at the carly stage of
potential decay. Note that an esnfmate bf C can alsolsglﬁaac
from T’using the def&niti;n of T given by-eqn. (3.5).

The corresponding es:imﬁted C values are®listed in Tables

Va.l (Ni) and 4.2 (Ni-Mo-Cd). The‘5urfacc capacitance for the

Ni electrode calculated by eqn. (3:5) {C - Ti/ﬂ) from the data
shown in'Fig. 4.5, is a constant and small value : 51 ¢ & Wk cng,
for four initial current-densities (see Table 4.1), which can be

reasonably assigned to C (25 pF cm—z) if we take the ratio of

dl

real /apparent surface area as 2(the roughness factor has been

by

u5u£11y found to be ca. 1.5.2 for bright Pt‘wire elect

the CV method). This implies that the assumption C,/~0 applies

for integration of eqn. (3.4) for the region of si nificant

overpotentials ( >0.15V, for Ni), i.e. in this pofenrial region
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~Curves (bJ:V n vs log(t + 1) V'plots
for interruptiow polarization at 4 apparent current density values:
~4) 0.105 2) 0.15; 3) 0.20 and 4) 0.30 A cm™2.
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Table 4.1 Estimates of C from T for Ni clectrode (298K)

(C=11/8B; b=0.I2V; B=b/2.303=0.052V)

ind

i(Acm-z) L T(s) C(chm-?) C,average
1 0.55%1073 451073 8.3 .,
2 1.45X10 3 1.7x1077 48.3 L,
3 4.3 X103 0.5X10 ] 47 UF cm
4 15.3 le 0.17X10 55

- - [

Table 4.2 Estimates of C from T fo

A

(298K)

r Ni=Mo-Cd clectrode

(C=ti/B, B=0.125V/2.303-0.054V)

o

C(chm'z)af:ur

i(Acmnz) T(8) C(ufem ) taking account of
roughness factor 450X
1 0.1 © 30x1073 55x1o§ 122
2 0.15 12X10_3 33X105 77
3 0.2 9.5X10_3 .35}2103 77
4 0.3 8.0X10 44X10 97
.
. -



v

BH.reaches a constant limit (s0 that‘C¢—0). Then only the double

layer capacitance 1is inyolved (for Ni atn >6.15V). However, the
corresponding estimaced ngalues for Ni-Mo-Cd plated electrode in
Table 4.2 are not only still appreciatly grea?er than Cdl' even '
taking account .the rouéhness factor which for these clectrode

is ca. 450x (as determined by the Kr-B.E.T. method), but the

values are also not quite coincident for four initial current-

densities. This can be easily understood since, in this case,

-

b¥d and C(V) is potential-dependent over the whole® studied pbgen—
tial range; the integrartion ;f eqn. (3.4) is then not valid if
C{(V) is-not a constant. Tﬁis aiso suggests that electrode pre-
history determines; in part, the potential-decay behavious, e.g.
due to some sorption of H as Ni hydride (cf.ref.l47

" Figure 4.3 shows plots 6f n ig-log(- dn/dt) at 298 K for the

data processed according to equaéion (3.2). 1In contrast to the
. ,o

n vs log t plots shown in Fig. f.la, the plots of nagainst log

(-dn/dt) are coincident in the casegbof curves 3,4,5 and 6 of

Fig. 4.3 at chFir‘upper ends where n>0,.1V; in these plots it is

to be noted that there is no arbitrariness involved, as there 1is

unavoidably in plots such as those in. Fig. 4.2b due to empirical

evaluation of 1. This difficulty is avoided by treating the data

-

according to equations (3.13) or.t3-1§).-
We see from Fig. 4.3 that the‘n vs log(—&n/dt) plots also
exhibit two principal linear régions having different slopes like
~the Tafel relatioﬁs shown in-Figure 2, to.which they correspond.
Fig. 4.4 shows similar plo;s for i = 0.15 or 0.20 A apparent

cm for four temperatures. Like the Tafel pldss of Fig. 4.1,
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there is evidently a progressive change of the H élcctrosprptidn
behaviour with temperéture: the lower slope region (30 aV)

becomes progressively extended as EbmpéraCUre is increased to
- . \J -

341 K. - - (—

(b) Ni wire electrodes o : .

AT Ni‘uire>elé;trodes, tua regions o6f the decay kinetics

Tare agaiq observed (Fig. 4.5a) buf;the.quel'plot (Fig. 4.1) is

a single line as is usually found. Thé cor;espondidg n ig log

(t .+ T) plors for Ni wire aré'shouﬁ 1ﬁ’?ig; 4.5b for four initial

i's, while Fig. 4.6 sﬁo;s the corresponding n vs log (- &n/dt)

plots, giving the capacitance behaviour (eén. 3.14). As with

the Ni-Mo-Cd electrodes, two regions of the log(- dn/dt) behaviour
“are observed, corresponding réspectivel} to the 118 and 61 oV

_sloges'in this figure. Also, with the Ni wire electrode, the ~

populations of points corresponding to the potential decays

- ~ -

become almos;_coinciéent for the four initial i's when t 2¥1.
This means that the decay behaviour-itself in log{ct + T) must,
in this case, élsq be almost coincident, as is-in fact scen from
Fig. 4.5b. The eﬁpiricalﬁéonst;nt T and the corresponding C

at initial overpotentials are listed in Table 4.1.

)

4.1.1.3 Pseudocapacitance Behaviour of o.p.d H at Ni Wire and ~

Ni-Mo-Cd Cocated Electrodes,

(i) C, for adscrbed H as f(n)

¢

s

From the plots of log(- dn/fdr) n, it is possible to

caICUlate‘fhe derivative d log C/dn using equation (3.12).

. . . - t
Since, experimentally, log(- dn/dt) appears limitingly linear

. : . ' ?
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Fig. 4.45 Ppotential-decay plots-for the HER at pure Ni wire electrodes at 298K in
0.2 M aq. NaOH.
Curves (a): n wvs log t plots
Curves {b): n vs 1o§it + 1) plots
3
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after interruption of polarization at 4 current densities: 1) 0.55 X 10~

2) 1.45 X 1073; 3) 4.3 x 10°3 and 4) 15.2 X 1073 A e 2.
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in n over two regilons, d log C/dn is obrained simply as the sum - //

of, minus the reciprocal slopéz d-l, of those linear fegions and

~

uthcllcfat slope, be (see eqn. 3.15). Results are given in

‘Table 47.3: ‘ - Co r

~ -

"TABLE 4.3 Values of d log Cdéd/dn for the

Two Linear Regions of the Plots in Fig. 4.3 and 4.6 {T=298K)

-

Elcctrode b(upper) b(ldwer) d (upper} d(lower) . . dlog C¢/dn

— " - .
Ni wire 0.12 0.12 0.118 0.061 v oo (upper) -8.0(lower)
Ni-Mo-Cd 0.125 . 0.044 .0.065 0.030 -7.4(upper)-10.6(lower)~

-

Since d, log Eéldn is approximately constant over an appreciable

range of potentiwl, €, is evidently-almost an exponential function

¢

of ﬁ over that range. This is illugtrated in Fig. 4.9, to be

-

discussed below, where the log C vs 1 plots are shown for the

three types of electrode materials. However, the recults in
: "

Table 4.3 also show that the arguments of the exponents are not

‘simply nF/RT but are rather afbitrary numbers.’

We now show how a2 more complete evaluation of the ‘capacitance

behavlour can be made directly with eqn. 3.2a in the forms 3.13
or 3.14, using the n vs log i and the n(t) behaviour dlfferentlated
to give dn/de. Flgure &.7 shows C as f(n) ac Ni wire at 276, 298

and 318 K while Fig. 4.8 shows similar plots for a Ni-Mo-Cd elec— .

trode at’ 276 296 and 353 K. Figure 4.9 shous the log C'vs. n

e

plots for the three‘élécfrddé'maifrials for conditions defined on
. ~ .o

(8
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Fig. 4.9 log C vs overpotential n plots for the three types of e]ec'trode materiails.
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#

that figure, In these plots C (-cdi + C¢) or log C have geen
calculated by means of eqmns. (3.13) or (3.14), ;espectively,
using the-dn/dt values and the experimental 1i(n) values over the:
wholc¢ range of the decay experiments. ﬁvi&en:ly, from Eigs. 4.9
and 4.8 there is a continuous variation of Co with n, exhibiting

a maximum, as in fact is expected thebretically37-39'163.

.

However, in the log plots of C in Fig. 4.9 it appears that the
ascending regions of these plots exhibit two slopes corresponding
possibly to two populatiens of the H intermediate being involved

in the h.e.r. at Ni-based electrodes, (sce detailed discussion in
the section 4.1.2.2 on a.c. impedance wo de ing on n and
corresponding i values, having exper{;::fjjzzazi::zggLishable

. exp depende nces on potentrial.

»

For n more negative thanisg. 0.15 to 0.25 V, C tends to reach

‘A constant value (Fig. 4.7 - larger scale plots‘show this more

-

clearly) which we presume is the double-layer capacitance for the-

clectrodes under the prevailing experimental cenditions. However,
at smaller n, € rapidly increases and maxima are clearly seen for

3

Ni wire (Fig. 4.7) and for the Ni-Mo-Cd elecrrode (Fig. 4.8).
Since C increcases in the direction of decreasing negative

potential and the adsorbed H is deposited in a

-

cathodic reaction, the constant C above cathodic overpotentials

of ca. 0.15 0.25 V nmust correspond to the double-layer capaci-
=
tance at:a surface fully or partially covered by H (see below).

’
The values of this limiting double-layer capacitance are ca.60 pF

apparent cm for Ni wire. These values are close to the value

calculated from T in Table 4.1. Similar values are found for Cd2
. y

LY



L od ) :
It is conceivable that formation of such a film could give risc,

- 105 -
at the Ni-Mo-Cd electrode allowing for the real/apparent arca
factor of 450-X measured by the Kr FET desorption experiment
referred to earlier.

From the potential-dependence of C - we can calculate

cdﬂ'
the coverage of the "overpotentiazl-deposited™ H as f{(n), to be

13

shown in Fig. 4.11 (see below). -

(ii) Possible surface oxidation process

Before proceeding further, the poséibility must be recognized

that, at the electrodes studied, on decline of potential towards

the revgrsible potential for the h.e.r., a corroesion_ process could ’

=
set in, producing a surface oxide film: Ni + 2H20 -~ Ni(OH)2 - Hz.

to the observed C, behavior near the reversible potential. We

¢
consider this possibility in the light of the following informa-
tion and experiments.c’
- . Lo . 164 L
Firsec, in terms of thé Pourbaix diagram for Ni inmn
alkaline solution, oxidation c¢an begin only at a small positive

potential, ca. 0.1~ 0.15 V, relative te the H_ reversible poten-

— 2
tial. Secondly, cyclic voltammograms (Fig. 4.10) for both Ni
and the Ni-Mo-Cd electrodes show that surface oxidation processces
do.ggi commence until potentials are attained that are significantly.
more positive .than those corresponding to the range of potentials
where C¢ is appreéiable (Figs. 4.7-9). The onset of surface
oxidation occurs, in fact, at potengials somewhat more positive
ﬁhan thermodynamically expected165 owing to irreversibility in the

' 78,100 . |

process, familiar in oxide film formation . " Also the

-
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formation chargehipyolved is.>> that corresponding to integraction

of the C¢ vs n profiles derived here for Ni.

—

4.1.1.4 H coverage

-
A -

- "

From the pogential decay behavior, information on H coverage
is revealed fhr0ugh_the pseudocapacitance C¢-q1d8H/dn.- GH or .
chénge of BH with n can be'evaluated by intcgrécing the experi-
mentally determingd relation becuec? C¢ andn . ‘Thc adsorat}on
isotherm-énd the corresponding C¢ for various conditions were
discussed in section 1.5.2 (see eqn. (1.11) 'and (1.13)).

. The observed potential ranges éf appreciable H pscudocapaci;
tance are =0.02 to -0.3V EH at ﬁi wire (278, 298 K) and fO_OI to
-0.25 Vv EH at the Ni-Mo-Cd composite electrodes (319 K). The
corresponding fractional coverages by H, qr changes in coverage,
areJevaluated by integrating C¢(n)/q1 with respect to n, giving
8  as f(n).as shown %n Fig. 4.11.

H
The H deposition charges corresponding to the above potential

ranges at 298K are 75.615'-;b crn_2 and 22.822 mC cm-z, respectively,
and are tcmpcraéure dependent.,” These figures are substantially

less ghan corresponds to a monolayer of H, ca. 257 ucC cm © for the
{111) plame at Ni or 216 uc cm-2 for Ptloo, allowing for a real/
apparent area of ca. 220 X at the eleézrocoatcd matcfial and ca.
2X at Ni wire. " These data suggest that a steady-state coveragpe

by H less than a monolayer arises at the Ni or Ni-Mo-Cd electrodes
as overpoéential increaSes. This, as well as the observed Tafci

slopes, sho‘f that recombination of chemisorbed H cannot be the

rate-controlling step in the h.e.r. at the Ni electrode surface.
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k1
M+ H 0 +e~ ME_, . + OH (4.
k -
T-1 e g
coupled with H desorption and H, molecule formation by .
‘ k
ME L ¥ H,0 4 e =% M.} H, + OH™ €.2)

ads 2 2

we can show, as}follous, that limicing gady-state H coberages

< 1 are expected. The relevant rate equatiors for processes {4.1)

and (4.2) are:
vy = k. (1 - 8.) exp{ BnF/RT) =/2(1 = 8.) say; (4.3)

H H - ’

.

exp{-(1 - B)nF/RT} Z'n@

= k
Vol 7 —L\BHCOH- H say- (4.4)
and ) .
e — ___.——"'/
v, = RZBH exp{ ynF/RT} = nBH sa (4.5)

(d.ﬁ).and (4.5). The steady-state condition for coverage 1is then

. dBH/dc = 0 = vl - v_l - vy (-‘5-6)
i.e.
L(1 - BH) - mBH - nGH = 0 (4.7)
or hd
Z = 0/(% + ™+ n) (4.8)

noting that £, m and n are exponential functions of n as in (&.j),
(4.4) and (4.5). Correspondinéako equarion (4.9, che.pseudpcdpac-

itance d8 . /dn is ;
" . ql H k Fq £m 4
C, = —==

o RT " (2 # m +.nY

{4.9)

taking B = y = 0.5. ;
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Inserting the poten:&al-dependent factors,

-1 '
1 Sow -.axp{nx-'/nr] f»kzlkl) (4.10)

8 =1/(1 + K
H

At appreciable cathodic overpotentials*, it is seen that BH

reaches limiting values for the_Pechénism 4.1, 4.2 given by

eH,lim = 1/(1 + kzlkl) : '- | (4.11)

i.e., BH ls determined by the extent to which the discharge scep;\\

B - producing chemisorbed H, and the reverse are in "equilibriuﬁ"+,

: _ ~ ;
_ﬂ\\\_ thus, for k2_<< kyo BH + 1 limiringly and step 1, -1 is almost uin

complete equilibrium. Alternately, when k2/k1 > 1, i.e. when
—~.the h.e.r is "discharge-controlled", there is a varying degree of

quasi-equiiibrium'in step (4.1) and, with increasing overpotential,
. . .

limiting fractional coverages by H,'BH, less than 1, can arise (/

as shown in Fig. 4.12 (curves a). imiting values of BH as

‘a function of k2/kl are shown in Fig: 4113, The correspénding\

C, maxima are then smaller (Fig. 4.12 cuYves b) than fog the

¢
quagi-equilibrium caseloa’los. We note thygt as szkl goes frdm

from being "desorption-controlled™ (through 4.2) to being
"discharge-controlled"” (through 4.1) with BH theﬁ <{1.
| This rather spaecial feature of the.behaﬁiour of the dual
reaction sequence 4.1, 4.2 arises because both the desorption and
" the adsorption (diécﬁarge) steps‘have ;he same &ependence on
potential, if B= Yy, and is a diagnostic aspect of this mechanism.

siﬁce_ﬁe have assumed an exponential dependence of K on BH

*At low overpotentials, B is influenced by K. and by n, so that
the general eqn. (4.10) nmust be used for evaluation of GH as f(n)
under such conditions. ’

When this is the ¢ase, the C, differs somewhat163 from its '"rever-
sible™ value given by eqn. (?.13)

’ . .

-
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h i

-
- .

{eqn. 1.9), we may,reasonably extend this assumption of exponen-

v .

" ~tial- dependence of BH to the rate éonsqpnts k k-l apd_kz as

1 37-40 ' : >
well .- “It is clear then that the rate of the ddsorption

s:ep";vill decrease while that of the desorption step will incrcase *

ith & .
wit H . . '

N .

Iﬂ the general case, correspond{ng to eqn. (1.11) where

effects of significant interactions are included, the steady-

+

state condition gives . ~
l—BH . s
- = -1
I exp [ SGH] kolky 4 K, ffp[—nF/RT] (4.12)

-~

GH then has limiting values at appreciable cathodic overpotentials

dependent on g‘ﬁs well as the rate constant ratio kzlkl. ..

Correspondingly, the H pseudocapacitance ‘alsoc depends on-t T

/‘-

- two parameters, which can only be explicitly cvaluated numerically, .and
3 _ .

is-given by -1
- Fql Kl exp (-FN/RT)
c, = : (4.13)

? RT exp (-gOH){(g8H+l)/0; - gl

-

As may be expected,. for g > 0, 2 much wider spread & values

of the fatio kzlkl.is_requ{red* to cause OH g to vary. from 1 to
- r h

: _ . R P I U P S
small values than is the case for Langmuir adsorption (x=0) .

This can be seen in Fig. 4.14 a and b which show the relations

between C, and n (calculated from egn. 4.13), and 0” and 1 ( caleulated

o
"from eqn. -4.12), ‘based on two assumed ratios of k, to kl: in Fig. .
4&.14a, with k2/k1 = 10-3, i.e. near equilibrium in the discharye
. .

-

step and in Fig. 4.14b with k2/k1 lOfI,-i.e. fopﬂthg steady=state

situation. Both sets of cases are evaluated for g = 0, 2 and 5.

*In the case where g may be significantly > 0, it follows from
eqn. (4.12) that the ratio k /k1 required for a given value of
8 . to be attained is sma%ler. )

H,lim _ . f

»
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4.1.1.5 Relation to the Experimental Behaviour

It 1is clear that the éxperimental coverage ‘and H pseudo-
capaciFance behaviour shown 1in Figs., 4.7 and 4.8, which
:corresponds to attéinment of a limiting coverage BH‘Substantially
; 1 ét Qoth :yp;s.of eleétrode, is rationalized by the above

treatment of reaction scheme 4.1, 4.2 in the steady-state.

From the experimental data, we see from Fig. 4.11 that ko /k)

calculated from 6 using eqn. 4.11 (Langméir case) would be

H,lim

4.7 for Ni wire and ca. 1.4 for the Ni-Mo-Cd composite electrode
material at T = 298K. These results also show that it is not
cofrgct to assume, as ha§ often been done previcously, that when
the proton—dischafge, H adsorption step 4.1 is rate-controlling,
the H coverage is'xpfy small. Evidently, at the various Ni b;sed

"electrodes studied here, the rate constants of the "discharge"

" and "desorption" steps are rather comparable so that it is not

possible-to define unampiguously the "fate-controlling”'stcp for -

the behaviour‘aptually observed here. (/

. From the present results at Ni.and Ni-Mo-Cd, we can conclude

‘that.,, with increasing n, the h.e.r at these metals proceeds on a

.- surface incompletely but still appreciably covered by H, the

limiting fractional coverage being determined in the steady-state

by the ratio of the rate constants~of the H discharge and the

- .
-

desorption steps. Integration of the observable C, vs n-profiles

¢

gives experimentally determined valuesxfor these limiting coverages

- w

and henc$~the ratio of the rate constants. We see from Fig. 4.11

and from Figs.'f.7 and 4.8 that the liﬁiting coverages by H are

. -
-
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quite temperature dependent. " This is_.easily rationalized in terms

of the above treatment since B ~being determined by the ratio
. ' - + :

H,11im’

kZIkl’ will normally be temperature dependent §iaec‘k2 and kl will

be expected to be associated with different activation energies.
. - '
For the mechanism #nvo®ving the reaction steps 4.1, 4.2 it is

~

expected that b will remain constant with a2 value ca. 0.12 V when

- : . S .
GH is near 1 or is otherwise constant. In the Langmiir case

(eqn., 1.11, g = 0), b will in fact remain constant down to ca.

~50 mV from the standard potential (Gh_“ 0.5) for H adsorption

through step 4.1, Bélow this potential, BH will start to decrcase

in a potential-dependent manner and the Tafel slope will become

less. Correspondingly, C, increases approximately exponentially

¢

with -nF/RT as {n| decreases (Fig. 4.9). Thus we sce that the-

-

slopes’of thenwvs log (t + T) andn vys log(- dn/dt) plots in rela-

tion to dn/d log i are consistent ‘and correspond to the h.e.r.

proceediﬁg wich a limiting constant GH at a high n %pd a potential-

dependent Bﬁ at n * ca. 0.15V for the Ni and the Ni¥§o-Cd clectrodes.,

‘Simulated Tafel plots were calculated for“the mechanism 4.1,

4.2 for 3 wvalues of szkl with step 4.2 or step 4.1 rate-'
controlling. The results are shown in‘Fié.f&QIS. A transition

-
- .

from almost single slope behaviour- (b = 03118 V) to two-slopc

\/k "is decrcasced from

behaviour (B = 0.044 to 0.118 V) arises as kz 1

10 to 0.1 corresponding to the calculated coverage Ei‘potential
relation of Fig. 4.12. This change of slope behaviour corresponds,

of course, to a change of rate-controlling step and to the different

‘coverage conditions that obtain as kzlk varies.

A 1
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From the data of Fig. 4.1]1, derived from the experimental
decay behaviour, the self-consistency of the results can be

d;monstrated by back-caiculating ;hc corresponding ex;ected

Tafel relations, taking account gf the variation of GH with n and
using exp nF/2RT as the charge-transfer factor. The‘rQSults of
such calculations are shown in Fig.'&.16 from which {t is seen

that the 2-slope forms of the experimental Tafel plots (Figs.

4.1 a,b) are well reproduced and thus can be clearly exﬁc;imenFa11§
atctributed to the detérmined dependence ?f BH on n. -

The mechanism of the h.e.r. at’' Ni in alkaline solution and ﬁhc
extent of H coverage during steady evolution of H2 have hitherto
been controversial questionséa'lﬁs’lss_lgo. The ‘present results
now give a clear conclus;on regarding this matter: at potcntf&ls
more negative than 0.15 ~ 0.25 V E,, H evolution at Ni wire or

2

Ni-Mo-Cd electrodes from alkaline solutions proceeds on a surface

that is appreciably covefbd, but“to a limitingly constant < 1, by

the electroactive intermediate,adsorbed H, giving a Tafel slope

0.125 V while nearer the reversible potential, -as coverapge by H

decreases, a ‘potential-dependent pseudocapacitance is developed

with i characteristic38’39’163 maximum giving a Tafel slope of
¥
0,04 ~ 0.06 at the Ni-Mo-Cd composite electrode. At Ni wire, the
- @

lim_iting‘eH is smaller than at Ni-Mo-Cd, and its potential depend-

ence is evidently insufficient to give rise to a well defined

lower slope region at this metal; however, near the reversible
potential, after the back reaction current which complicates

linearity of the Tafel relation, is subtracted out (Figs. A.I'a,b),
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N
the Tafel plot for' the h.e.r. at Ni wire (?ig. 4.1la) does show
some.change of slope at low n values.

We see that the new method of analysis-of potential decay
leads,‘for the first time, to a rather complete experimental
knowledgg of the coverage and pseudocapacitance behaviour of the
electroactive H intermediate in the h.ec.r. proceeding at ap%ge-
ciableHCurrents at Ni, a Ni-Mo bulk alloy and electrocoated

Ni-Mo-Cd cathodes, as well as the condition of the kineticecs of

the steps- in the overall reaction pathway in terms of the ratios

-

of "the rate constants involved.

4,1.1.6 Comparison of Polarizition Behaviour of Ni-Mo-Cd and

Ni Electrodes

<

The-principal difference in polarizétion behaviour is the
existence of a low-slope region at hi-Mo-Cd that is not observed
at Ni wire electrodes (fig. 4.1) -but the high current-dcn%ity
behaviour is evidently similar, allowing for the¢ ratio of the
electrochemical real/ﬁpparent arca factors of ca. 220 X. This
alsoJcorresponds to the capacitance behaﬁiOur (Figs., 4.7-9) where
the dopble-layer_capacitan;e is found to be about 250 X larger
at the coated electrodes than at Ni. However, an additional
diffcrenée that may be connected with the appcaraﬁce of the low
slbpe Tafel regiog at Ni—Mo-Cd.is the trend to a relativeldy high
capaci;ance between n = -0.10 and 0 V (Fig. 4.8) corresponding

to the second linear region of the log C relation in Fig. 4.9.

It is possible that within 0.1 V of 'the HQ reversible potential,
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‘the h.é.r. at Ni-Mo electrodeposits or Raneys proceeds through
mediation of a decomposing hydride, as Conway and coworkers sug-
gested147 and as 1is sﬁpported by cyclic-volrtammetry results at

these materials. (See more detalled discussion in section 4.1.2.2

on the a.c. impedance work).
Evidently, the coated electrode does not differ just in real

area; 1its method of preparation and composition; which may intro-
V4

147,167,168

duce a hydride phase through codeposition of H has

a major effect on the type of polarization behaviour observed

and on the potential-dependence of the adsorption of H (compare

-

slopes of the lines in Figures 2, 4 and 10)}." In the case of Ni-Mo,
. . 4
it -should also be notedl 7 that a bulk, thermally prepared alloy

does not behave in the same way as ah electrocoated material of

the same nominal composition (sece Fig. 4.1).°

These observarions clearly have important consequences for the
A ‘ -

possibility of preparing by electrocoating and other Eeéhniques..
various high-area electrode materials that differ elé;trocatalytically
from the corresponding bulk substances other than because of the

large real area.

4.1.1.7 Activation Enerpgies

The apparent activation ene;giesl65 for the two Tafel regions
exhibited by the h.e.r. at Ni-Mo-Cd electrodes (Fig. 4.1) were
obtained from the derivative d 1n io/d(I/T) of electrochemical

Arrhenius plots, (see Fig. 4.17). As follows from Figure &4.17a,

the activamion energy for the low-slope region jli kJ mol-l) is

-
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Ni=Mo=C€d in 0.2 N NaOH

AHZ=32 KJ mol ™!

AHT =17 KT mol™"

/ low

! | : |

4.0
2.8

?ig.

3.0 3.2 3.4
/T x 107K
4.17 a) Plét;.of logis, vs 1/T, electro;hemicaf

Arrhenius plots, for Ni-Mo-Cd electrode for

Eie two Tafel regions.

N
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- 6.0+ )
—6.5- -
. § | L |
2.8 30 / 3.2 3.4 3.6

A Fig. 4017

VT x 10_3/|'(—1 -

b) -Plots of logi, vs 1/T for pure Ni clectrode.
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much lower than that for the higher~-slope sections (32 klJ mol

1).

This is the basis of the practically important situation that low

[}

Tafel‘élopes increasingly characterize the polarization behaviour

of Ni-Mo-Cd electrode preparations as the teﬁpe:ature

£

(Fig. 4.1). The AH.(n = 0) for tHEJh.e.r..at Ni wire

* -1
a. 35 kJ wol

(see Flg. 4.17b), and the same value
2 -2

the Tafel relation from 10—6 to 2 X 10 ° A cm . Thé

is raised

clectrodes is

characterizes |

activation

energy at'n = 0 for Ni-Mo-Cd cathodes (32 kJ mol_l) is quite

similar to that at Ni wire (35. kJ mol-l) derived from the .Tafel

relations at high n, which suggests that over this region the

reaction conditions-are the same at these two materials, if.e. the

h.e.r. proceceds on a surfacec whose cdoverage by H is incomplete but

limitingly constant with further increase of n. At lown, for

Ni-Mo-Cd electrocoated electrodes, the activation cnergy (17 kJ

mol-l) is lower which corfesponds te the h.e.r. proceeding on a

surface where GH is potential-dependent and has not yet attained

its constant ?imiting value. Under these conditions OH' at a

4
given n, as well as the rate constant k

2'

can be temperaturc-

dependent, leading to a different value Sf'AH% from that at high

!

n. Alternatively, the AH* for the 'low n Eégion may correspond

(cf. ref. 147) to a different mechanism of H desorption involving

'a surface hydride, (see below section 4.1.2.2).

. .

-

4.1.2 Results from the a.c. impedanccec method

-
-
e

The basis for treatment of the reéqlts for the h.e.r. using

-

a.c. impedance measurements was as described in section 3.2, using

the development of Armstrong's approach129'13q

chapteg. .

des2ribed in that

e
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4.1.2.1 Ni in 0.5M NaOH | . 7/,

In Fig. .4.18, curve 1 is the steady-state polarization Tafgl
. . - * ° .
plot, .and curve 2 the log (llRm) vs n impedance plot. The points

represent the experimentally measured data obtained in 0.5M NaOH

solution at Ni wire electrode- (real surface area 0.66 cmz, takifig the -

-

-

roughness fﬁctor equal to 24 see section 4.1.1)at 296K . The

so0lid line 1 is the simulated Tafel plot using eqn. (3.41) and

.the solid lines 2 and 3 are the simulated impedance plots of

log (1/R ) and log (1L/R ) vs n , respectively, using eq. (3.42)
L= -] p —
» -11

- with the following rate gonstant'values: kl = 1.5X10 : k_l -
1x107 My k= 1.sx107 Y ko= 1.5%10713 mol em™2s™Y.  The good

2 3

agrecement between experimental and simulated results in Fig. 4.18

suggests that-.the reaction model proposed here describes. the real

systems quiie well (and for the following results tgo). The ratio
of k2/k3 = 100, required to represenx,che observed behaviour,
implies that the contribution of fhe recombination step (egqn. 1.8)
to the total steady-state current is hegliéiblé for the h.é;g. at
Ni elecctrode.

Figt 4.18 shows that both experimentally and By simulation,
the n vs log i énd-n vs log (1/R_) plots (on the log scale - curves
‘1 and 2 of Fig. 4.18) become two parallel lines witq'a'slépé of *
0.12 V thag are separated by a value of 1.24. This behaviour can
be rationalized by our own .reaction models, as follows: from
eqn. (3.41)}, fof Suff;cienti§ high ﬁ and”cbnscaﬂt BH} fhe raté.-

.0of the recombination step and thus its contribution.to the overall

desorption rate becomes negligible; then

* See p. 75 for definition of R, and Rp-

- - . " -

\f L. - ] . . u
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| : (éi) _ ~ (8F/RT) 1 '
T odn ﬁ- constant {4.14)
From eqn;.(3.25b) (also sce (3.36)), at sufficiently low
frequencys: : ! .
(ﬂi) o= (YD - 1 +# 1/R =~ 1/(R _+R )} . :
dn’w=o f w=o o P = (4.15)

Thus, ‘at high n and w = 0:

log[1/(R_ + RP)] = log i + log(BF/RT) (4.16)

s

with B = 0.5 and T = 300K, log(RBF/RT)=1.28, which is close td
the ciper}mcntally observed value of 1.24.

Since R becomes extremely sﬁall whep-Nh > 0.1V for the h.e.r.
‘at Ni (See Fig. 4.18), 1/(R_ +‘Rp).= 1/R, . This result is not,

however, surprising; because Rw + Rp is the total Faradaic resis-

! -

tance, its reciprocal should be directly related to the Faradaic

‘current at that potential. "The slopes equal to 0.12 V suggpest that

the’ overall .reaction is kinetically contro;ied by the electrochemi-
cal 6eso}ption stép, although concrol.by the discharge step would
a}so give b = 0.12 V; however, it would be‘associated with very
small H cov;rage which is not true for this present-case (see
below, Fig. 4.21). The s;mulaccd behaviour with kl = k2 in this
case agfees with the conclusion from the potential-decay results
'(scc 4.1.1.4).

Fig. 4.19 shows the complex-plane impedance.diagrams'for n, =
a) 0.045; b) 0.20; ¢) O,Bd and dj 0.395 V.- f&e‘exﬁérimental d#ta

ore represented by circled points for which the underlinéd numbers

~
give,. in the usual way, the respective frequencies. The conditions

are the same as for Fig. 4.18. The points connected by solid

-

-

¥ ]
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. \
~ " 200 - 600 : 100
‘ .
_ /L em® i
e

.Fig. 4.19 E;éérimental-(circled points) and-simulateﬁ {s0lid
lines) a.c. impedance spectra pl&rred im_tm=compknhpiane.

-~ .- for the same coqditioﬁSas ianig. 4.18,- - the numbers
representing the respective trequencices (hndortin«d
foruéxpcrimen:al @acaj, for four d.c.'overpotcntials:

'(.a)\\n-o.oas'v, (b) n=0.20 V (c,d sec¢ next page).

N
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¢

Fig. 4.19 (continued) (c¢) n=0.30 V, (d) n=0.395 V.

|
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.

lines without circles rep;eseni the behaviour simulated by cqns, .
(3-29).and (3.42) with the same set of rate constants as for Fig.

"= 25 yF g_m‘z, q. = 250 yC em % and R~ 1.10.

4L 1
The impedaﬁcc‘spectra for the h.e.r. wat NI {n Fig. 4.19 arc‘

4.18, taking C

" -

single semi-circles for most of the d.c. polarization potentials,

_except a) Et the low potential_n. = 0.045 V, where the behaviour

is similar to that in previous studies-for the h.e.r. at Fe160 and

Qc13l

W, . The siﬁgld semi-circle impedance spectra {in the complex-

plane suggests that only Cdl and R in parallel are the significant
-’1 :

components in the equivent ciruit (sece Fig. 3.4) and fo adsorption

-

pseudo-capacitance C, 1s 1nv01ved.'\This may be the true condition

®

for the h.e.r. at Ni dt high overpotentials and Is consisted with

.

the Tafel plot (curve: 1l in Fig. 1.8y, vhich implies that OH almost
. -~ ’ *
reaches a constant value as f¢ > 0.15V, and with the resalts of

the potential-decay experiments (sce 4.1.1.3 and Fig. 4.7). .
From the results of the potential decay mcasdrcmcﬁts, C; is

- - . :
significant at low overpotentials, 0 < n < 0.15 V, for the h.c.r.

> at ﬁ; {see ngf 4.7). This implies that a sccond.semi-circle should
appear Iin the impedance diagram due to the relaxation associated
§>Uith the E adsorption processi This can be scen grom the simulated
wplot (solid line in Fig. 19a) for n = 0'965'2( Houévcr, experi-
mentally, oﬁ account of the high Faradaic rcﬁistahcc (Rr - gXIOa.‘
Q cmz) a£ this potential, the frequency must go down to -0.001 Hz g
for the effeft of thfg c to'be detected. Unfércuna:cly. at
fsﬁch low frequency, the experimental resolution is inadcquaté for

the second adsorption semi-circle to be distinguished in relation

i : *
to the inherent nodse (points with cirecles in Fig. 4.19a) -

* Note that the scattering of data is much smaller at the bigh - values (sce Figs.,
4.19 b, ¢ QQd d); this is due to,the much smaller Faradgic resistances and the
corresponding higher resolution of the instrument for the resulting smaller "RC"
time-constants of the electrode processes, )

-
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. _ . Fig. ﬁ.ZO shows the Bode plots (withqﬁt corrésponding phase

plots). The experimental conditions and theoretical parameters

for curves 1, 2, 3 and & 1n'F1g. 4.20 are the same as those for ..

AR
i

curves a, b, ¢ and d in Fig. 4.19, }espectively. It is scen

‘that the numerically simulated behaviour (solid line in Fig.
. ' T

4.20), -provides a very.good fit to the experimental data (points

y in Fig. 4.20), except for curve 1 at the low frequency end, which
b

corresponds to the "noise™ data in diagram (a)'of Fig. 4.19.
nhe-psbudocapacicance,"c¢, can howewer, be calculated from
- ’ the rate constants using eqn. (3.40). Fig. . 4.21 shows simulated

C¢,”Cp,‘ﬁ'33 n plots, using eqn. (3.40-3.43), with the same values

of the rate constants and other parameters  as in Figs. 4.18 and 4.19.

- L
The C, vs n plot has a peak at ca. 0.05V rhen exponentially de-

' ¢ —

creases and reaches zero at ca. 0.2V, which is gquite similar to*

—

the experimentally determined behavior deriwved with Eﬁb.po:ential

decay method under the same conditions (see Fig. &4.77. The Cp

,)- ¥s n plgt, which has a similar shape_to_that of the‘C¢ vs n plo;
only at very low valuesl(t?is.cannot 3e seen in Fig. 4.21),-
_Exponencially increases, reaching a yalue of 6.X'106 F cm_2 at

ono- 0:3 V! As was shown in section 3.2.2.2, Cp isfégi a3 true
.meagure of the variation of quo;b2d chérge with potential under
a.c. conditidns,:bqt its values may be quite close to Cj under

some conditions. On the other hand, the T (see eqn. 3.42) vs

6 YS N plot; this is

4

n profilé is very similar to the 'C
reasonable since T is a relaxation time constant for passage of

the deposition/desorption charge for H and thus measures how

‘rapidly GH'rclaies fo its new value after the potential is’
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"changed, i.e. T has a physical significance similar to that of

C¢. : t ‘ -

4.1.2.2 Ni-Mo-Cd in 0.5 M NaoH

.

From. ecarlier exploratory work on the electrochemical behaviors

.
.

4 .
of electroplated Ni-Mo-Cd alloys1 7, it was suggested that the
observed potential decay results at low overpotential might be

éxplained in terms of the role of an electrolytically formed

hydridc phase. The present work provides some further strong

and more quantitative evidence in support of the existence of
such an hydride.

One aspect of the evidence is clearly shown by the¢ potential

decay results expressed in terms of the derived logC({n) vs n

plbts {see Fig. 4.9). In Fig. 4.9, the n-dependent behavior

+

corresponds to that of three potential-dependent capacitances

LY

giving distinguishable time-domains of ,the n vs logt plot. The
first corresponds‘;o the influences of the double-layer capacitance
which is petential independent and thus has a flat logC vs n plot

. ' ~
(see curve in Fig. 4.9 for pure Ni wire at 276K in the potential
range 0.25-0.40V). The second is the pseudocapacitance, CQ,
which is important over the potential range 0-0.25V, and has

"almost the same potential dependence for the three electrodes of

different materials (same slopes in Fig. 4.9}. The third is the

o<

capacitance, that we suggest is due to a sorption pProcess

“hya’

associated with hydride formation and decomposition which can be

seen clearly for the Ni-Mo-Cd plated electrode at 278K in Fig. 4.9

. ) 8 :
with 2 much steeper dlogC/dm slope over the potential range

s
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0-0.1V, giviﬂg rise to large C values.

Further evidence for the-patrvicipation of an hydride process

. - . ,
1s afforded by the appearance of the third segi-circle in the

impéaance complex-plane spectra (see Fig. &.235 which could be

-

(The C would

due to an hydride pseudocapacitance, C hyd

hyd’

formally or\iginate from a potential-dependence of the extent of

H sorbed int 'thc Surfacg region of the electrode on potential,
near khe H2 reyersible potentidl®and would probébly be a slow
péocess, resolvable only at low fréquéqcy).
The hydride pha?e'may originate in preparation éf the Ni-
Mo-Cd material by co;deposition of the nickel and molybdenuq which
takes place with inevitable simultaneous discha:ge of hydrogen.
This probably.is the key to the observed faviéﬁblé electrocatalytic
activity of'fhese materials (po sigly for ?c too),see_seétion 5.3)
associated‘uith'thc low-slIfpe behavior of the iog (current) vs

voltage relation, giving good polarization performance at elevated

current-densities.

0 + M ¢ e -1 ’ H, (4.17)

2 ’ i .

where 61 aad 8° are the fracrional occupancies of the 2- and 3-

' dimensional lattices available for H sorption (the 'surface and



= 136 -

- * - M . t
the hydride phase, respectively).  The rinetic involvement of an

147

+*

hydride phase.may be through igsélf as a reaction intermediate
or through a change':he electrgcatalytdc properties of the id-SUf—
face on which the o.p.d.in H a;ises, giviﬁg rise to a surface
which is adsorptrively di?ferenc froa metai sites available fo}
H chemisorption on the regular metal surface.

The rate equations for e;ch‘stég in diagram (4.17) can be

written as:

L/)q = klfl—el)exp(BFn/RT)r- Eleléxp(—(l-e)?n/éT)f (4.18a)

v, = kzﬂle;p(BFnQRT) (4.18b)
%3 - k3(1-82)exp(BFn/RT) - 3_389cxp(;l(1—5FnWRT) (4.18c)’
. . 82. .
v, 487 (4.184d)
The steady-state current is giveﬁ'by'
. . _— , .
i= 2F(k281exp(BFn/RT) + kaez ? . (4.19)

) . .- .
Step 2 in diagram (4.17) is a electrochemical-desorption step,

since 'the observed Tafel slope is 0.125V at- high n ; step 4 is the

recombination desorption step, since a) the Tafel plots have a
low slope (AOfSOmV) at low n ; b) the contribution from this step

reaches a limit when n becomes high {(8~+1 or constant).

v

Following the steady-state approach similar to the trcatment

given earlier, 81 and C¢’1 are of the sam¢ form as given by cqns.

(4.8) and [4&.9), respectivel&; 8., and C

9 672 ato_of the same form

as eqns. (3.39) and (3.40), respectively, except that there no
12 term is involved. : ,
The Faradaic admittance is given by:

2.2 . 2_2
L4 TY + 1R, (QteTT )

’ 2.2
— {
J[mTlf.Ro,l(l*’ Tl)} + wTZ/%RO

’

2.2
, (1o 15)1] (4.20)

-
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where

1Ry = FIBy /3E)) + (By,/3E)g, + (3v,/3E)y,)

2 | 5
L/RG,1 = (Firglapd @y, 738,y + (3Vz/?ei)g}{(3“1/aﬁ)81

- (3v2/3E)91}

2
JL/'R_Q'2 = (F1,/9,) (3v3/392.)E(3v3/35)92.
AN -.(F/q;){favzlael)E—(avlfagl)E}‘ .
Yz, = EF/ql){(avyfaﬁz)g-(3v3/382)E]

ql and 9, are the charges required .for full occupancy, 61 -1,

and,Bi ~ 1 .0of the 2d and 3d '1attices, respectively. Notice there

are two relaxation times and two Ro values are involved, which

together with Cdl give the possibility for three semi-circles to
’ . . ¢
appear in the complex-plane representation of the impedaqce '

-

behavioq of the h.e.r. at the Ni-Mo-Cd electrodes, as is acfually.

‘ '

observed under cevrtain conditions (lown ).
The results caléulated'ffbm eqns. (4.20) and (4.18), as two
examples of complex-plane plots, are shown in Fig. 4.22. The

rate constants and other parameters are arbitrarily taken: (a) ¢

-7 - -6 i -9 -7 : -6
k - - - - - - = . =9
Ky =10 Tk, =107 & 10 75 ky = 10775 and k_j = 10

- - , S

k& = 10 6 mol cm 2 s ,'q1.= 2.5; 9, = 250 .mc cm and,

C,. = 2.5 mF Cm-2, (b) k. = 1077, ¥ = 1078. k, = 107 k, = 10 .

dl AR B RS | 2 3 ’
2

-9 - -7 - -
k =10 and ka - 10 8 mol cm Zs 1, 9, = 50 pC cm 7y 9, = S0

-3

- -
nC cm ©, Cdl = 25 uF cm 2. The vqlue of mn is 0.050V for both cases
k3

(a) and (b). Fig. 4.22 shows clearly that three semi-circles ‘1i—

and

.

11 -10

Arise which corresponds to two different adsorbed or sorbed

inggrgediates and double-layer. capacitance. The shapes of the-

a
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Fig; 4.22 Calculated impedancé complex-plane

plots by using mod with two re-

laxation time congtants (two adsorbed

reaction intermediates).
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" complex=plane pIQ§s3or the frequencY dispersion of the impedance

depend on the values of the rate consthnts, relaxaction times

’ A
Tl , TZ and cdl"

' Ic.f},intereSting, now, to see whether the reaction model

v

(4.17) and (4.18) can fir the experimentally observed data or nor.

. 5 a -
Fig. 4.23 shows the complex-plane impedance diagrams for n -;a)O.Q§8;

- ~

b) 0.093; ¢) 0.145 and d) 0.23b V in the case of the h.e.r. at the

Ni-Mo-Cd plated edectrode in 0.5M NaOH at 296K. The experimental

- .
-

data are represented by the circled points and the numbers lﬁgeled

in the diaérams {(the underlined numbers for experimental data)

-

are the corresponding frequencies (in Hz). The pofnts wi;hout : -

circles represent the behaviour simulated by eqn. (4.20) using

the following rate constant values: kl —'SX{O:y; k_l - 5X10-6
“ . . v .
ky = 5x107%; kg = 2x1078; _, = 2x1077 and k, = 2.5x107%.no1 cn” 2572

and Cdl = 2.5 oF cm-z. The fhird'semi—circle can be observed at

low n (Fig. 4.23 a,b) when f goes down to 0.0025 Hz; -this region

Lo

gradually diappears or is obscured as n is dncreased (Fig. 4.23
c,d). At the high f end, the experimentally masured impedanée spectra
in Fig. 4.23, exhibit "distorted semi-circlesras observed by

1 ' :
Armstrong and Bell 31 for the h.e.r. at W, WwC electrodes, and by

:10]

Epelboin, Keddam and Lestrade’ for iron dissolution reactions.

The threc-caéaéicance component behavior also can be seen -
in Bode piots shown }n Fig. &.é&. Fig. 4.24a 1is the phase Vs
logw while éig. 4.24b is the ioglz] vs ‘logw plots. The points
are'the experimental data, the same as in Fig, 4.23a,‘and solid_lines

are simulated curves obtained by using the same rate constants and

gther parameters as in Fig. 4.333( n = 0.058V). .The three ptaks
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Fig. 4.23 Experimental (c1rcled points) and s#pulated (points
without circles) complex glanc impcdancc di;grams for
_che h e.r. at Ni-Mo-Cd plated elcctrodﬂ in 0.5 M 3
NaOH- at 296K, for four d.§. overpotentials + n ~
a) 0.058; b) 0.093 V; c')’FFO..IGS and d) 0.230 V (c,d -

—_—
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-~ (e) 9=0.145V

0

.2 14 16 18 20

.
?ig. 4.23( e,d . The numbers laﬁﬁéﬁfin the diagrams
(qnderlincd numbers for experimentad data) dre the

corresponding frequencies (in Hz). ’
; v e

¥ ,;‘:.
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- 4.24 Experimental (points} and simulatoé (solid lines) Bode

" plots for the same data and rate constant§.n§ in Fiﬁ.
4.23(2). Diég:am a is the phase vs logw while b is

the lbg | z] vs logw plots.
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in. the phase plot (2) and threerdeclining region in the logfz| plot” .

{b) are correspond to the inflpence of Cdl’ Cp and Chyd’ respectively,

-

. : .
as indicated 'in Fig. 4.24. Since the three capacitances have
different magnitudes, their influences appear at different frequency >‘

repions in the Bode plots., . - ' : - .

The simulated value _of Cdl for tHe plated’ Ni-Mo-Cd electrode
is 2.5 mF ém-z which is 100 times larger than that for Ni (25 uF f/{/

..;')‘ ! : . .
¢cm ~, see section 4.1.2.1). These data suggest that the "real"

-

"surface area of the plated Ni-Mo-Cd electrode is 100 times larger

than that of the.metallic Ni electrode. Comparing.the ratio of

.recal/apparent area = 450 from the BET method, we can conclude that

a

'wetted", i.e.

about 25Z of the "pores"-in Ni~Mo-Cd electrode are

ca. 25% of the pores are the active sites for the electrocherical
. ., iy ;
reaction.” (The potential decay method gives :za. 50% wetted pores,

s¢e section A.lll.&).

- In Fig. 4.25, the ﬁoinas with circles arpeTthe eﬂperi&ental
Taféi data and the solid line 1 is ;he simulated.Tafcl plot by/ . .
using eqn. (4.19) with the rate constants same -as above. The solid

curve 2 in Fig. 4.25 is the calculated current component which has

~

2 slope of 0.118 V at high n contributed by the "electrochemical

desorption step” (taking the same rate constants as for curves 1

»

but ké = 0) while the solid curve 3 is the calculated current

-

component which reaches a limit contributed by the "recombination
step” (taking k2=0). Fig. &.25'shows_£hat the sum of the data

corresponding to curves 2 and 3 (curve 1) fits theexperimental very

-~ ¥

well, especially the characteristic low slope at low n and the

slope of 0.125 V at high n. The curve 3 is the contribution from

the hydride (path 4 in diagrda“&.l7) at 296 K. We may expect that
’ ’
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bath 4 gives a greater and greater contriburion to the total current-

densiry "as rtemperature Qaised,lsince more hydride is involved at

hipgh temperature glving a more sigﬁifiganc low Tafel slope region

as_found from the potential decay and pqlarizétion experiments at

high T (sec section 4.1.1). "

-

Fig. 4.26 show the calculated n vs C, plots, using the simulated

rate censtants and 9 qé parameters the same as 4in Fig. 4.23. In

Fip. 4.26, curve 1 is the C vs n plot, which corresponds to 2d-

.1
adsorbed o.p.d. H;'curve 2 is the C¢ ., ¥s n plot, which 1t is thought.

y <

corrcspo;as to a 3d-sorbed hydride species. The charge for "full"
coverage of hydride (peak area of curve 2) is 10 times larger than
= that for 2d-adscrbed H (peak area of curve 1)}). The value oflq2=50

-2 ’ [
nC cm suggests that the hydride phase is equivalant to ca. 2

-

iayers of o.p.d. H, if we take the "roughness factor” = 100 which

is estimated from the value of C and "one monolayer" charge =

. a1
V//¢\, 250 ucC cm-z. We shall encounter this Quti—layer o.p.d. H situation

again in the case of the Pt electrode in acid-sclution (see section

-

4.3), where it is related to better clectrocatalytiec activity, i.e,

low Tafel slope and high'io, than in.a alkaline sclutions.

€> The shape of curve 2 in Fig. 4.26 and the magnitude of the t¢'
.values are similar to the behavior of the C¢ vs n relation.determined
by the potential decay method (see Fig. 4.8, curve for 296 K), though’

the C, vs n behavior in Fig; 4.8, determined by the potenﬁial decay‘

¢

method represents .the sum of the.C » and C (C >> C

a1’ Se,1 209 Co p (G a1’

c¢,l in this case).

The simulatedgurves for the a.é. behavior of the Ni-Mo-Cd plated .
electrodes fit the experimental curves quite satisfactority but

- not so weli as ‘for the results on Nifgzg\on Pt (see below, section
. i v .
4,.3.2). This may be due to the complexity of the h.e.r. at this

, kind of electrodé;,especially with regard to the kinetical involve-

4
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-

‘ment of aﬁhydride_phase and the probabllity that®the reaction

model in -diagram (4.17) 1s over-simplified. This model probably
should include a) an equiliyrium between the H sorbed in the 2d

.

and:Bd phases involving 81 and &2 valpes; b) the contributigps
of'récoigination—desorption in steps 2 and electrochemical-
desorption in step 4 in dfagram 4.17, which, of course, would
'le;d to_mgéh more complex mathematical equations (which could not
be solved by the present treatment). .

H;wever} it seéms that involvement of an hydride phase in
the h.p.r.‘at Ni-Mo-Cd plated electroées is strongly indicated
and fﬁs presence improves the ele;t:ocatalftic property for the
hie.r., relative to bulk Ni, gi;ing low Tafel glope behavior

probably by previding another, third, pathway through a recombina-_ X

cionﬁdcsbrption mechanism involving the 3d-sorbed H. ’ .
"

4.1.3 ‘Interim conclusions

(1) The methods 'of analysis of digitally recorded potential
decay transients and a.c. impedance spectra, coupled with kinetic

informatipn provided by the Téfel“ﬁolﬁrization behaviour, allows

—

a complete and accurate evaluation to be made of the porential-"

dependence of H coverage under conditions where appreciable contin-

uous Faradaic currents are passing; such information was not pre-

P
-

. . S . . - . .
viously obtainable in an unambiguous way, e.g. from charging curves

or cyclic-voltammetry mgasurements.

(ii) The experimental behaviour shows that the h.e.r.

and Ni-Mo-Cd composite materials proceeds on a surface parti

covered to a limiting extent by the adsorbed intermediate, "H.

Experimentally detérminable limiting coveragés are attained at ca.

v
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e

N

. =0.15 to =-0.25 Vv, EH’ and are temperature dependent. . .

(1i1) The situation in (ii) allows deCermiﬁa:ion of the ratio
of the rate-constants for the“rate-controlling desorption step to

that for the discharge~chemisorption step.

{iv) Good polariiation performance of the Ni-Mo-Cd clectro- .

codted cathodes arises, in part, from the low-slope region that’
persists increasingly to hiéher current densities as temperature
is raised. | : i

B 1

(v)  The low-slope région is associated with a reglon of high

H.ﬁseudocapacitance. A facile desorptive mechanism in H. evolution,

2

involving this H species, which may be in the form of a surface

phase hydride, 1is indicated.
(vi) The behaviour of the Ni-Mo-Cd coated electrodes differs’
in some }mpoftant Qays from meralliec Ni and bulk Ni-Mo alloy, so

the good performance of the first electrode material is'not duce

-

-simply to the 1ar§p real-to Papparent areas that can be realized

—

with coating preocedures.
1 -

P | ~
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4.2 Au electrode

4.2.1 wu.p.d. H at Au

.

It is well knoun100’169’170 that there is no decectable

u.p.d. ©of H at Au elect;ode,_as can be epsily demonstrated in a
CV experiment down to potentials near the H2 reversible'potential
(contrasf Pf, Rh and Ir). Fig. 4.27 shows che’QV profiies_for an
Au clectrode in 0.1 M H280 (Fig. 4.27a) and 0.2M NaOH (Fig. 4. 27b)
at a éwe;p;rate 0.050 Vs ~,296K. The peaks at the right-hand-side
(at the hlgh potential end) of the profile in Fig. 4.27 correspond
to the well-known irreversible processes of formation and.reduc-
"tion of the 5ur}ace oxide109-171’181—134. At-the left;hand-side
of the proflle yﬁ'Flg. 4. 27 down to the. Hz equilibrium potentlal
ca. 0 0V, no u.p. d H peaks can be detetted Such as are clearly
manifested ar Pt elecc‘rodesloo’150 over the potentia1 range 0.05-
_0.6V, depending on pH and electrolyte combositionl However, the
CV experiment cannot in@icﬁte if significant o.p.d. H arises at
potentials negative to Fhe H2 rever;ible éot&n:ial where H2 evolu-
tion currents are appreciable (log io'fof Au is ca. 10-6 A ch-g).
While there rs”eviaently no u:p.d. coverage of H at Au, .the
experimental behavior of possible o.p.d. H behavior at Au is s;ill

2 matter of interest: a),inherently, in relation to the kinetics

and invo.

ement of adsorbed H in the h.e.r. at Au and b) tb
verify {the pyvtential decay treatment and expected behavior in a
case where 8H<<1 and prohabiy negligible over accessible rhnges of

at Hg.

4.2,2 n vsilogi and log(-dVv/dt) relations
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1 i
0 05 }
334uA ,
Fig. 4.27 CV profiles for an Au electrode at'a-

sweep-rate 0.050 Vs * in a) 0.1 M H,SO,,

2

b) 0.2 M NaOF solutions.
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— T . o .
In relation to the.u.p.d. H result from CV, it 1is’ of interesth

to determine if o.p.d. ¥ is detectable at the Au electrode for the

h.e.r. at .this metal. Fig. 4.28 showdHn vs logt plots 1in 0.2M

NaOH solution at 296K for interrupcion of polarization at four

current density values:* (19 0.6 x“1073, (2) 1.§zx10'3; (3) 2.25X%

10-3 and (&) 5.8)(10-3 A gmhz, while.Fig. 4.29 shows the n vs log

(-dVv/dt) relation for the same data as in Fig. 4.28. In contrast

té Ebe n aéainst logt plots (Fig. 4.28), the plbts of n against
log(-dV/dtj(Fig. 4.29) are coincident for the four curves at their
'hpper ends. Note that in these plots there is no arbitrariness
Vinvolved, as there is unavoidabiy in plots sﬁch as those in Fig. 4.28

ecause of empirical evaluation of T, 3s mentioned earlier in the

e

cases of Ni and Ni-Mo-Cd electrodes. Thishdifficulty_is avoided

by treating ‘the data according to eqn. (3.13).

~The curve 1 in Fig. 4.30 is then vs logi, Tafel plot for the*
h.e.r. in Q.2M NaoH at 296K, while curve 2 in Fig. 4.30, as a

comparison,jrepresents the n vs log(-dvV/dt) dats, the same as does curve AV
in Fig. i;ijb The two chrves in Fig. 4.30 are two almost parallel

- ‘/-. - - i
straight” I'ines (in the range of fiye decades of current densicy
< ’ . -

and 0.5V of potenriall) with slépes equal to 0.12 V separated by
a distance berween the lines equal to 1.35 on the log scale (i
in ynits of mA cm-z). .The parallel, relation between these two

plots (see eqn. 3.14) indicates that only a constant capacitance

/!
— .
is involved =t the clectrode/solution interphase. i;gp the eqn.

(3.14) it is evident that logC (mF cm-z) = -1.35, at the

value of the capacitance is 45 yF cm-z, which is reasonably close

-
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to wvhat may. be expected for Cdi_at Au.

*

Fig..a.ql;éhous n vs log¢ plots in 0.1H H,SO, solution:
;96k ai,igg_}ﬂicial current density values : kl).}_&éxﬁ0_3 (2) 7
f6.1%16°% A em” 2. 1o Fig. 4.32 .curve 1 is the Tafel p-ﬁtfaqd-
“curve 2 i th;: n vs 1og(d!l‘zr¢.;.l)l-_lplo.t for the same so‘lu;io‘ -;s ix.1
Fxé._§.31§ ‘The cQQ curves 1n.F1g..9-32 are als; "tw “parallel

Q@ . 7 ' . . \( -
but curvedylines, which bgcome straight at n > 0,05V with slopes

equal.to cda. 0.060V and a’sep;uﬁtion distance equaadfg.l.68 on’
. ' O ' .
the log scale (i {n units of mA cm J. . As discussed above, - oL a4

-

* -

parallel lines in these plots imply constant cabaci:ﬁﬁgé,and‘.

LI W 1 |

the value 1.68cornnmond§ tg'q value of capacitance ¢ 21 pF¥ en”?
L P ! b .. . o - .
) . .

in this case which can reaéonably be .assigned to édlej'Noﬁe ‘that
. ) . . o - :

.
-

'th‘c v‘allc of Cdi is twice ‘times larger in alkaline 'solutien:
: ’ 2 . o o L e
with the acidic solution (the ‘same situatioen ;sﬁobserved

h 4

at un-activated Pt electrodesas well; seé-séction &.3.2.6): *This '

compare

e . . N s
difference is probably due to anion {HSO;) adsorption in the casc

of the acidic solution, giving rise to a lower compact double-
S . : & '

(’lhycf' capdcé;:n1cc. Similar behavior follows from the CV profiles (Fig. 4.27).

4&.2.3‘anpaci:ancc behavior of o.p.d. H and the reaction mechanisms

) " - ) .

The C Ei.” plots for alkaline solution treated using eqh; .13)'

and the data in Fig. '4.29 is shown in Fig. %.33(a).. Only a
o cgﬁtrgbution can be observed in Fig. 4.33(a), which gives
A d.p;d. H coverage, € less than 06.05 at ﬁ - 0.3V. According fo

small C

H!
the discussion in scetion 1.6.2 ., the r.d.s. is therefore p}obably,
N . '
the discharge process (eqnt 1.6 corresponding to a Tafel slope-

©.0.120V with rather small @ (close to 0)..

At}

i

bl

. &
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"The C xi'n ploc‘ for acidic solution,trcated using‘eqn. (3.13)

and the data ian Fig. 4.32,1is shown in Fig.,4.33(b). Only the.

-

double-layer capacitance,'Cdi. can be determinéﬁ;'which is a

- — - f
constant value (ca. 21 pF cm 2) in the pogential range studied.

—
e

The rather unuysual Tafel slope value, ecqual to 0.060V, (=

2.3RT/F) , has been discussed in previous work by Bockris et

a1172, who attributed it to a "surface diffusion" rate control-

13

ling process, prior to desorptive discharge at active sites:

-

—

. .
. — M -
- M+ H 00 4 e k! H .o (A . © (4.21a)
A .
= M
Mg 4o (A Ho4s (B x//,iﬁ.ZlL)

. 4.21b .:;bovc) is the mi’% .

-

that is, the rate determigning stép (eqn

.

‘tion of H atoms from some point (A) on the electrode at which they
. . Q : .

are discharged, either a) to mecet another H atom at site (Bi

"ehemical-recominbation™ to form a H, or b) to move to some active

2

place (B) where "electrochemical- ‘desorption" to form H. can take
9

-

place.
. - 'l
- N = . - " -
For this situation, the langmuir quasi-cquilibrium assumption
- ’ ) .

-(see sectionm 1.5.2) can regsonably be applied with G“ close to

zero {(eqn. 1.11}. The rate of ‘the reaction may then be written:

- ! - P

.

T ' ) . . B .
f e . - . R ) ' 4 - :
a.’ &ZBH kzklcxp( 'T) ' | ( 22)
. . : . . ] ~
Thus, a QEfel slope b = dn/dlogi “ 2.3RT/LF « 0.059V. ré¢sults at
‘?T" 298, with no barrier symmct:y factgr being then involved. -

The slow surface diffusiofi_may_arise in wq. H,50, .solutions

SN L

on account of the knoun169 very strong adsorption of HSO; or

7 R . . - . -
‘SOZ ions, despite the potential.cf the h.e.r. region beiny some

3 * . A .- . ]
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-

0.7V negative ‘to the potential of zero charge of Au.

" 4.2.4 "Interim conclusion for Au electrode

"

-

As with u.p.d. of H at Au, also no o.p.d. H can be detected

L

“at” Au electrodes-either in acidtc or arkaliﬂe solutions at 296K,

: ”
i.e. the h.e.r. procéeds-at the almost bare Au surface, apart from

the presénceuof'Hzo dipoles and possibly adsorbed anions in atidic

(HZSOA) solution. ~ In alkaline solution, the reaction is controlled

'by the discharge step with BH close to zero. In acidic.so}utioﬂ,

the reaction is characterized by a rate-controlling "surface

diffusion" process.

' -
=~ -~
. j
-V -
b ~
J - . & .
» ‘ ‘ *
s :
- - r
1 -
.
~ .
. . < -
. T . "
. .
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)

4.3 ﬁright Pt disc electrode

4.3.1 (1) Potential decay method}‘*“‘?
, . ha

Derivafion of information on coverage and pseudocapacitance
of o.p.d. H requires the complecentarf measurement of polarization
(L1(n)) behaviour and the poténticl relaxation. Thesclnspccis will-
.be reported here sequentially in‘the two éections-uhich follow.

. - ! ’ @
4.3.1.1 log(current-density) vs Potential Relations

{(a) Acidic' solutions

We first_show .the Tafel relations tor . the Pt
. L d
-

electrode in acid solutions in order to characterize the polari-

//zétion behaviour and thus cva_luate_c¢1 ps-f(n) through eqn. (3.13).

Fig. 4.34 shows the n vs {1 plots (corrected for the back-reaction

»

current component'acccrding to the H recombination mechanism*)

- - . * * N .
for a Pt electrode at a rotation ratt of V600 rpm in 0.5 M ag.
HZSOa solution. Note, hovever, that analysis of the potential «
decay mEaSuremencs to obtain o + C, does not require correction

. dl &
(\ L]
of the measured currents since it is the net, experimentally
recorded\i(n value that-determines dn/dt at- a given n. )
Curve 1 in Fig. 4.34 represents the Tafc?! plot {or in ano-

* Y . . .
dically activated Pt clcct}ogef the relation exhibits a linear )

region wlth a slope of 0.036 V at low n while the slope increases

with nasn > ca. 0.05 V. Curves 2,3 and 4 are Tafel plots for

the electrode initially activated (as with curve 1) but cathodically

Id

polarized ton = 0 050 v for'durations of 15 30 and 60-minutes >

*Although it is proposed in this section that _the pathway involves

two parallel steps, recombination and’ electrochemical -desorprion,

the recombfnation step~alvays makes the major contribution to. the
reaction rate ‘at leow n and the back-reactian .1s ‘alsc only signifir

cant at low n. . | . ) -
** As mentioned in section 2.2. 1, tﬁeﬁS&mrsznts described here
. . were conducted at a Pt &D n order to eliminate H, supcrsatsration

. and diffusion effects, #nd syagnant bubblc formatidn.

. - -

'
2
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.the rate controlling stép is electxochemical—desorptibn with,

. . - . B ' .
. ) . ) . .
« - . . i . - — .
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- -

respectively. Through curves 1 to &; the slopes of the liqpér
regions at low n increase from 0.036 V'to 0.068 V linearly with

time (as shown in Fig. 4.34, finset). o ) .

TN

It is seen that when n > ca. 0.075 {, the Tafel relation
becomes a étraight‘line with slope equal.to 0.125 V (upper region

of cu:ig.d in Fig. 4.34). This inmplies (cf.'refs,-22,2§) that

»

with GH + 1 or the initial discharge step. with BH - 0. Fig. 4.34

shows that the Pt electrode becomes a poorer electrocatalyst for the

-

h.e.r. ad’;he‘cathodic polarizatidén time increases, as also known

70,882,173
from other wvork »8 -

From Fig. 4.34 the exchange current-density, io' is 3.2 x IOHB

A cm—z for_the anodically activated electrode and 1.6 :‘c'ltil-3 A cm-2

~for the electrode aged-unde} polarization for 60 min., respectively.

Comparing the curve 1 ‘and curve 4, 1t 1is seen that the io value

for the activated electrode is only twice that for the aged elec-
trode. However, the current-density 1 for the activated electrode

is 10 times greater than that for an electrode 5éed for the same .

time at n = ca. 0.1 V. .This.suggeéts‘chat the difference between

activated ‘and aged electrodes 1s not ounly that they have differenct,

~ -

"active sites" or reactionm surface area, but alse ;haﬁ théy exhibit

‘a different pofential'dependence of the recaction rate and thus

ol I .
probably have different rgzction mechanisms, or variably mixed L o

mechanisms. Hiyf?Tt-is also useful to point out that the practical

- .

electrocatalytic activity of an electrode is not to be measured

. : ' ‘ I . r
just by 1its "i0 value"™ but rather by the combination of 10 and :
Tafel b parameters for the given process, as mentioncd on p. 4.

» ‘ - .
= (b) * Alkaline solutions ) ..

Fig. 4.35 shows the n vs 1'pLo:s for thé - Pt rotating disc
. -q ‘ . ] .
A <Y \

.
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4
electrode at a2 rotation rate of 3600 rpm';n 0.5 M aq. NaOH -'solution.

/,~Q§iif 1 in Fig. 4.35 vhich 1s the Tajpl plot for an anodically

activated electrode, exhibits a linear regién with a'slopc of 0.075

TV for n < ca. 0.1 V but with curvature beyond n = ca. 0.1 V. .

~

A} - .
Curve 2 in Fig. 4.35 1is the TFafel .plot for the same Pt electrode

~

.after 30 miﬁ. cathodic polarization at n = ca. 0.050 V and 1is-a

straight lfne;uith-a slope of 0.125 V throughout thc.potcntiél

range measured.” Curve 2 implies that the r.d.s. at an aged
electrode in alkaline solution is eirher thp electrochemical~

desorption step with o.p.d. BH + 1 or the initial discharge step

~
with o.p.d. BH + 0. We shall see below that the analysis. of the
1 } . . t .
potenﬁi;djdecayimesSurements is able to define which of these
conditions applies. ) ' . - .JZ

The decreqsé of activity of the Pt electrode with-time in

alkaline solution .is appreciably more rapid than in acid solution.

- -+
-

Fig. 4.35 shows thag the‘curfent-den§ity for ‘the h.e.r. at the

Pt electfode aéed‘for'3ﬁ‘min. ac.n = 0.050 V becomes Ijé times
smaller than that for an }ctivgtéa eiectrodc‘at th;'gamu potentihl.‘
Fig. 4.35 ihéicatés that the 1 value for ‘the acgi;atcd é: elec- "
trode fn 0.5 M NaOH at 296 K is 3.1 1074 A c;x_nz'uhit;h is

-

actually greater than the literature To&ported datUJ\\§¢l_f 10-?

A cm-z 174.
‘ . ‘ - _ - .
4.3.1.2 Potentilal-Decay Behaviour

" ,; - " ®a), Acidic.solutions o '. o ) ;

' The digitally acquired, potential rclaxation data are showd-

as f(log t) in Fig. &.36 and as f(log-dn/dt) in Fig. 4.37 for

activated and aged Pt clectrodes im 0.5 M HQSOL‘ In>both Figs,
N [] . . ) - : - * . . . . N
4.36 and 4.37, curve 1 is for the anodically activated Proelectrode:

e

-~ - T —

‘while curves 2., 1 and & are for the aged clectrodes, !.e.-after

N -
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*.discharge of the doublé—layer capacitance through rhe hon-linear"
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v

> 5 L

cathodic pclarization at n = ca. 0.05 V for 15, 30 and 60 -min.,

respectively, These conditions correspond to those for the steady-
] +

Btate polarization relations shown iIin Fig. 4.34. ) -
Fig. 4.36 shows (as Ys also appanénc in Fig. 4.37) that the
potential-decay curves have three principal regions: thb'first

region arises when n > 0.060 V, i.e. for times in the range 1
i ", -

Us to ca. 0.3 ms (log t (ms) = -0.5), and'coérc%ﬁonds{33'ljs

. . ‘ A .
Faradaic reaction rcsistanccl3 137. The third region arlses ,

when n > 0.060 Vv, for time in the range ca. 3 ms (log t (ms) =

0.5) to 160 ms (log t (ms) =2.2) and éorresponds to discharge of
the o.p.d. E pseudocapacitance. The second regfon is a flac,
intermediate one between the first and thé third rcgioﬁs around
n = 0.060 V. over thc.time range ca. 0.3 ms to 3 ms. The total
potential decay proécsses take only less than 0.2.5 in acia at
the Pt electrode, i'f' for the potential to decay t; within 5 mV

of the reversible potential.

We know from previous uorks38’103 that C¢ is a f(n) and,

for Ni and Ni-Mo (section 4.1) alloys, 1is only significant at

lew overpotentials, reaching zero rapidly with increasing n,

assuming a small or zero interaction factor!®3. Since the Faradic

-

reactlon resistance corresponding to the high iO value, is
relatively small for the‘h.é.r. at Pt, the discharge of the
double-layer capaéitance is almost complete when ove;potgnt}als
are > 0.060 V, within a very shqrt ;ime, since thé'H péeudbcﬁpaci—
rance 1s still not yet significant at thft potential; tﬁus, it

' v

is possible te observe the flat intermediate second region of

the potential-decay curves, as in Fig./2?3€i
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Sinﬁe the Faradaic rea;qion resistance becomes larger for:
the aged electrodes, the di;;harging time .for‘Cdl (the first rég}on)
becomes increased as the duration of cathodic polarization is
increased, due to the-deactivating effect of impurities (see
section 4.3.1.7). _ .

In thé work on the h.e.r. at Ni and Ni-Mo-Cd plaﬁed electrodes
(section 4.1) in alkaline solution, only two principal linear
regions were observed in.the-potential-decay relation, which
indicated that only tge region where overlapping'dischafge of

takes place, is observed; in those cases, the total

-

Cdl and C¢

times for the potential-decay processes te take place were ca.

10 s for Ni and 100 s for Ni-Mo-CF .lated electrodes, respectively.

(b) Alkaline solutions

- Fig. 4.38 shows the f vs log t and Fig. 4.39 the n vs

log(~-dn/dt} plots for five initial polariz;tion current-densities

at an activated Pt electrode in 0.5 M aq. NaOH. As in the case
of Ni and Ni-Mo-Cd alloy electrodes, two principal decay regions
were now observed. As was discussed previously (section 3.1),

Vor n is strictly only a linear function in In(c+T1) [see eqn.

-—“ - .
(3.6)] as C, = 0 or constant; therefore, when t < T, the relation

¢

between V and In t will depend on the initial current,'i (1T =

e

ycdlli) (see Fig. 4.38). However, in the n ys log(-dn/dt) plots,

the five lines are found to be coincident, even up te high n .

[y

values, because no arbitrary or empirical choice of T is involved ’

(see Flg. 4.39). -
' ' . ' U



g . «
a ) .muEu vV 8100 (¢ pue qmo.o.ﬁm H6T00 (€ LE£0'0 (T tww0to (1

* - N

!623J1JSUDp JU3LIND ¢ ¢ uwoprevziaviod jo uoridniralur 103 NgHZ IE HOEN W €0 vl curdta 009¢

. . i .
JO 2391 UOIIEIOI Vv IV 14 PBIRATIOV AY[edIpouv 1B *1*9d'y 2yYya 10) siold Lvoap-Jviiualoy

- (sw) vbol

0 .
+

>
¥

. , € 2 | .0 b- : é- . -

HOON W 'O | o .

-

; 0g'0

gg'w '3134

-



172 -

L]
..

gL'y .wﬂ..._ Uy .umoys se PIVpP ouwvs 2431 10} .A‘uv\.c_unv wm: J.M. u jo muo._.n_ mm t 3
w . . . 1] .H--H

¢

, (¥p/Lp-) Bo

\ 0 - 2=

<
2l I
- 0J

T . L4 14 . ‘e [ Sl A R o
e
. \.ﬂ...u.,.,..”..ww.m
i d
, &ﬁmw —

st

4010

an

| . 4020

\

\ | | | " HOON WG'O -
| . . o 0£°0




- T " 173 - .

- <

: H
L
The potential decay behaviour for the h.e.r. at Pt electrodes

is more complex than at Ni and Ni-Mo~Cd plateﬁ‘alloy electrodes

‘because the Tafel slope, b, 12 a function of n at high n (ghe

Tafel "lines™ are Curved}.'

4.3.1.3- Pseudocapacitance Behaviour of Adsorbed o.p.d. H

(a) Acié@% solutions \

The evaluation of the pseudocapacitance behaviour of adsorbed
o.p.d. H species cén be made directly uitﬁ Eqn. 3.13), -using
the n vs log i _data (Fig. 4.34) together with the n(t) behaviour

differentiated to give dn/dt (in Fig. 4.37). Fig. 4.40(a) shows

r

C, thus derived,-for the Pr electrode in 0.5 .M HZSOA solution

as £(n). The four curves in. Fig. 4.40(a) correspond to the

curves in Figs. 4.34 and 4.37, i.e. curve 1 is for the anodically
activated electrode while curves 2, 3 and 4 are for the aged

electrodes after cathodic polarizations at n =.ca. 0.050 V for

‘.

L3

15, 30 and 60 min., .respectively. Evidently; there is a contin-

with n, exhibiting a maximum af in fact _Is

®
37-40- . . ’
expected theoretically . However, it is seen that the half-

‘uous variation of C

- width 1is narrower than that required for Langmuir agforption

(cf. ref. 38) and corresponds to g = -2 in eqns. (1.1&).3nd(1_1§)'

i.e. some attractive interactions are involved. When n > 0.060

v, C¢ decreases rapidly and reaches the value of Cdl (25 uF cm-z) -
. . ¥ .

finally. This can be seen more clearly in the_extendgﬁ profilc

"showa in Fig. 4.40(b) ‘ ' . '
* T#q corresponding H deposition charges are evaluated by

iinfegrgfing é&(n)kwifﬁ résﬁéét to”htﬁé;k”arégs in Fﬁg: &.40(5)1?
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By ashuming the 'H deposition charge for & monolayer is the same
as that for a.-Pt(l1l) surface, 1 .e. ql-'210uC cp_z, the apparent
coverage of Pt in eqdivalent monolayers .of H could Be evaluntéd,

as shown in Table 4.4.,

Table 4.4 Numbers of equivalent monolavers of o.p.d. H at a

Pt electrode in acid for activated and variously

aged eiec.strode_gJ calculated from the data in Fig.-bfﬁﬁ(aj

.
-

. " _ _ ’ No. of
Cathodic polari- . Type of electrode Surface_gharge equivalent
zatioén time (min.) . " treatment (UC cm ) , "monolayers
0 . activated 1866 ; 8.8

15 . aged ) 915 7 4.3
o 30 - . aged - . 519 -\ 2.4

60 .= "aged 247 : 1.1

- . g

- It" is seen from Table 4.4 that the apparent coveXage by 3j£ﬁ?&aé\\\\
. 0.p.d. H species at an activated Pt élgctro@e'is 8.8 equivalent . . -

monolayers, which is a ‘surprising result. We shall discuss the,

significance of this in Section %.3.1.4.

It is noted that as the Pt electrode becomes moré¢ and more

"poisoned" (at longer cathodic polarization times}, the apparent

&

surface coverage By 0.p.d. H (and also the u.p.d. H ;.scc'Scction

4.3.1.6)decreases and finally only ca. one eéuivdlent mbnqlayeﬁ ‘- ¥

. . i . . ﬁ.{
.of o.p.d. H is observed. ~ This can be related -to the linéar (fighel

plot, with b = 0.125" V, obscrvgd'at high'n (see curve 4 in Fig. 4:34).

»
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(b) Alkaline solutions

e .i Fig. 4.41(a) shows C as f(n) for an é;tivated Pt electrode
iq 0.5 M NaOH sslutién, corkespoqding to th; polhrizationfand
decay data in Figs. 4.35 and 4.39, while Fig. 4.41(b) shows Edl
ig‘n based on the same data plotted on an extended stglg; a .
reasomable value of C; = 25 yF c'::n-2 is found under these condi-

d1
tions. Integrating the C(n) vs n profiles in Fig. 4.41(a) gives

&

an H deposition charge of 80 -ucC cm-z which corresponds to

GH = 0.38, assuming again q,= 210 uc <:m_2

Equation (3.13) indicates that, when C¢ + 0, the ratio
.-

t) will be constant if the value /C

i(n)/(-dn/d is relatively

dl
constant. This is best illustréted by the behaviour of the
'h.e.r. at Au in both acid-ané alkaline solutions shown in Fig,
4.33. It is seen from Fig. 4.&%(3) that the curve 1 for novs
log i and the curve 2 for n vs log(-dn/dt) are almost paréliel

. straight liﬁes cach having a slope of 0.125 .V, except_ovér the
low 1 fegion of curve 2 whefe theré‘is a sl?ght deviation from

the gnraight line, which indicates a small C, in the low n

@
as shown in Fig. 4.42(b). A total o.p.d. H deposition

22 ucC cm_z,uand fractional coverage, 8 _ .= 0.1, can be '

H-

el ploEs (Fig. 4.40(2) with 1; Fig. 4.41(a) with 2) in the

acid and alkaline solutions; It can be seen that the potentials

at which H adsorption approaches a limiting value, or éaturation,

-
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(0.060 V in acidic and 0.100 V in alkaline solution)Y«vare, as.
theoretically expected (see Section 4.3.1.5), the potentials’
at’uhich Tafel relation starts to become curved (fo} the H

- .
recombination mechanism}. - -

, e
4.3.1.4 The Role of o.p.d. H Iin the Electrocatalytic Behaviour

" of Pt and the Formation of a Pt-hydride Phase
——

The H adsorption behaviour at Pt in acld solution, where
th{/;pparent coverage 1s 53{ 8 eqpivalent monolayers-of H, 1is
radically différeqt from that in alkaline solution where OH is
a}ways founa to be < 1. This is strinkingly i{lustratcﬁ'by
comparing the actual potential decay and the log -dn/dt plots
in Figs. 4.36,37 with those in Figs. 4.38,39. This difference
.15 maintained with activated electrodes that in both acid and
alkaline solut;ohs support a full monolayer of u.p.d. H and
the behaviour ogsetved is not changed by piﬁelectrglysis of the
eread? verylpure solution in pyrodisctilled water. Therefore fhc
effect appgaré to be real, unconnected with any adventitious
poisoning in the alkaline solution experiments. Also, fresh
active electrodes, both in acid and alkaline solﬁcion, cach give
u.p.d. Heguonolayer charges that are the same within 57.

Since it is difficult to cover an electrode with a film of
H 8 aCCuai monclayers in thickness, oné possibilicy of explaining
the behaviouf is that thE'o.pr.'H at Pt in acid solution is in

S~ : -
the form of an hydride in the near-~surface region of the Pt '

interface. This suggests that the specially favorable electro-

catalytic activity of Pt in acid solution for the h.e.r. and for
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hydrogenation arises because of the presence of this electroactive

s;rface hydride phase on which, or by means of which, pr;ceed the
elementary steps of the h.e.r. We have to Tecognize, however,
.that the der{vation of C¢ through eqn; (3.13) implies the assump-
tion, for Pt,-th&t the Faradaic reaction resistance for discharge
of H (cf. thé equivalent circuit shown in Fig. 3.4) is sugstantially
smaller at all ;otentials than that corresponding to the rate-
donStant(s).for either of the H.desorption steps; that is, that

a desorption step 1s uniquely rate-controlling as has ﬁaually been
indicated for the h.éér. at Pt. 'Nevertheless, even if the above
condition regarding the Faradaic éesiscances doe; not obtain, it
is unclear how that situation could then lead, as an artifact, to

the high C¢ and corresponding large GH valdes that are obtained

(for Pt in-acid sclutions. We should mention here that a.c. impe-

+

dance measurements will be shown in the next section for Pt

electrodes under identical conditions to those employed in the
«

potential decay work and also lead 'to large pseudocapacitance

values for o.p.d. H in'acid solutions; with a maximum, and actual
values at varilous overpotentials that are in quiteigood agreement
with the potenti#l decay resulrs. Ther;fore the high values and
resulting large apparent "cqverages" are not artifacts of the

potential decay method. This is alsoc shown by an analysis

e

recently carried out by Harriﬁggpn in this Laboratory of the
full 'kinecic theory of potential decay without reference to any
»arbitrary equivalent-circuit-representation.

1

It is interesting that no indication exists from u.p.d. H

work at Pt in acid solution that any more than a single monolayer




P

et
qf‘H is deposited up to a potential of ca. +0.050 vs E(Hz)}

even with holdiﬁg'the potential constant at that value for some
time. Evidently potentials more negative than the reversible

+
HZIH value are required for generation of this state of sorbed

H aé Pt in acid solution.

N

Since the behaviour does not arise at Pt #n alkaline solu-

tion where the disEharged H arises from the H 0 molecule ra;her

2

than "H30+", it seems that 1if it Iis surface hydride formation

that is occurring, at Pt in acid solutiens, it may rvegquire dirccrt

+
injection of a proton from H,0 rather than discharge of an H

3
atom in a neutral state. Some support for this arises from

191

vork of Palczewska who found that sorption of hydrogen into

Fe films from the gas phase only took place when H, was disggcia—

2

¢+
ted and ionized to B rather than being just dissociated to

neutral H atoms. ?he results shown in section 4.1 alsco give
indications that the high activity of Ni-Mo-Cd plated electrodes
for the h.e.r. is associated with the formation and prescnce of
a Ni-Mo-hydride phase. |

Since the "multilayer" sorption of H at Pt in acid solution
is an unusual, and~perhaps unexpected but important réesulc, its
reproducibility was checked {n several separate experimeqté and by
another researcher in this laboratory. However; the very differgﬁt
delay reglons seed in the n(t) behaviour in Figs. 4.36 and 4.38
for acid and alkalline' solutions, that correspond to different
"CR" behabiOur,-are directly apparen; from these fiéures.

The present results show that in the following sequence of

'states of the electrode investigated: unactivated Pt in alkaline
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[ ) } ~ T
s&iﬁtion; activated Pt in alkaline solution; unactivated Pt in

-
-

acld; and activated Pt in acid solution, the adsbrption of o.p.d.
H increases while the h.e.r. rate 1s also increased at a given’

I .
overpotential. Thus, improvement of the<electrocatalytic activicy
N\ ) ) .
of . the Pt electrode is directly assoclated with an increase of

o - .
coveréhe or sorption by o.p.d. H.. Also, .as shown below, the

u.p.d. coverage derived frdﬁxbvgis difeqély related to the extrna

0.p.d. coverage evaluated from the potenvial decay results.

-

With régard to the appafent generation of an hydrided state

~

of the boundary region of the Pg¢ electrodg in acid, 1t 1s reason- -

able to suppose that such a surface would have weakér affinity .

for chémisorbed H, which could lead to an enhanced rate of H -

atom recombination desorption (see section 1. 6). It may be

‘presumed that entry of H into the surface region of Pr would

promote d-band filling in that region, as with bulk alloys of

H or Au with Pd (cf. the work on catalysis and adsorption in

relation to d-band fillingl76_17s). The effect of weakening the

adsorption bond of H to Pt can, of course, go in either direction,
depending to which side of the "volcano relation" (see Fig.1.g )
the experimental conditions of H coveragé and bond strength

correspond. However, since at Pt, we are probably on’ the right-
L4
L]
hand side of the volcano-s¥elation (high coverage and large bond

strength of the electroactive o.p.d: H sbecies) any factor, such
as hydriding, that Eould weaken the bond of these H species at
" .

the Pt metal interface, would tend to increase the rate of recombin-

agion, (see section L.é). , C -

We have also considered the possibility of dissociative

readsorption of I from Hz.(cf. ref. 111 for Ni) at active Pt

®
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electrodes during decay but that process seems'unlikely since the

net reactlon must always be in the direction of Hz'formation at L

the cathodic¢:potentials In our experiqénts. In the method of

" refs. 110 and.111, readsorption with extra charge for oxidation
of the resulting H, i1s possible* since anodic transients are

taken to pétentials positive to the H2 reversible potehgial.

L Although our apparent "fractiomal" coverages are > 1, they

reach a sharp limit with increasing current—-density while the
. Pty )

supposed readsorption effect (at Ni,‘lll)'was found to increase

continuously to large extents with dncreasing current-density.

-

Note that at Ni, under ctherwise similar condit#ons to those

reﬁf'lll, the decay method does not give anomalﬁusly high coverages

and, in fact, limiting coverag¢§:3§ ‘0.p.d. H of only 25 to 30Z%

are found (see section 4.1) which can be ratiocnalized kinetically.

r

™~ ' v

4.3.1.5 Mechanisms ' |

' (a) Acidic Solution

i} Activated electrodes

The reaction schemes for the h.e.r. were shown as eqns. (l1.6),

-

(1.7) and (1.8) in section 1.4 . Since the present experiments
show that the apparent o.p.d. H coverage is large oh a Pt electrode
in acid, the initial discharge step may be Expected to be in

"quasi-equilibriumn. In the absence of more definite information,

N -the electrochemical adsorption behaviour of the kinetically-invelved
e

v
~

" —~ i
©» *This is what gave rise to 6, values 3 and >> 1 in that work in
the case of Ni. ' )? '

T
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: o.p.d. H at the interface of the supposedly hydrided surface region
with the solution will be expressed by the familiar adsorption

isotherm (eqn. 1.11). The corresponding pseudocapacitance 1is

¢

shown 1in eqn; 1.13.

Given the resuft that the coverage by o.p.d. H is apparently
substantial and if step (1.8) 1s rate-controlling, a limiting -
current would be exjectedat high n;" on the other hand, if step

(1.7) is rate-controlling there should be 2 linear Tafel relation

— i

having a slope near 0.118 V at 298 K. However, these expectations

. , e
are not fulfilled experimentally and, in facct, the experimentally

observed variaction of H coverage with n at Pt does not ;vidently
correspond to a Tafel relation determined uniquely by H recombina-
tion kinetics:las_187 . ' >,

The Tafel :elagiqn obs;rved for the h.e.r. at activated Pt
electrodes in acid, as shown in Fig. A?}& (curve 1}, suggests that

the recombination and the electrochemical~desorption steps are
o, . -

involved in parallel paths but the recombination step makes the

greater contribution to the reaction rate at low n, while the

- -

elcctrochemical-desorptioﬁ step becomeqd dominant at high nQK\Thus,

. . ) .
the total current-density should b{ exkressed in the form:
P _ ' 2
i/2F kz(cH+)8Hexp(BnFIRT) + kBGH (4.23)

or in forms involving the g factor, eqns. (1.14, 1.16). 'In the
r.h.s. of eqn.‘(6.23),.the first term is written for the rate of
the clcctrocqemical—desorption and the second for the recombination

_pathway. It is noted that the faster reaction characterizes the

- - N
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kinetics in the case of parallel reactions.

It is interesting to see if the observed Tafel plots can be

simulated using eqn. (1.11) with eqn. (4.25) for the parallel, -
pathway, as shown in Fig. 4.43. The following  arbitrary valuecs

of the required'constancs are used: 51 -‘P.l, k2 - 0.1, k3 - 13,

‘CH+ = 1, T = 298 K. Curve 1 in Fig. 4.43 represents the contri- T

bution from sFepL(1.7) alone (k3 = 0) while curve 2 is that for
step (1.8) alone (k2 = 0); curve 3 represents the‘Tafbl plot fo;
bogh cdﬁ&ributions in a parallel pacthway. It is-seen that the
form of.the Tafel plot thus calculated (curve 3 1in Fip. 4.34) is
very similar to the form of the experimental Tafel plot;(curve 1
in Fig. 4.34}. Notice that the linear region-at low 7 Fith a
slope of 0.036 V can be accounted for with g;.reprcsentéd as
£(n) according to eqn. (1,11). .0f course, uhglé the choice of
consta;cs above is arbitraryf the important point @s chét the form
of the observed behaviour can be closely simulated in terms - of
the parallel- pathway. (The full kinetic analysis of fhc d.c.
polarization behaviour ubing the simulated rate oons:agts from
a2a.c. ilmpedance experimental déka and the reaction mechanism will

be discussed in the next section, 4.3.2). 1

-
-y

.ii) Aped eléctrodes

Since the apparent coverages by o.p.d. H on aged clectrodcs
are also more than one monolayer (see Table 4.4), -the quasi-

equilibrium condition in the discharge step (eqn. 1.6) probably

still holds, so that the BH vs n relation stillbfoligﬁs eqn. (1.11).
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R = . .

Fig. 4.40(a) showé that the C¢ ¥8 n curves for-diffefcnt

aged electrodes have similar shapes.  This suggests_thét they

should correspond to simiiar GH vs n relations 1f 1t 1s assumed

that qlis different for each curve ?gee Table 4.4). 'we-hoﬁe
that the peak potengials shift_to_lo;ér.n values as time of
pdlarization increases (sqe Fig. 4.40 a), which 1nd}cétes that
the rate constant ratio kf]k_l ,‘for that amount of o.p.d. H that
can be accommodated on and in the surface, increases with increas- .

ing time, though the total appargnq.covcréges decrease with time

-

of polarization due to the poisoning effect.

Simulated Tafeél plots for aged electrodes were also calcu-

lated using eqns. (1.11) and (4.23) for the parallel mechanism,
as shown in Fig. 4.44, where the parameters chosen are indicated

in t¥e caption. Evidently .the experimentally determined Tafel

plots taken at aged electfodes (Fig., 4.34) - can be quite uéll

simg}aced by th;-caléulated ones, based on the p;réllel patﬁway,
as shown in gié. 4,44, .In ocrder to account for the observed
progréssién of Tafel relationé with time.of polarizaction, cor;es—
ponding to dqgc&ivation of the ele;t;ode (diminuﬁf&n of's.p.d. H
coverage from 8.8 to 1.1 equivglentvmonqla’yers)an exponcntiaily
decreasing rate-constant ratio, k3/ké, with time.is required éb
account for the time-dependent behaviour. .

In summary, at aged Pt?élgytroées in acid, the.parallel
mechan%sm can.élso apply; the rate of the recombination step

contribution decreases exponentially with cathodic polarization

time.
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(b),. Alkaline splution .

i) Activated electrodes

The paths of the h.e.r. in alkaline solution are similar to

those in acid solution except "that H is dischargéd from H20 rather

than from H 0+, (see eqm. 1.6b, 1.7b). We denote this by priming'

3

.the rate constant symbols k

2

1’ k_l and kz. In alkaline solution,

'discharge‘is usuzally more difficult than in acid, so kl' < k1 and

k2 < kz. If.k3 remains independent of pH (apart fro; anion, -

adsorption effects), the recombination pathuay component will tend
to be. favoured,

The fact that the o.p.d. H coverage, elim,H is now less than-
1 but still appreciabdle [alim,ﬂ = 0.38 for an activated clectrode,
see éig._&.&l(a)j indicates that Fhé rate constant of the iniéiﬁl
discharge step is comparable to that of the electrochemical-dcsorp;
tion step,’i.e. quasi-equilibrium inrghe former 1is not maintained.
This kind-of kinetic situation has to be treated by the steady-
state method as in che previous discussion'ci.o.p.d. H covgrauc at
Ni and Ni-Mo-Cd plated electrodes (scction 4.1.1.4).

The relevant rate equations for processes 1, 2 and 3 (eqns.
1.6, 1.7 and 1.8, respectively)‘are.shoun in eqn. (3.37). The eqns.
steady-state SH can be solved by setting eqmn. (3.18) equal to
zero (rl-O), giving BH(n) (eqé. 3.39) and C¢(n) {eqn. 3.40) rela-
tions (see section 3.2.2.3).

zg.n and © vs n plots calculated from

¢ .
eqns. (3.40) and (3.39%), respectively. The parameters taken

Fig.-4.45 shows C

are shown in the caption of Fig. 4.45. The simulated Tafel plots,
' ]

for

.
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which correspond to the Cé(n) and BH(n) relations, "are shown in

Fig. 4.46, and were calculated for the parallel mechanism using

- eqn. 4.23, taking the same parameters as for Fig. 4.45.

C;qparing the behaviour shown i; %ig. 4.46 with thatin Fig. 4.35
and in Fig. 4.45 with Fig. 4.41(a), it is seen that the parallel
mechanism also applies in alkaline solution for the activarted
electrodé; moreove&, the‘Jbserved behaviour is accounted for if,
for the initial discharge step, a rate constant 1% Yaken compa-

rableto those of the second parallel steps (kll(k2+k5)-50189)

while "the recombination step has the greater contribution to the

-
-

total rate of the parallel desorption steps (k3/k2-80/0.1 is

required).

(ii) Unactivated electrodes

L —

Since it is shown here that, for alkaline solutions at un-

activated Pt electrodeé, the ‘coverage of o.p.d. H is relatively

low [SH = 0.1, see Fig. 4.42(b)], the rate-constant for the

initial discharge step must now be relatively small, lcading to 3

a linear Tafel relation with .a slope of 0.120 V (see Fig. 4.35,

curve 2). . . \

4.3.1.6 Relation between u.p.d. and o.p.d. H Coverage

The measurement of the u.p.d. ¥ in the present experiments,

which was described in section 2.3.4, was made in a slightly
different way from that in $Tevi0us work in this lgboratorylso.

The progressive decrease of the/ u.p.d. hydrogen charge from

that measured without prior cathodic polarization for time ¢
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ey
. —

. indicated that the surface was becoming blocked by adsorption or )
deposition of impuritieé during the time t of cathodic polarization. -
N S ' . ) .

The inset (b) of Fig." 4.47 shows the re8u1ti§g cyclic~ :

50&. Curve 1 is the normal

2
profile for high-purity condictions, i.e. without cathodic polari-

.

zation or impurity accumulation, while curves 2, 3, 4, 5 and 6

voltammetry profiles for Pt in 0.5 M H

are the profiles recorded after cathodic polarization at . — 0.050V

o

for 57?&&,_20, 30 and 60 win., réspectively. It 1s seen that the
u.p.d. H is successively reduced as the cathoddic polarization time

is increased, due presumably to the progressive accumulation of

deposited ahd/or adsorbed impuritiessz’lso, as found 1in earlier

work queoted here.

~

The relative changes of coverages both by u.p.d. and o%“p.d. H

wfﬁh'cathodic polarization time can be calculated "if the "full

'cbverage" charge is taken as 210 ucC &m-z for the u.p.d. H and

1880 ucC cm-2 (8.8 equivalent layeys) for the sorbed o.p.d:'H.

The results are shown in Fig. 4.47; (the o.p.d. data are taken

;

from Table 4.4, the u.p.d. from the insets of Fig. 4.47). Fig.
4.47 also shows the decline of u.p.d. H coverage with time with-

out cathodic polari&ation, i.e. during potential cycling between ™

-

+ 6.05 and +0.75 Vv Eﬁ (see inset (a) of Fig. L.87).
2 . )

It is noted that the apparent relative coverages by the
-o.p.d. and y.p.d. H fall on_the same line with time of polarization,

i.e. there is 2 one-to-one relation between the o.p:d. and u.p.d. H,

. <F .

and both are related to the active adsorption sites on the electrode;

however, the o.p.d. H charge is much larger (8.8x) thaﬁ the u.p.d. H

chargé in the case of results for acidic solution. ’ i

- ey '



o Fig. 4.47 rel%t;ve goverage, eH vs time of cathodfc poIar%zatibﬁ for the
) HER at Pt in 0.5 M H,80, of (O UPD without cathodic pgaarization;
o A UPD after cathodic po]apjzation atn ? 0.050 v and Ej QPC
after cathodic po?arjzation gf n = 0.050'?. ‘
. Inset figures: Cycaic-vo1tammetry 1 vs nprofiles<petween $.05

= and 0.75 V; a) for various cycling times corresponding to the

: ©) data in the main‘Fig.4,47;b) after various cathodic polarization

. times corresponding to & data in the main Fig. &4.47
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4.3.1.7 The Effects of Ippurities 2

AiEhOugh the effects of impurities on the h.e.r. at Pt and -
other elegcro&ds'have been previcusly studied [e.g.-23,82,83,150],
;he megchanistic effects of "poisoning"™ could not previously be
adequately discussed owing to lack of'inform;tion on actual H.
coverage. From the present investigation,'quantiCat{ve knowlédge
.i;VProvided»oﬁ this matter. A ;;-

- Firstly, impurities tend to recard Ehe initial discharge step’
in the h.e.r. at Pt elgctrodes; the pr?bable mechanism is that
impurities block the "active sites" foriﬁidepositian in the
discharge step, so that coverage by the gdsorbed o.p.d. H is
decreased, leading fo diminution of the discharge rate; conse-
quently, desorption steps especially:the recombinatfon‘;:ep, é&
. which depends on BHZ én& makes ghe major contribution to reaction
rate in the parallel two-step pathway for active Pt electrodes,
becomes retarded. As active sites become increasingly blocked
by impurities, the reaction tends to become controlled by the
initial discharge step.

Impurity effects not only arise by simple blocking of the
‘clectrode surface, reducing id’ but can also lead to a change of
.reaction mechanism, e.g. by retarding the recombination sfep,
which has 'a low TaYtel slope (b=0.029 V as 8*0), and consequently

dxmlnzshing its contribution to the current in the parallel

.

rcaction pathway.

4(?
Secondly, the effects of impurities are dﬁmulative, i.e.

. : .
both the coverage of'u.p.d1 and o.p.d. H decrease with ln(time).

-
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During a relatively short time period (1 h for acid, O.SIh'for.
alkaline solutions) activated Pt electrodes, even under our

relatively "high purity" co&ditions using pyro-water, lose much

"of thelr electrocatalytic activity (907 fgr acid, 997 for alka-

‘line solution).

Such effects are very 1lmportant, in practical applications,
e.g. in water‘electrolysers ank'fuel cells, where Pt ana other
electrodes are operated over long periods of time; in such cases,
it seeﬁsjlikely that ca. QOZ of electrocatalytic activity of Pt
eleétrodés may not be effectively used! -

However, the effects of impurities are removable and the
present work. shows (as know; empirically previously) that anodic
activation is a very efficient and convenient means of restoring
the full capabiiity for adsorprion of o.p.d. and u.p.d. H, aqﬁ

thus "cleaning" the electrodes and maintaining their eleetro=~

catalytic activity in terms of high 10 and low b values for the
- »

h.e.r. ’

I3

An "anodic pulse activation" procedurec could be applied in
~

the practical case of noble metal cathode's. In our cxwerianc,
the reQUiredJanodic acfivation-gime is very much shorter than
the cathedic folarization time. If Ehc applied anodic pofential
is carefﬁlly chosenro avoid'o2 evoiution, the anodi; current
required for activation would be very small; therefore, a very,

small amount of power and a very short period of time would be

needed for anodic pulse activation. Jf g

.

N
TS
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4.3.2 A.C. impedance method

-

For claricty, the four systems studied: activated Pt in

-acidie 2nd alkaline solution; non-activated Pt fwith various

-

extents af surface poisoning) in acidic and alkaline solutCion,

will be.treated separately inthe four following sections.

\

N

4.3.2.1 Activated Pt in 0.S5M H,S0,

Inifig. 4.48, Curve 1 is the stea y-state polarizaction

Tafel. plot, and Curve 2 is the logfllRp) vs n impedance plot.

IS

The polnts represent the experimentally measured data obtained

in 0.5M stoa solution at the activated rotating disc Pt electrode

(3600 rpm). The solid line 1 is the simulated Tafel plot using

eqn. (3.41) and the s501id line 2 is the simulated impedance plot

.

of log(lpr) vs n, using eqn.(3,41) obtained using the following

rate constant values: kl - 1 x 10_6; k_l = 1.6 x 10-5; kz -
-8 -6 -2 =1 . .

3 x 10 ~; k3 = 4 x 10 wol ¢m s and a concentration of 0.S5M.
From the above, k3/k2 = 133 and ir.is this condition which

‘indicates that the recombination pathway makes the major contri-

. —— e r——
——

bution'to the steady-state current at low n, i.e. the recombina-
tion step is.}ate—determiniﬂg with respect to discharge but is
the predominant desorption pathuéy for the condigions considered
here,

Evidently the large degree of participation of the recombina-
tion process in. the formation ?f H2 causes Rp to be >> R_ ;ith

the cogsequence-thac a parallel relationship arises between log i

and loé(l/Rp)} This is in accordance with the expéctation

“
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-

indicated in (3.2.2.2) that Rp isg aséociéted'principally with
coverage relaxation effects involving a dissipative process.

Fig. 4.49 shows the complex-plane impedance diagrams for

-

n= a).6; b) 18; c¢) 30 and d) 45 mV. The_experimental data are
represented by the clrcled points for which the underlined numbers

give, in the usual way, the frequencies. The conditions are the

-

same for. Fig. 4.48. The points without circles represent the

behaviour simulated by eqn. (3.29) with.the same set of rate

constants as for Fig. 4.48 taking Cqp = 25 uF — q; = 2300 ucC
cm (see below) and Rs = 20 sz. _ -

The impedance spectra in Fig. 4.49 exhibic two features:

»
firstly, distorted semicircles, probably containing two components,

-

are observed, especially in the high frequency region. These are

4

similar to the ones observed for the h.e.r. at tungsten carbide

. ~
electrodes by Armstrong and BelllBl, although they did not comment

on their shapes.
Comparing the experﬁPeﬁtal and theoretical impedancé spectra,
) .
it can be c¢learly seen that a,semlcircle at the high frequency

end corresponding to R_ and C is either seriously distorted or

dl
almost absen?®  Since R; i.s-very's:uall,_'O.Sﬂcm2 atn==6mnV or

\

0.3 at n = 45 nV, with Cdl = 25uF cm-z,.the frequency must be up

to 100 kHz in crder to observe such a semicircle (see Fig. 4.49)

- *

in thg impedance spectrum. The maximum frequency limit of the ™~
instrument we used was 10 kHz (as in Armstrong and Bell's work

too) which is evidently insufficiently high to allow reliable
determination of such small '"R_ and Cdl values. Howeﬁer, Durand179,

-
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"using frequencies up to 1 MHz, was able to observe this seunlcircle

.for the high-frequency response o;_:;:;}.e.r. at Prt.

Segondly, the values of the capacitance, Cp' that can be
slmulated by our reaction model or ;pproximately evaqufed from
the top points (RWC = 1) of the semicircles are very lérge, of
the order of 4-40 mF cm  (see Fig. 4.5). This suprizingly
higﬁ\capacicance is progably what leads to the unexpectqdlyhiarge
apparent coverage of o.p.d. H species at activated Pt in écidic.
solution obtained in the previous detefginations by means of the
potential-éecay method (see section 4.3.1.3). Since the physical
significance of C_ is not always eiplicit (section 3.2.2.2), it
is necessary to seek complementargzev ence for the high values

. '.‘J

(8H > 1) ofi;:é?ﬁ. H coverage in terms of C¢ rather than Cp'
The laége extent of o.p.d. H sorption follows from the
unusually high vaiue of q; (2300 UC'cm_z) that is required to
simulate fhe frequency dispersion of the impedance observed
experimentally at the lower frequencies (Fig. 4.49) .

" The impedance béh;viOur can be illustrated in another way
in Fig. 4.50 which shows Bgﬁé plots of log IZ] ¥s log w, with
Jz| = I(Z')2 + (Z")z[i, w = 27f where f is the frequency in Hz.
The points in Fig. 4.50 represent the experimental data which
are the same as those éhown in Fig. 4.49(a), while the solid
lines are .the numerically simulated curves for the ééme éeries
of rate constants and other parameters as used for the plots

-

,8iven earlier in this section, taking 9, = 210 ucC cgz for curve

-

2 and q1 = 2300 pc cm-z for curve 1. In.the Bode plot, the flat

+

A
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region 1is rblate;/f; the resistance and the declining region to
capacitance since the impedance of capacitative components de-

-

creases as 1/wC. 'RS’ R, Rp, Cdl and Cp correspond, respectively,
to the regions in Bode plot that are indicated 1in Fig. 4.50. It
can be Se?h from Fig. 4.50 that at the ﬁigh frequency end of

the curve, ks with the complex-plane plots in Fig. 4.49, the
experimental curve is:somewhat éistorted in comparison with‘the
simulated ones. The effects of R_ and Cdi could‘not be observed
clearly since the product Rw'cdl is relatively small and, as

was mentioned, the frequency range of the instrument was not’

high enough for this response to be detected. Houever,'at the

low frequency end, oaly the simulated plot (curve 1) with 94

taken as 2300 f,JC_cm--2 fits the experimental curve closely while
the simulated curve 2 for = 210 uc Cm_z, whiech prowvides, of
course, a very good fit to the u.p.d. H experimental dat323’7&’7i
is very far from the experimental cufve (see Fig. 4.50). . .

The pscudocapacitance, C¢, which has a clearer physical

'’ can be

significance than Cp, and the o.p.d. H coverage, 8
calculated as a fuﬂccion of N~ from the ‘rate constants by

eqn. (3.40), as shown in Fig. 4.51. Fig. 4.51 shows interestingly
that the curves of Cp.eqn. (3.43), and C¢ have simiiar shapes

buF the peak value of Cp is higher and GH is -almost linearly
telated to n overlmcsc of the potential range investigated. The
pl?t of the relaxation time, T, vs n eqn. (3.42) also has a

shape similar to that of the C,vs n, plot; this is not sur-

¢

.prising, since T has similar physical significance in some cases,

as discussed in (3.2.2;3) and as. scen from the results for un-—-
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activated Pt in acid (section 4.3.2.2).

-

The above result from the a.c. impedance measurements that

an apparent céverage by 0.p.d. H of 53;.11 "equivalent monolayers"
(2300 yc cmrz) (based on tﬁe u.p.d. monclayer coverage charge
“.of 210 ucC cm-z for Pt(1l1ll)) arises)at actdvated Pt, is in reason-

e
able agreement with the figure o

8.8 lavyers found from previous

potential-decay residlts (see Table 4.4). The agreement here T

between the results of two rather different methods for determima-
‘tion of o.p.d. H behaviour provides support faor a) the validity

of the potential-decay method and'the interpretation of the decay
transients that are observed and b) the reality of an unusual
extent of H sorption as an_active‘Pt electrode ’'in acidic solution
that we had tenratively attributed to surface hydride formation

at Pt in the previous potential-decay work.

We suggested that the.presence of a ;urface hydride phase
we#kened the'metal—to—o.p.d. H bond and thus facilitafed'(see
section 1.6) ‘the recombinatfon desorption step (1.8). Then the
recombination step with low Tafel siope becomes the favoured
desorption pathqay and characterizes the kineticé at active Pt
electrodes! as was concluded previously.

. The recombination mechanism for activated Pr in acidic
solucion‘and the exéerimentally measuted extents of adsorption
°€ o.p.qé H can Bé confirmed as follows.. If the recamhination
step i; rate-determining and the preferred desorption gathway at
Pt, the steady-state current can be cal;ulated appreximately by

the relation i = 2F k382, i.e i# is proporrtional to 8. - It was
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found that the o.p.d. H coverage éhanges linearly with n (see %18-
i »

. * .
4.51) over most of the potential range investigated , that is 1
should vary linearly with n. " This is illustrated in Fig. 4.52

where the results plotted are from Fig. 4.48, curve 1, i.e. the”

-

experimentallf meagbsed n vs 1 relation. The good linear relation-
, 3 —

ship thact 1is seen between i° and n provides additional support

-

for the consiétency of the measured o.p.d. H coverage results

-

and for the recombination mechanism. E o 7-,. 4

| Another important feature of the impedance spectra in Fig.
4.49 is that there is clgarly no indicatioh of a diffusion effect
in the sys}qp studiéd. Therefore a Warburg impedancc_characterized
by a linear Z' 1312" relation wiéﬁ unit slope }pﬁase-gnglc 450)’
especially at Iou‘m,'is not observed under our expcrimental-
conditicdns (as’'may be expected with a SUfficfently rapidiy rotated
electrode}, evén down te 0.05 Hz. Therefore, for the§e measurcements,
the "recombination~controlled' value of 2.3 Rf/ZF (29 mV) or near
for the Tafel slope does not arise under our-conditions from
diffusion of molécular ﬁz away from the electrode surface as was
proposed for active Pt electrodes by Breiter76’77. (Such behaviour
can, however, evidently characterize the Hz_evolution kfnetics at

-

5 stationary, 5ufficiéntly active Pt electrode). In this regard,

-

*The linear relation between & and n corresponds to Temkin's adsorp-
tion isotherm but the assumption of an adsorption equilibrium-.constant
decreasing exponentially with increasing 8, by a factor g must hold
(see section 1.5.3, also ref.37-40). Except as 8+0 or -+1, such

a relation gives Be n over a potential range determined by the g
value.

———
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0.

0.04

- 0.02

16

Fig. 4.52 Plots of n vs ii for the -same data

N shouwn in Fig. 4.48, curve 1.
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. _ ) .
it is to be noted that the d.c. current Vs potential relation

and the a.c. impedance at significant cathodic overpotentials are
independent of further increase of electrode rotation rate beyoﬁd

ca. 3000 r.p.m. under our experimental conditions.

Al

4£.3.2.2 Unactfivated Pt in 0.5 M HZSOA

N -
>

In Fig. 4.53, curve I !s the experimental stecady-state N V8 log

. -
i plot, represented by_circled'polnts, for an unactivated rotating

-

dise Pt electrode (3600 r.p.m.). -The electrode was unactivated

in the sense that it had been prepolarized at n = 0.1 V cathodically

- -

for 2 h. before the a.c. impedance measurements were begun.
During this period of time, the initially active Pt electrode be-
came poisoned by electrodeposition and/or adsorption of impurities.

The @ffect is reproducible, im a given soiutioﬁ, dependihg on the
&

time allowed for deactivation. This:.poisoning effect was obsprved

despite the fact that high-purity techniques were used;for so0lu-

tion preparaticn and cleaning of cellé, as described CISBHhOTClag.

The solid line,curve (1) of Fig. 4.53,represents the numer-.

ically simulated Tafel plot based on eqn. (3.41) with rate constants

5 -9 - -8, - -10
1 1.8 x 10 73 k—l 2.5 x 10 73 k2 3.5 10 :
k3 = 3.5 x 10—9 mol cm-z‘spl. Curves 2, 3 and 4 in Fig. 4.53 are

n vs log(lf(R:ao + RPD, log(1/R_) and log(l/Rﬁ), plots respectively,

taken as k and

for the experimental results (points} and the numerical simplation

(solid line) based on eqn. {(3.29) for the same qxperimental condi-.

-

tions and with the same. set of rate constants as for.curve 1l in
"
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?&ﬁi_&.S} {(for details, see_caption of Fig. 4.53).

!

Th'e Tafel plot (curve 1 in ng. 4.53) evidently becomes a

straight ‘line with a slope of 0.125 V as n > 0.15 V which implics

-

that/thg reactlion rate 1s controlled by the electrochemical-

* .
desorption step (1.7) - with coverage of o.p.d. H approkimately
c¢onstant In that pqtencial range {(see Fig. 4.57), -~This agrees

with the conclusions reached previously from the potential-decay

measurements. Thid Tafel relation can now be expressed more -

-

precisely by the kinetic eduation (3.41) using the simulation

-

procedure.
Fig. 4.53 shows that both experimentally and by simulation, -
the n vs log i and n vs log ll(R& + Rp) plots (on the log sca]cl¢

- 4
curves 1 and 2 of Fig.4.S3)become two paralleMilines separated by
a value-of 1.25. This can be,rationalized by theareacgfon scheme, -
- : ’ T ~
as ®iscussed in section.4.1.2.1, eqns. (4.14-4.16);.the theoreti-

cal value should, be 1.28, which is close to the experimentally

observed’”separation value of 1.25.
-

" This resultr is not'Surpriéing; because R+ Rp is the total

Faradaic resistance, its reciprocal should be directly related

to the Faradaic current at that potential. Howevdr, the advan-
&

tage of a.c. .impedance measurements ‘is not only that they give

the total Faradaic impedance, which corresponds. to the steady-

State Tafel plot as a description of the kinetics of the reaction

N

"*A Tafel slope of ca. 0.125 V could also arise if the discharge step

were rate~-determining with o.p.d. .8 + O. This, however, is unlikely
here since the measured GH is appregiﬁbiy > 0.
. i )




studied, but aléo, more interestingly, becausg R_ and Rp can be

Evaluatéd separat®ly and these quantities represent the kinetice

. . - o . - _
characteristics_of individual steps or a combination of them

which steady-state measurements cannot provide  (not to mention

that a.c.- impedance measurements give information also about
the C,, and Cb quantities).
n . . . .
Fig. 4.54 shows the complex-plahe dliagrams for a) n = 0.050,
. ' . “~
- b)Y 0.10, ¢) 0.142 and d) 0.27 V respectively. The notation on

the graphs follows that in Fig. 4.49, the conditions are as for
Fig. 4.53. The simulated behayviour utilizes the same set of rate

,qonétaan'ég for Fig. 4.54 with Cdl - 25 uF cm_z, q, = 35 pcC cm'_2

¥

2
and Rs = ]1.8Q cm”.
o . LA Lo - .
The principal feature of the complex-plane impedance spectra

in Fig. 4.54 for the unactivated Pt Flectrbdg-in 0.5 M B,50, is
fthatfthey consist of tyo'pveriapping seﬁicircles, except for the
behaviour aF n=0.27 VvV, for which poten:ial only an ;ppa;eptly
5ing£e semicircle is observed. The semicircles that are resolved
at the low frequency end, and which are related io ﬁp and Cp, be-
come relatively smaller as n is increased. At a sufficiently
high n, (n = 0.27 V), the semicircle relateé to the adsorption
relaxation appareu;ly completely disappears and only the semi-
circle related to R_ and Edl remains observable [See‘Figlﬁﬁ.Sé(d)}.
Thi; is consisteﬁt with the Tafel polarizacion behaﬁdour‘(see
curve 1 in Fig. 4.53), i.e. as n > 0.15 V, d8/dn = O, -so that

a Str%?ght line with slope RT/BF (also see Fig.&-S?)shguld ar;se
with no contribution from (3 .1n i/EB)n arising fr;m d 1in Bld;

°
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s

due ro poﬁenfial dependence of significant o.p.d. coverage.

Fig. 4.55 shows fhe Bode-plots for unactivated Pt in 0.5 M

N

stO&. The experimental conditions and theoretical parameters

for curves 1,2, 3 and 4 in Fig. 4.55 are the same as for curves

a, b, ¢ and d 4in Fig. 4.54. It is seen\that the simulated be--
our (solid line in Fig. 4.55), provides a good fitr to the |

éxﬁerim al data (points in Fig. 4.55). —

A dramatic différence is thar the_ value required for a is
- R ' 4

now quite small (= 35 pcC cm-z) at the unactivated Pt electrode

A

instead of q.-= 2300 uC em™? for activated Pt im 0.5 M H,SO, .

o

Only with Such a low q1 value does the'simulated-frequengy dis-

persion of the impedance spectra give a good fit to the experimen-

‘tal behaviour.

\ -

This is seen in Eig. 4.56, which shows the simulat®™ impedance
spectra in the complex—-plane for the same conditions as for Fig.

4.54(a), except 9, = 25, 50, 100 and 210 ucC cm-2 a;& taken for

curves 1, 2, 3 and 4, respectively. For.‘.ql = 219 uc cm-z, as
ushally 355umed; the impedance spectrum c;nsists of two "sepafated"
semé-circles (curve &4, Fig. 4.56),; which differ from the observed
"ov;r-lapping-circle" type.i@pedgnce spectra. It is'clear'that

the “overlapping-circle" impedance iﬁjﬁkra ¢an only be.sjﬁulated

-~

with small 9 values (curves 1, 2 in Fig. 4.56) in the Langmuir
isotherm case, g = 0; the behaviour when g ¥ d {lateral inter-
ra

act{éq»qase) will be discussed in section 4.3.2.6.°

\qhe small ql value 1s also consistent with.the small capaci—\

,

‘tance values that are calculated approximately from the Eop pointé\
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of the adsorption Cp"semiEircles. i.e. at the low frequency end

of the, impedance spectra.. For example, at n - 0.050 Vv (see Fig.

-

&.SAta), C. 1is. ca. 260 uF cmTz.
. . P »

‘"The simulated C

¢’ H

cp,'e' and ¥ vs n plots, using the same

values of the rate constants and paramefers as in Figs. 4.53 and

4.54, are. shouwn in Fig. 4.57; it can -be seen that the C, and 1

- . @

cyTves have similar shapes; these .are the quantities (sece scction

3.2) that are directly rela;qd.to the adsorptiom of o.p.d. H. c

P

-

exponentially increases over the whole potential range, reaching

a value of 12 .mF <:m-2 at n = 0.3 V. <Comparing the curyve for C¢

- \- -
with that for Cp, it may be concluded that

Cp does mnot hgve the

usual significance of a-steady-state adsorption pscudocapacitance

in this case.
Since, from u.p.d. measurements, full

bound H is known to gorrespond to a charge
~ r .
(1L1)), the present result for ql, = 35 ucC

N
S -

- répresents only a 177 extra coverage, i.e.

-

coverage of-strongly

of 210 uC_cm;’(Sor‘Pt
-2 . a

cm ., for the o.p.d. H

only this fraction of

sites are electro-active for cathodic HZ evolution. involving the

0.p.d. H.' Measurements by cyclic—&oltammetry.gavcla charge for

5,

v.p.ds H cérresponding to ca. 207 coverage after I h' polarization.
» - - -

- : . * rl
. These results lead to the same conclusion as our potential-relaxa-

L4
Y

» . .
kinetic activity of Pt elef%rodes for the h.e.r. arec directly

f\tion method (see section 4.3.1.3), i.e., poisoning effects on ‘the

-

related to the effects of accumulated adsorbed impurities on theé

active sites on Pt surface which reduce the ¢ verage of both the

\\~’\ o.p-d} and u.p.d. H.

2

’
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Comparison of the rate constants for the unactivated Pt ¥with

’

those for activated Pt, both 1in acid solution, shows that after

2 h cathodic polarization, the activated Pt became apbreciably

“"poisoned" and the values of k., k—l’ kz and k3 required to repre-

sent the polérization and the impedance-behaviour of the electrode

become're§pective1y 571, 640, 85 and 1140 times smaller. The

most ‘significant change is that k_, becomes much smaller, i.e.

3
the recombination contribution to the desorption process is much

»

attenuated.

The information above leads to a cleqf plcture concerning
what happens on a Pt electrode surface in going from the “"activated™
to an'"upactivated" state: when an activgted Pt electrode is
cathodically polarized, impurities become deposiped gndfog adsorbed
on active sites’'of the Pt 5urface,.1eading to reduction of the

parameters kl’ k;l and ql. Correspondingly, coverage of o.p.d. H

is 'decreased and the parameters k,, k

3 are reduced. “Especially

k, suffers a dramatic decrease because the rccombination step Is

3

only favoured as the principal desorption pathway on the Pt sur-
face when the o:pwd. H coverage is high, as was concluded also
from the potentiagl decay work (section 4.3.1).

Since most impurities on the surface can be anodically

Ly
r

oxidized and removed into solution, the Pt electrode can be casily

-

reactivated by such a treatment, as is well known.

’
-

4.3.2.3 Activated Pt in 0.5 M NaOH

In Fig. 4.58, curve 1 is the :teady-state polarization n V8

. -

log i plot. The points with circles-in curve 1 are the experimental-
B >



- 219 -

e *1'2*u 2y3 103 sio7d (v 2a1nI)

*uocjinjos
d

e

¥/1 puv {g 2aind)

HO¥N H §°0Q ug

14 p2ivAariow

d w .
H/1 2(Z 2@a1nd) (( 4 + d/1)307

§A u pue (T aAand) siyoyd [2jel (Ssauy[ pjlos) P23elnuls puv (s3jujod) [viuowjiadxy

(,-WO _15) (Wn) bo
(W0 ) 1 boj

85y

*314




- - 220 -

1y’ measured data obtained in 0.5 M NaOH at the activated Pt
ro;ating disc electrode (3600 r.p.m.) while thg solid line of

the curve 1 is the simulated -Tafel plot based on eqn. (3.41)

with the rate constants taken as follows: k., = 0.8 x 10—8;

1 -
8 -10, 2 -1

Koy =5 x207°; k, =2 x10 % k= 2.5 x 1078 mo1 cn”? s7L.

The concentration term involved in the kinetic equatiopns differs,

of course, for acidic and alkaline solutions for the h.e.r. As

-

in Figs. 4.48 and 4.53, curves 2, 3 and 4 in Fig. 4.58 are the
: A
, _

n.vs log {i/(Rg+ Rp)); 16g (L/R_) and log (llRp) plots, respec-
tively, for the experimental results and the numerically simu-
Vléted behaviéur £a;ed on eqns. F?ﬁAZ) for the same exbcfimental
'conditions and with same rate constants as for curve 1 in Fig.
4.58 (for dgﬁails; ste caption of Fig. 4.58).
The ratio k3/k2 required té account for the resulrs is

125, which again iédicates that it is the recémbination step thqt
primeipally chara?:eriies the‘kineti; behaviour at low 70 ﬂor.

the case of the activated electrode. This is in agreement with

the conclusion figyfzbr previous observatusns, under the same

, . a
conditions, using the potential relaxation method (sece section

4.3.1.5).

' Fig. 4 .59 shows the complex-plane impedance diagrams for

n = a) 0.030,’§)_p.060, c¢) 0.142 and d) 0.29 V, respecrively.
. y :
The notation 'on rthese graphs again'follows that in Fig. 4.54. The

conditions are as for Fig. 4.58. The same set of ,rate constants was
used for the, simulated curves as for'Fig. 4.58, raking Cdl = 25 pF

L - -
o cm 2: 9; = 70 ucC cm 2 and R_ = 3.7 Q cmz, as found experimentally.

Again, the impedance spectra in Fig.'A.SQ for the h.e.r.,
A - ST . -

at the actiyéted Pt in 0.5 M NaOH consist of two overlapping
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semicircles; the relative size of the ‘semicircle for the high

frequency end increases with n.

o

semlcircle corresponds to Cdl

it

'

The c3pacitance yalue for this

and can be simulated by our model
. T )

and evaluated approximately'for the top points of'the_scmicircles

-

-
-

at each n and gives a constant value, 25 uF cm—z, as found for

the other systems treated in sections A'Qiz'l and 4.3.2.2. Also,

‘e

only for Cdl taken as ca. 25 uF

A

cm—z do :he'simulated impedance

diagrams provide a best fit to the observed frequency disperston

of the experimental impedance d

ata (also see Fig. &.60).

The

value of the C = 25 uF cm-2 is in good agreement with the value

dl
(cdl

(see Figs. &4.40b and 4.41b).

-

= 25 uF cm )_determined from the potencial.relaiation method

Fig. 4.59 shows that the impedance diagrams have a dLscvnding.

T +
tail at the low frequency ends\and for small n's. These

can not be explained by the inf
‘.component_corresponding to a di
become smaller as n 1is increase

completely disappear. Contrari

diffusion, the tails should become more and more significant with LT

tails

luence of a Warburg impedence

ffysion effect because the tails
é/i;dgat n = 0.29 V, eventu:

tually

ly, if this gffcet was due to

S

increasing n and also ‘have a positive rather than a negative slope’

. 2 -
in the Z' vs z" plots.

Lo

One possible explanatlon f

frequencies is the formation of

-3
surface which becomes saturated

. .. .

or che appearance /ef a ta
-a hydride in the region.
- * .

with H at high n . The

N

il at low

of the Pt

charge for

*In .connection with this sugges
it is te be noted‘that Gileadi,

sorption into Pt that was ndt a
migration into grain boundaries

tion that is reluctantly
Fullenweider and Bockris
ssociated, ~‘t-Jney claimed,

~ -

- - . e

AN
~

Yroposed,
4 observed
uith H
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LI

L

fofmatipn of the hydride 1s higher compared with that for adsorbed

. L4

H on the surface, and gives rise to the larggr capacitiance at low

LY .

. - : ‘ L
frequency than that for the'2-d chemisorbed 'H.

The value of q1 for best fit of the §ehaviour at acci?ated
Pt in 0.5 M NaOH ié_zo uc cmTz (see alsp'Fig. 4.60). . 'This implies
that only 332 of'Pt-Surface‘aééms he?évq as "active sites" for
the orﬁ.dh H, as also concluded from the potential-relaxation
gxpeiimenks égr the same conditions jsee sgction Q.j.l.B b)Y,
whére the togal charge.for o.p.d.‘H was found to be 80 ucC cm_z,
;-e. for 387 of tctal/y}tes being utilized.’ |

Hence, the ;t ;lectrode is a much_poorer electrocatalyst
for the h.;-r. in alkaline than in acidic¢ solution, not only
because the activation energy ﬁbr proton discharge i§ higher

from H,0 than H;OG4 , but also because a Smaller fraction of Pt

2

sites is being utilized for o.p.d. of H in the reaction.

-

Fig. 4.60.shows the Bode plots for the:same experimental
o P ‘

data together.uith simulated results as shown in the complex-plane
ﬁlots 9f ¥ig. ~4.59 a. Fig. 4.60a shows a plot of log [z] vs -

log w.uhile in Fig. &.£Ob the phase is plottéd vs log w. It

can be sccn.thaf the numerically simulated curve f?r 9y~ 70 pc
cm-2 (solid line 2 in Fig. 13a and solid line in Fig. 4.60Qb) g;ves
a good fit to the experimental data (points with circles) except
for a few points at very 1§w frequenFy which correspond to thé tail
‘in Fig. 4.59a. This region may correspond to a further capatitancé

associated with a slow relaxation due to hydride formation as

was also indicated at Ni-Mo hydrogen cathodes (see section.&.1.2.2)..

— .

f
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As an 111ustratlon of the nequiéement that ql have a value

of ca. 70 ucC cm-z, a‘calculated Bode plot taking , = 210 pcC cm--2

is also shown in Fig. 4.60 (solid line 1); the results are

obviously not fic:ed byzsuch a valye.. Fig. 4.60 provides a good
| . . - ’
illustration of the value of a Bode plot giving information .abovut
\ e
¥ R, R

Fig. 4.6)1 shows the simulated curves of n ié c

g Cqp 2and Cp (for details see caption of Fig. 4.60).
L i

: ¢..Cp. 0”;.T

‘numerically calculated for ‘the same set of rate constants and

<

parameters as for.Fig. 4.59. Again the T and C, curves have ::

¢

similar shapes and CE has a higher peak value but a similar'shape

to that of C¢ vs n for n < 0.2 V,as with acrivated Pt in acidie

' . . . ‘ . - . .
solycion. ) "

1

A.3.2.4 Unactivated Pt in 0.5 M NaOH

L3

- We follow the presentation in earlier sections; thus in.Fig.

4.62, curve 1 is the steady-state polarization nfgg fbg i plot.

'The points with circles in curve 1l represcnt the experimental

results in

s

0.5 M NaOHK at an unactivated Pt :Stafing-disc clectrode

(3600 r p.m.), which was pre-polarized cathodically at n = 0.1 V

for one hour before the a.c. impedance mecasurgments werc commenced,
_ L :

] T
while the solid line of%curve l represents the numerically calcu-

lated n vs leg i plot from eqn. (3.41) with rate constants taken

as k= 1.5 x 1070 k_, = 0.4 x 10710 Kk, = 2.2 x 1071 ma Ky
2.5 x 10 19 o1 cm_zs—l, for B taken as 0.48. Curves 2, 3 and

>

4 in Fig. 4.62 are the plots of n vs log (R, + R, log 1/R,,

and l/Rp, respectfvely,for the experimentqi results (points) and

“ -e
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humeriaﬁlly sinulated behaviour (solid lines) using eqn. (3.29)

for the same'expg%imental conditions and with the same parameters
. ' ' }

"as for curve 1 in Fig. 4.62,

£

For the same reason as was discussed in section 4.2.3.2

. for unactivated Pt in acid, the Tafel and - n vs log ll(R°° + Rp)

plots become two parallel sfraight lines separated by a distance

N
of 1.24 when n > 0.7/5. This also implies that the reaction is

rC : ) -
controlled by the electrochemical-desorption step (1.7) with

0.p.d. H coverage BH >> 0 and almost constant when n > 0.15 Vv,

as was found in the case of the Ni electrede in alkaline solution
(see section 4.1.1).

.

Fig. 4.62 shows that the Tafel plot bends down from the
‘'straight line section at lkw n values Whlch 15 unusual. A Tafel

plet like ‘this can arise when BH is relatlvely high (8 ;0>> )

at low n. . The simulated behaviour of this system gives a good

fit to both the 6 vs n (see Fig. 4.65) and the Tafel relations

(see Fig. 4.62 ourve 1).

‘ Fig.. 4.62 shows that Rw is the main component of the toral

@

impedance, i.e., R >> Rﬁ’ even at low n. This impiies that the
coverage by o.p.d. H is small. A similar situation'(Rm >> Rpf

is cncountered in the study of the h.e.r. at the Ni electrode

in alkaline solution (see section 4.2.1 and'Fig. $.18).
. N,

F1g. 4.63 shows the complex-plane, 1mpedance dlagrams for

n = a) 0.050 b) 0.15,, c) 0.20 and d4) 0.39 v, respectively. The

™results are represented in the same way as for other cases (Figs.

.
;.

4.49, 54 and 59). The parameters used for the simulation curves

.
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20 uC cm Cdl ) 50~uF ém and Rs 4.50,

and rate constants are the SEne as Qor Fig. ﬁ 62.

r

high Tafel slop&, b —-0;1

double—laybr capacitance

O'uf cm_z) is a little higher than

for the three.previous'céses

.

The 1owesc % value’ (20 pC cm %), which impligs that only

ca. 10% of Pt atoms on the electrode surface are "active™, is

related to the unactivated Pt electrode in alkaline solution

4.62, curve 1). The required

having the poorest electrocatalytie¢ activity for the h.e.r. among

.

the four.éyst%m§ studied (compére the rate consgants or Tafel
plots for tﬁe four systems; Table 4.5). " .o

Most of the impedance spectra in Fig. 4.63 (a, b, ¢) consist
of two unresolved overlapping semicircles except diagram‘ﬁd) for
n = 0.39 V'which %§'é single semicircle-co:éesponding to the

impedance of the combination of Cdl and Rg,. The experimental

and calculated frequency dispersions of the impedance spectra in
F;gl 4.63,1like the ones for othefﬂsysﬁems, are in good agreement
with each otheF. This is demonstrated by.thé Bo@e'plots shown:
in Fig. 4.64 (compére'FigJ 4.55). Curves 1, 2, 3 and 4 in Fig.
4.64 re;fesenc the same results as those of diagrams a, b, ¢ and
d, rcspec;ivély,‘i{ thé complex-plane plots of Fig. 4.63.
‘The'simcléted C¢, CP’ BH and T vs n plots for unactivated Pt
in 0.5M NaOE are shown in Fig.- 4.65. The situation here 1is very

similar to the case in 0.5M stoa (see p. 216 and Fig. 4.57).

-
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4.3.2.5 summary of values of the rate constants required for simulation

.

of the h.e.r. kinetics at Pt < : »

-

The rate constants for the four systems studied are listed

.

) . * . . '
together in Table 4.5 . The ql_valuéh and ‘corresponding data

on o.p.d. H coverage in terms of "equivalent monoiaycrs“ derived

both.from the a.c. imped&hce'measureménts and the potentialJ

relaxation method are also“recorded in Tgbiq 4.5: -

The exchange current-density, io, is a widely used measure
of the eleccrocatalf;ic activity of an electrode fo% a particular
process. However, it contains various fact;ré such as H cﬁv?ragef

. the rate con%tants‘for participating steps, etc. tﬁat cannot be
distinguished. -On the confrary,'the rate constants listed in
Table 4.5 describe, for the firstc time,:e;ch step indivigually
and quantitatively for certain reaction mechaniSms;.moréovcr.
the Qteady—state covefage as a function of n can be calculated.
for the mechanism using the rate constant values. Thercfore,
fhe current for the individual stepsagan be evaluated as f(n).

From the a.c. impedance measurements, the rate constants

for the.h.e.r. at the Pt electrode decreasc in the order; adki-

vated in H.SO0,, activated in NaOH, unactivated in H s0, and

2 2

unactivated in NaOH, while the charge for o.p.d. H coverage

a’

decreases in the same order, i.c., the electrocatalytic activity

s

of Pt for the h.e.r. is closely related to the extent of o.p.d. H

L .

adsorption on the electrodes, as was concluded for the same systems

using the potential-relaxatioh method (see section 4.3.1.4).

*The rate constants for unactivated Pt are only significant for com-
périson with the results for activated Pt. Since the Pt de-activa-
tion depends on the polarization time, cleanness of solutien and
pretreatment of electrodes, the rate constants also depend on these

factors and could be changing all the time. .
. ] o
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4.3.2.6 Simulation of the kinetic behaviour for g l 0 , oo

In the simulations described above, the q1 values wvere varied
to fit the experimenial impedance frequency 'dispersion, taking

the Langmuilr adsorption isocherm'kg-o). Since a finite lateral-"

~ interaction factor, g (see eqn._ l.l4)}; also could influence the
1mpedénce spectra, the situation of g ¥ o nmust be considered.

Since an exponential dependence of K on 8 1is usually assumed,

-~
it may reasonably be extended to a corresponding dependence of
. ~ ‘ : ! , :
37=-40
rate constants on coverage . -

* ° -

Thus, the rate of an a&sorption step will decredse while
that of a desorption step will iicrease with -increasing 0“

through the factor g. Following similar treatments to those in seetion™

. ‘ T [ -
3.2, the steady—-state coverage GH and pseudocapacitance, C¢,

can "be obtained by numerdcal solurion of the equation (taking £ =~

- - -

. 0.3 : {

» 2 ’ ' . '
26H13\exggg8/2) - il(l—GH)exp(-geH) + BH(2_1+12) ‘ 0. . (6-24)

and corresponding a.c. impedance spectra can also be numerically
- . -,
simulated through introduction of coverage-dependent rate-constants,

The numerical fifcing of experimental data in terms of

different g values was carried ourt. 'Fbr'example, the results for

-
'

2

The experimental impedance complex—planc‘pLots (as in Fig.

.unactivated Pt in 0.5 M H SOA will be shown here.

N

F ]

4,54) could be aﬁproximately fitted with 9, = 210 pc cm-z, Cdl -
. e e . ‘
3.x 10 7, k_y 1 x 10 7, k, .

25 UF cm 2 and g = 5 with ke
‘ .
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2 x 10f10 and k1 % 4 x 10-9 mol <:1:'1-2.s-1

profiles calculated with these parameters are shown in Fig. 4.66a

B

‘and h, respectively. When g > o, the capacitance peaks:decrease v

. The GH and C¢ vs 1

in hefght'and spread over a greater potential range as has also

~_  * ) , 38
been shown for the u.p.d. behaviour (the o.p.d. behaviocur 1is

somewhat different from that discussed in ref. 38, since 3 'pathway of
! ]

two parallel desorption steps {(eqns. 1.7 and 1.8) is assumed in-

-

- the present cases).

However, with the same parameters as above, the simulated

logsi and log (ll(Rm + Rﬁ)f vs n profiles are two parallel lines

separated By a distance 1.86 (Fig.~4.67), instead of the experi-

mvntaliy measured value of 1.25 (see Fig. 4.53). This may be -

cxplained as follows: since GH does neot reach a constant value.

cven at n = 0.3 V, when g = 5, egqn. (4.16) becomes 7

._ S "\

log (1/R_ =+ Rp).= log 1 + log (BF/RT) + A (4.25)

where A is proportional to dk(6)/dn and dGH/dn,'uhich gives rise .
to the large value of 1.86 in Fig. 4.67.
The experimcntallydgagerved'value of 1.25 suggests that the

Langmuir isotherm, g = o, actually applies quite well for the

"conditions we investigated. Y

'4.3.3 The interim conclusions for Pt electrodes

>

1. The c.p.d. H coverage and associated potential-deperident

psecudocapacitance in the h.e.r. at Pt in-acid and alkaline solutions
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»

can be evaluated from both potential relaxation and a.c. impedance

experiments. The results from the above two methods are in fairly

good agreement . ) >

]

“

2.7 The experimentally derived H coverages can be quanfita%

* . \ : . .
tively related to th;/féfel slopes for the h.e.r. and the electro-

catalytic behaviour of the reaé;ion 4t Pt eélectrodes The o.p.d. H

' R

ceverage is much larger in acidﬁc than in alkaline solutlions.
|

.

3. The amount of o.p.d. H'on Pt electrodes, which can be up

A

to ¢a. 10 equivalent monolayers at activated electrodes, is related

to the activity of the electrodes:the more o.p.d. H, the higher

chQ actiﬂaty. ‘The high electrocatalytic activity,for the h.c.r.

-

at—Pt is related to ‘the formation of the extra o.p.d. H layers

(perhaps a Pt-hydride surface phdse), on which the M-HU bond
be weakened, so that the recombination mechanism with low Tafe]
slope (b = 0.036 V) is favo;red. . The coverages by o.p.d. and

u.p.d- H are simply related and proportional to the "actlive sites'

on the electrodes.

QY

4., The results indicate that the reaction mechanism of the

h.e.r. at Pt is discharge step followed by the parallel recombina-

tion and electrochemical-descorption steps. The

.

currents and coverage as a function of n can be

stcady=-state

evaluated for

the above mechanism and from %he rate constants which are s;mulatcd

from the a «c.

impedance experimental data.

In

o

general, in aclid

solution, the recombination step provides the major contribution

to the reaction raté, especially at low n. As overpotential
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increases, the electrochemical-desorption step becomes more

.&ominant. In alkaline solution, the recombination step makes a

major-contribution to the reaction rate at activated electrodes,

wvhile for unactivated electrodes the discharge step becomes the

rate-controlling step. )
» ) h -

S. The mechanisms and the electrocatalytic éctivity of Pt °
for the h.e.r. are strongly dependent on the "activity" or the
b -
"cleanliness" of the electrode surface. ' The effects of tmpurities

are to block the "active sites" for the discharge step, therefore
>

reducing the extra o.p.d. H on the electrodes and retarding the

recombination step. Changes of o.p.d. and u.p.d. H follow omne

another closely. The effects of impurities are cumulative and

4
LS

removable. Pt electrodes lose most of their catalytic activity

(90 in acid, 997 in alkaline solution) during a period of ca. 1

h even in the rather highly ‘purified solutions used in this work.

“ .

Anodic pulsing is an effective and convenient way of reactivating °

poisoned Pt electrodes. . ‘ €>
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CONTRIBUTIONS TO ORIGINAL RESEARCH

1. A method'for the Quahtitatiye evaluation of the behaviour of

so-called "overpotential-deposited”™ H that ‘is the kinetidally
involved chemisorbed intermediate in the cathodic H2 evolution
reaction at various metals has been developed and applied to

stqdy'bf the h.e.r. aqui, Ni-Mo-Cd alloy, Au and .Pt. At the
latter metal, the experimentally detcrmined behaviour of the

¢.p.d. H is shown to be different from that of u.p.d. H, previous-

1y wellibhar;cterized.

2. A data collection and processing proccdﬁrcq using a digital
oscillos@oﬁe and pdp 11/34 Computer'for,trunting open-circuit
“potential-decay behaviour, was developed. Greatly improved accur-

acy is obtained compared with tha{%;;d;rcvious work cmploying
. o« .

analogue traces. 3 : .
3. The improved accﬁracﬁ attainable allows a new technique to be

. e . | .
employed for handliné”the\potential decay behaviour. Previous pro-

cedures utilize integration of the differential c¢quation for poten-

tial decay. However, when'a pséudocapacictance €, is involved, the

t ¢

decay eéquation can only be integrated- after some assumption is made

6 as f(v). With the new method, this

is avoided by directly using che differential equation for V(t),

wf;h digitally acquired data being differcﬁéiated in a computer;

regarding a limiting form of C

-

!

then the form of C, as f (V) is\\ob:ained from the experimental V(t)

¢

behaviour from which quantitatilve information on the H coverage

-

invelved during Faradaic evblution of H2 at appreciable cathodic -

currents is derived. °*
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4. The EOUrSe of potential-decay was followed digitaily on ‘two
r

Nicolet oscillospopes used simultancously in-the ¢ilrcult arrange-
ment. By this means, digital colleétio;-of.q(t) informatdion couid
be made over 5 ~ 6 decades of time, stg;:ing in the us.reéiéh;

the dV/dt data could then be obtained accurately by numerical
diffesentiation of the accumulated V(t) data in the computer (ca.
8000 points fér cach decay cur;e). .,

5. The accuracy of the numerical differcntiation for the experi-
mentél-potential decay curve was improved by increasing the nuﬁber
~of data points per decade (especially in the range Us to ms) and-
treating the data in %equenﬁial sections as a linear polynominal’
fitféépby a2 simple Iinear regression relaéion using the least
squércs\mcthod._,
?. The‘ncu potenti;1 decay method enablqs, for the first time,

the o.p.d. H coverage to be reliably determined a; a funcfion of
potbqtial, at appreciable overpotentials, and the corresponding
adsorption'p;eudocabacitance behafiour to be directly and accurately
‘cvaluated for the o.p.d.‘speciés in 2 continuous Faradaic reyctién.
7. Dcspitéia‘number'of a.c. impedancelexperiments thart have been
reported OQ the behaviour of u.p.d. ﬁ.and mechanisms of the h.e.r.,
the heha;ier of ©0.Pp.d. H was for the first time determined s;;geSSﬁ.
fully. by applying the a.c. impedance method. -

8., A.C. impedance spectra represented 'by complex-plane and Bode

pPlots were derived for the h.e.r. at Pt, Ni and Ni-Mo-Cd plated
¥ .

alloy electrodes at various potentials. The behaviour is quanti-

tatively simulated by sects of rate-constant parameters that also

provide a fit of the steady-state Tafel felationships, by using a

N
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1y

reaction model.and kinetic treatment published earlier by Armstrong

P

and Henderson.

-

9. It is experimentally proved that the significance of the

steady-state H adsorption pseudocapacitance is different from what

is measured as the capacitance component in a.c. impedance.deter-

minations and included as a component of the commonly usced 3-clement

equivalent circuit for representing the Faradaic“impcdancé.
. ) . K '
10. By means of joint use of a rotating (Pt) disc electrode

-

technique and an "activation procedure” with a.c. impedance measure—

ments, the '"noise effect™ causéd by formatidn and removal of i,

bubbles in the h.e.r. a Pt électrode surface was greatly reduced
and the limiting diffusidon process-of the H2 product moving away
from the electrode at high current density (discussed in-cérlicr

works of Breiter) was avoided as well.

11. A point-by-point anodic activation procedure for study of
. v . * -

~

kinetics of the h.e.r. at Pt electrodes was 2fvvlopcd which pave
excellent reproducibility. Based on this "clean surface" behaviour,
the "real" kinetics of the h.e.r. an% the effects of impurities at

this important metal could then be studied. Attention is directed

to the situwation that the kinqcic5aspects of the mechanism of

effects of impurities has not ‘becen studied previously,.

12. The experimental studies show-that the h.e.r. at Ni and Ni-Mo-

Cd materials'proceeds on a surface partially covered to.a limiting

extent by the adsorbed intermediate, H. Experimentally determinable

3

-limiting cdverages are attained at ca. =-0.15 to .-0.25 V EH and are -~

temgefature_dcpendent.
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13. The situation 1n (12) allows determination of the ratio of che

rate constants for the rate-controlling desorption step to that for

the discharge-chemisorption step.
14 Good polarization performhnce of the Ni-Mo-Cd electracoated

cathodes arises, in bart, from the low-slope region that persists

increasingly to higher current densities as the temperature is

raised.

F5. The low-slope region is associated with a region of high
pscudocapacitance. A faecile desorptive mechanism in H2 evolution,
involving this H species, which may be in the form of a surface-

phase hydride, is indicated.

16, The behaviour of the Ni-Mo~-Cd-coated Electrodbs differs 1n\fﬁme
. . . &
important ways from metallic Ni“and bglk Ni-Mo alloy, sqﬁiﬁg good

performance of the first electrode material is not due simply to

the. large reai-to-apparqn; areas, but a different reaction mechanism

may be involved, that can be réalized with coating procedures.

-
L

17. The experimentally derived j coverages are shown to be, quantir

-

tatively related to the Tafel slopes for the h.e.r. and the electro-

catalytic behaviour of the reaction at Pt eleétrodes. The 6.p.d~ H
coverage is much larger infgcidic than in alkaiine solutions.:
18. The amount of ©.p.d. H on Pt electrodes, which can be up ro

€3.10 equivalent monolayers at activated clectrodes ig related to

the activity of the el%Ftrodes: The more o.p.d . higher the

4 E ]
accivitg. The high electro-catalytic activity for ¢ h.e.r. at

Pt is related to the formation of the extra o.p.d. H layers (perhaps
a Pt-hydride surface phasg); at which the M-# bond may be weakened,

50 thap_the Trecombination mechanism with low Tafel‘slope {b=0.036V)

is favoured.
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19. The coverages by o.p.d. and v.p.d. H are simply related and

proportional to the Mactive sites™ on the electrodes.

20. The results indicate that the reaction mochanism of the h.e.or,

at Pt is the proton discharge step follawed by parallel r 6mbina—

tion ang’electrochemical-desorption steps. The ste

-

currents and coverage as a function of overpotential can be evaluated
from the above mechanism and rate Eonstants are obtained that provide
a semi-quantitative simulation of the expérimenEaI a.c. impedance
behaviour. In general, in-acid solution, the rccombi;ation step
provides the major contribution to the reaction rate, especially at
"low overpotentials, As overpotential increascs;mzﬁghéfectrochcmical—
desorption step, being potential-dependent, Lccomcs‘morc dominant.
In alkalgne Solution, the recombination step makes a major contri-
bution te the reaction rate caly at activated ¢lectrodes, -while
for unactivaced eleqtroaes the discharge step becomes the rate-
controlling step.
21. The mechanisms and the clectrocatalytic activity of Pt for the
h.e.r. are found té be strongly dependent on the "activity" or the
"cleanliness'" of the eleétrode-SL;face. The effects of impurities

N .
are to block the "active sites" for the discharge step, therefore
reducing the extra o.p.d. H on the electrodes and retarding the
rec0mbinacion step. Changes‘of 0.p.d. and u.p.d. H, due to impurity
adsorption, follow gne another'closclyl The effccts of impuritics
are CUmulatfve and removable. Pt electr;des‘lpse most of their

catalytit activity (90% iq acid, 997 in alkaline solution) during

a pefiod of ca. 1 h even in the rather highly purified solutions

used in this work. Anodic pulsing is an effective and codvenient

@
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way of reactiﬁating poisoned Pt electrodes,

L

22. M with u.p.d. H at Au, also no (or very little) o.p.d. H can

.be detected at Au elcctrodes either in acidic or alkaline solutions

at 298K. In alkaline solution, the reaction 1is controlled by the .

discharge step, while in aci{}c solution, the reaction is charac-

-

terized apparently by~a rate-controlling "surface-diffusion” pchess.

23: \?H?ﬂﬁeggrlapping".semi-circles in the a.c. ;mpédance complex~-
plane plots were quantitatively simulated by application of a
develoffment of Armstrong's reaction model, assuming value for

9 less than the theoretical full charge value r monolayer coverage,

instead of arbitrarily decomposing them into two/or more "secparated"

semi-circles as many other authors have done previously.

24. . The apparent values of ;> which ramge from ca. 20 to 2300 pC cm

are quantitatively related to the "active sites"™ for o.p.d. B species

-

.in the h.e.r. at the Pr electrode.

55. .In most cases, the double-layer capacitaﬁée in the overvoéen— ,
tial region was found ‘to have the value of ca. 25 =5 UuF cﬁ—z at Ni
and‘PF cleﬁcrodes by bo;h potential-decay and a.c. impedance mefﬁods.
26, The situation in (25) allows determiﬁ;bion bf the real "electro-
chemical™ Surfacc arca for the porous electrodes, which is different

from that measured by the BET method, and has more significance for L

an electrochemical process.

-n-_-/‘ - * /-'/--
. - -’\If

~ . 3
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