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The kinetics of consecutive electrochemical reactions are examined for cases where surface
coverage by intermediates is sufficient to influence the free energies of activation. The treatment
is applied particularly to reaction sequences, e.g., those in electrochemical oxygen evolution, in which
more than two consecutive reactions are involved and hence for cases where the electrode surface
may be significantly covered by more than one adsorbed intermediate. The surface induction
model of Boudart is used to provide a basis for the linear variation of heat of adsorption of a given
species with coverage by both species in the electrochemical reactions. The role of a priori hetero-
geneity of adsorption sites is also considered. The kinetic limiting cases are deduced and shown
to be different from those for two-step reactions such as hydrogen evolution in important general
ways, and are also different from those obtained for limitingly low or high coverage conditions.

The consequences of coverage-dependent activation energies are examined in relation to the
pseudo-capacitance associated with adsorbed intermediates and new general cases are distinguished,
and in particular the extent of potential-dependence of the pseudo-capacitance is evaluated for
various conditions. The conclusions are applied to the comparison of Tafel and e.m.f. decay slopes
and it is shown that previous experimental data for the H-recombination process at platinum can
uniquely correspond to appreciable coverage conditions leading to potential-independent capacity
and identity of Tafel and decay slopes; similar behaviour is found at the nickel-oxide electrode
for the oxygen evolution reaction.

Early deductions 1-3 of criteria for distinction of rate-controlling mechanisms
in electrode reactions have been based on the assumption of either limitingly low
or limitingly high coverage of the electrode surface by adsorbed reaction intermediates
and the potential dependence of the coverage is usualily considered. The fact that
coverages by intermediates (e.g., adsorbed H in the hydrogen evolution reaction)
were in some cases neither unity nor very small was already recognized experi-
mentally by the Russian workers 4 some years ago and an isotherm involving a heat
of adsorption linearly dependent upon coverage was formulated.5 Experimentally,
various more recent studies 6. 7 have shown that at certain electrodes the fractional
coverage 6 by adsorbed H in the hydrogen evolution reaction is between 0-1 and
0-9 and potential dependent ; similar results were found by Conway and Bourgault 8. 9
for the coverage of oxide electrodes by adsorbed oxygen-containing species and the
role of surface-coverage dependent zero-point energies in determining isotopic
relative rates of the H,—D, production reactions has been treated by Conway.10
Parsons 11 has demonstrated the importance of coverage effects, and the type of
adsorption isotherm involved, in determining the dependence of electrochemical
exchange currents on heat of adsorption of H at metals 12. 13 and, in a recent paper,
Thomas 14 has shown that linear Tafel plots can arise for intermediate coverage
conditions (0-2<#<0-8) where a coverage-dependent heat of activation predomin-
antly determines the kinetics of steps involving adsorption and desorption of radicals
on the electrode surface.

It is the purpose of the present paper to examine the potential dependence of
the pseudo-capacitance associated with adsorbed species when heats of activation
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2494 PSEUDO-CAPACITANCE AND ELECTRODE REACTIONS

for steps in electrochemical reactions are dependent on coverage by the species and
to investigate the kinetic consequences of these conditions when reactions of greater
complexity than the hydrogen evolution reaction (e.g., anodic oxygen evolution)
are involved, and take place through more than two steps. It will be shown that
several conclusions of a general nature can be deduced for consecutive electrochemical
reaction sequences.

SURFACE COVERAGE EFFECTS AND THE FREE ENERGY OF ACTIVATION
For the hydrogen evolution reaction, proceeding, for example, by the pathways

H*+M+e-MH I
MH+H*+e-~M+H; II
or MH+HM—-2M+H; III
the velocity of I can be written as
vy = k;Cye(1—0y) exp [—(AGT +ar6)/RT] exp [ BVF/RT] ¢))
and for its reverse
v_; =k_,0qexp[—{AG*, —(1-a)rO/RT}] exp [(1—B)VF/RT] ¥))

where the heat of adsorption AH, of H per g atom, has been assumed 4 11 14 to
be given by a linear function of coverage 0 as

AH, = AH*— 16, 3)

where r is a coefficient determining the variation of heat AH® of adsorption * with
coverage, AHpis the initial heat of adsorption, « and f are symmetry factors and V is
the metal-solution potential difference. For significant surface coverage by H atoms,
the variation of the pre-exponential term in § can be neglected with respect to the
variation of the exponential term in @ (cf. ref. 11, 14). The latter term will then
predominantly determine v; and v_;, and lead to the same Tafel slopes (cf. ref. 14)
for rate-determining II or 1II as those deduced, viz., 2-3 (2RT/3F) and 2-3 RT/2F,
respectively, assuming Langmuir low coverage conditions. This arises since, when
reaction I is assumed fast and in quasi-equilibrium, the coverage 8 is a linear function
of potential (cf. ref. 14)

AG*,—AGFf =r0+VF+K, O]

where K is a constant at constant temperature and composition of the solution,
and the rf terms in the rate equations for II and III can then be substituted
accordingly.

In a radical desorption step such as II or III, in which molecule production
occurs, conditions corresponding to activated adsorption of the H, have been shown 14
to lead to a Tafel slope of 2:3 RT/F for II or 1II, not previously deduced for these
mechanisms under the conditions assumed.

We have summarized the previously published treatment in order to develop
it further below for consecutive reactions in which more than two steps are involved,
since new problems arise when (a) there is more than one intermediate adsorbed and
(b) when two adsorbed intermediates are in equilibrium in a pre-rate-determining step.

* Heats and free energies of adsorption are used in the following treatment equivalently, assum-
ing (cf. ref. (11)) that the change of non-configurational entropy of adsorption with coverage is
negligible. It is realized, however, that the rate at which these quantities vary with coverage may,
under certain conditions, be different.

t Such a slope for the * recombination ” mechanism has, however, been deduced for (a) first
order recombination 11 or (b) slow diffusion of H atoms to recombination sites.15
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CONSECUTIVE ANODIC REACTIONS
(i) REACTION SCHEMES

We consider a typical 8 anodic series of consecutive electrochemical reactions
involving more than two steps such as:

M+OH--MOH+e¢ v
MOH+OH--MO+H;0+e Vv Scheme A

MO+MO-2M+0; VI

* M+OH-->MOH +¢ Iv
MOH+MOH-MO+H,0+M Vi1 Scheme B

MO +MO-2M + 0O, VI

involved in oxygen evolution. Other more complex sequences have been formu-
lated 1. 8 such as

M+OH-—->MOH +¢ v
MOH +OH-—>MO +H,0 +¢ v Sehome C
MO +OH--»MHO; +¢ VIII cheme

MHO;+ MOH—-2M+H;0+ 0, IX

M may be the metal or a surface already covered with a thin film of metal oxide.17. 18
The oxygen-containing species may originate from H,O or from OH- without chang-
ing the formal kinetic representation of the reaction sequence.

(ii) MODELS FOR VARIATION OF HEAT OF ADSORPTION WITH COVERAGE

In the above sequence of reactions, the heat of adsorption of intermediates
will, in principle, be a function of the coverage by all the adsorbed intermediates
involved. In order to formulate kinetic equations, it is necessary to obtain a re-
lation analogous to eqn. (3) applicable to, say, at least two intermediates. The
form of such an equation will depend on the model chosen 19 to represent the fall
of energy of adsorption with coverage. The models which lead to the linear fall
of heat of adsorption with coverage indicated, for example, in terms of Temkin’s
discussion 5 by the observed potential-independent pseudo-capacitance associated
with adsorbed H at platinum 4 and O or OH at nickel oxide 8.9 under some con-
ditions, are as follows: (a) a distribution of sites having a range of energies of
adsorption varying linearly with coverage. For a surface on which two intermediates
are adsorbed, we must assume in this model that the sites which are more active
for adsorption of one species are also more active for the other, although the vari-
ation of heat of adsorption of one species with coverage, i.e., its r value, may not
necessarily be quite identical with that for other species. The alternative model
(b) is one in which “‘induced heterogeneity ”, in the sense of Boudart,!9 is the
origin of a linear fall of heat of adsorption with coverage, and is associated with
the effect of the adsorbed dipole double-layer on the work function of the metal,
which in turn determines in part 20 the energy of chemisorption.

In terms of model (a), we may anticipate that the heat of adsorption of a given
species A varies with the fotal coverage Oy in a manner given approximately by

AHA = AHX—VAQT (5)

and for B
AHy = AHS—rgby (6)
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since the sites remaining beyond the fotal coverage 67 determine, through the re-
spective r values, the energy of adsorption which A or B will experience when ad-
sorbed under such conditions.

Model (b) is regarded 19 as the most satisfactory one which can account for the
linearly falling heats of adsorption with coverage (cf. ref. 23) observed, for example,
in the chemisorption of N 21 and O 22 at metals. In the case of combined adsorption
of N and H at iron,23 a priori heterogeneity of adsorption sites has been shown 19
to be quite incapable of explaining the observed adsorption behaviour of N in the
presence of H. It may be noted that the latter work 23.19 indicates that the r
values for variation of heats of adsorption of N and H with coverage are different.
This is clearly relevant to the problem to be discussed here, where more than one
electrochemical intermediate may be chemisorbed in a complex reaction sequence.

A third model in which two-dimensional interactions determine the fall of heat
of absorption AH with coverage 0, cannot lead to a linear variation of AH with 6.
Dipole-dipole repulsion leads to a repulsive energy term in 6%, ion-ion interaction
at the surface to a term in 6% and London dispersion forces to an attractive term
proportional approximately to 63. Two-dimensional interactions are generally
regarded 19: 24 as being too small to explain the observed fall of AH with 8 in H, O
or N chemisorption in the range of intermediate coverages (e.g. 01 <8<09) to be
considered here. We hence adopt the induced heterogeneity model 19 as the most
reasonable for considering a linear fall of heat of adsorption with coverage and
apply it to the case of two (or more) chemisorbed species. The equations analogous
to (3), (5) and (6) for species A and B, may then be written as

AHA = AHX-—TAOA—TBHB (7)
AHp = AHS — 740, — 505 (8)

since the variation of heat of adsorption of the species A or B will depend, to a
first approximation, on the sum of two terms involving the respective dipole double-
layer surface potential contributions from both species A and B, i.e., the term in
rafa will involve the dipole moment of A and that in rgfp the moment of B. It
is important to note that the same terms determine the variation of heat of ad-
sorption of both A and B with coverage by A and B, and we shall represent the
terms 404+ refs by {(0).

(iii) KINETIC EQUATIONS FOR THE OXYGEN EVOLUTION REACTION

This is a reaction where more than one intermediate may be adsorbed simul-
taneously. By analogy with the formulation given in eqn. (1) and (2) and pre-
viously 11, 14 we now write the rate of reaction 1V (schemes A, B or C), using equa-
tions similar to (7) and (8) referring to coverage 0 of the electrode by “ MOH ”
and “ MO ” species, as

vy = k4Con-(1—07) exp [ {AGZ +of(0)}/RT] exp (BVF/RT), &)

where we shall write in general in the above and following equations &, exp [— AG;F/

RT] as the rate constant for a reaction “n ™ at zero coverage. The rate of the
back reaction in IV is given by

v_4 = k_40mon exp [~ {AG2, —(1—-f(0)}/RT] exp [—(1—B)VF/RT]. (10)

Reaction V is a radical-ion recombination with charge transfer (cf. MH+H* +e—
M +H,) but in distinction to the corresponding hydrogen producing process shown
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in the brackets, does not involve desorption of the immediate product. The rate
equation for V is then

vs = ksbyonCon- exp [ —{AGT +9f(8)—(1—-y)f(8)— BVF}/RT] 11)
= k50uouCan- exp (BVF/RT) for y = B = 0-5* (11a)

since the effects of coverage by MOH and MO species on the activation energy
for V are equal if y = 0-5. When V is rate-determining and the pre-exponential
terms in coverage are of the order of magnitude 0-2 <fyor <0-8 (cf. 11, 14) IV can
be regarded as in quasi-equilibrium, so that

f(6) = VF+K, (12)

where Kj is a constant at constant composition of the solution. In this case fmo
will be negligible with respect to fyog and hence

(0~ ruoufvon ™ rvondrs

where 07 is now the total coverage by radicals on the surface. The coverage by
QH radicals will vary linearly with potential (eqn. (12)), except at very low or very
high coverage when Langmuir behaviour will hold.1: 8,9 The Tafel slope for V
wilt be b = 2:3 x 2RT/F with § = 0-5, which is identical with the result for the Lang-
muir case at fmorg = 1. It will be noted that reaction V, with coverage-dependent
free energy of activation, does not lead to a slope of RT/(1+B)F (i.e., 2RT/3F with
B = 0-5) as in the Langmuir case or for radical-ion desorption to form a gaseous
product (as in the atom-ion desorption path in hydrogen evolution).

When the MOH species are removed by a formal * recombination” type of
process (actually an H transfer process) such as VII not involving charge transfer,
the rate equation is

v7= k1Buon €xp [ — {AG7 —2yf(6) + (1 —)f(O)}/RT]. (13)

Substituting f() from eqn. (12) and neglecting the variation of the pre-exponential
term with 9 gives

vq = k7 exp 2VF/RT) and b=232RT|F (y=05),

i.e., the same result as for V under comparable conditions. We note that a first
order heterogeneous chemical step such as occurs in electrochemical decarboxyl-
ation,25 e.g. the steps

HCOO-—»H-+CO,
or CF;C0O0.—CO;+CF3.

following discharge of the corresponding ions, will not involve exponential terms
in f(6) since they cancel out, so that the rate of such steps at intermediate coverages
will be practically independent of potential (a slight dependence may be observed
since the rate of these reactions is proportional to the surface concentration of the
appropriate radical, and hence to the coverage, and the latter is a linear function
of potential (according to eqn. (12)) and the Tafel slope will tend to infinity). Under
Langmuir conditions, the velocities of these reactions, when rate-controlling, will
involve terms in exp (VF/RT) arising from quasi-equilibrium in the previous ion-
discharge step, so that their Fafel slopes would be d¥/d Ini = RTJF.

* The assumption that ¥ = 8 is justified since field effects on the potential energy diagram will
originate quantitatively in the same way as effects of varying energy of adsorption of reactants
and products, because both effects involve the same pair of potential energy curves.
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TERMINAL DESORPTION STEPS

For the oxygen evolution process, at least two steps must occur prior to the final
reaction producing oxygen molecules. If the final step is recombination of MO
entities, and is rate-determining, both MOH and MO species can cover the surface
significantly depending on the magnitude of the chemical or electrochemical equilib-
rium constants for reactions VII and V, respectively. The f(6) can then involve
significant terms in both fyom and Ymo, determined by

Oro/Ovon = K s exp (VF/RT) (14)
for reaction V and by
Bvo/Bon = K7 exp [{(8)/RT] = K4 exp (VF/RT) (15)

for reaction VII. The rate equation for the final step VI (e.g. in schemes A or B)
is

v = ks exp [ —{AGE —2f(6)}/RT] 16)
for non-activated adsorption of O (cf. ref. 14) and
v = keOho exp [ — {AGF —261(0)}/RT] (16a)

for activated adsorption of Oz, where J is a symmetry factor (probably different from
B or y) for the energy barrier associated with activated chemisorption of oxygen.
In the case of reaction Vi, we can only regard the pre-exponential term in fmo as
relatively invariant with potential compared with the term exp [2f(6)/RT] if Ouo is
comparable with Oyog, that is, if the equilibrium constants in eqn. (14) and (15)
are not very much less than unity. This is probably the case for the species in-
volved in the oxygen evolution reaction, since the MO bond energy would be
expected to be greater than the energy of binding of the monovalent species OH to
the surface M.

From eqn. (16) and (i2), and (16a) and (12), the Tafel slopes for reaction VI
are then

dV/dIni=RT[2F or RT/26F, respectively. amn

The corresponding slope for the terminal step under Langmuir conditions (fyon
and Oyo <1) is RT/4F.

Under conditions where Ks or K7 are <1 (and at low anodic potentials), uo
can be much less than Oyor; if the total coverage (i.e., that now principally due
to MOH entities) is still appreciable and of the order 0-5, eqn. (16) and (16a) still
hold except that the potential dependence of @mp must be taken into account, i.e.,
eqn. (16) becomes

ve = keK s0%0m €xp (2VF[RT) exp [ - {AG¥ —2f(6)}/RT]

and with eqn. (12) and (fon of the order 0-5, the Tafel slope for reaction VI is
RT/AF; similarly using eqn. (16a), the slope is RT/2F(1+6) or RT/3F if 6 = 0-5.
The same results for the Tafel slopes follow if reaction VII is the equilibrium step
preceding rate-determining VI. In general, Oyo will always become appreciable
or predominant at higher anodic potentials and the results first deduced (eqn. (17))
will apply.

We have hitherto examined the kinetics for steps in a sequence of three reactions.
In a scheme such as C, the kinetics for IV and V will be the same as we have dis-
cussed above. The kinetic equation {or reaction VIII rate-controlling will be

vg = kgOnoCon- €xp [ —{AGF —yf(6) +(1 —)i(6)— BVF}/RT] (18)
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where f(0) involves Omo, Omor and Oummo,. Again the same f(f) will be related to
VF by eqn. (12) with IV in equilibrium giving the Tafel slope for reaction VIII as
dV/dIni = 2RT/F (B = y = 0-5). Similarly the recombination step IX in scheme
C will give

Vg = koOyonOmuo, exp [— {AGS —25f(0)}/RT] (19)
or
vg = koBymonfmmuo, €xp [— {AG; —2f(6)}/RT] (20)

for activated and non-activated adsorption of O,, respectively, as when reaction VI
is rate-determining. The Tafel slopes are then RT/26F or RT/2F as for reaction
VIII, with the same assumptions made above (and previously 14) about the mag-
nitude of the pre-exponential § terms.

GENERALIZATIONS

It is clear from the above discussion of steps in the oxygen evolution reaction,
that some important general conclusions may be drawn regarding the kinetic con-
sequences of considering coverage dependent activation energies in a complex
sequence of reactions. In the Langmuir case, Tafel slopes diminish down a sequence
of consecutive reactions following a primary ion discharge step. Thus, for suc-
cessive steps involving an * electrochemical mechanism * the Naperian Tafel slopes
will be RT/(n+B)F where r is an integer >1 while formal bimolecular “‘ chemical
recombination steps will have a slope of R7/mF where m is an integer>2 and in-
creases down the reaction sequence, e.g., VII gives RT/2F, and VI or IX give RT/4F.

In the present case, where coverage-dependent activation energies are introduced,
it is clear that normally no slopes less than R7/2F will arise and the values are less
diagnostic of mechanism than are the corresponding slopes for low coverage con-
ditions. It will also be seen that the * recombination ” slope of RT/2F arises only
in the case of a terminal recombination step in a series of consecutive reactions,
and intermediate recombination (or bimolecular rearrangement) steps are not associ-
ated with this slope or corresponding values of the form RT/mF. Also the slope
RT[2F arises under Temkin conditions if the terminal step is a recombination
irrespective of how many previous steps are involved, while the corresponding
Langmuir slope can be RT/mF where m is an integer only equal to two for a recom-
bination step immediately following the initial change transfer step, as in the hydrogen
evolution case. The conditions fmo <1 when Oymor~0-5 leading to the lower slopes
RT/4F or RT/2F(1+4), are actually unlikely in anodic oxygen evolution since, on
chemical grounds as pointed out above, K5 or K; will not be expected to be <1
and in addition the potential ¥ in eqn. (14) and (15) will normally be well above
the potential of zero charge of most metals at rates of oxygen evolution which can
be conveniently measured (i.e., at current densities>10-7 A cm—2).

The results deduced above are also independent of the exact form of f(6), since
() can always be expressed in terms of ¥'F and constants in an equation of the form
of (12) for quasi-equilibrium in the ion-discharge step (when a subsequent step is
rate-controiling), and the same f(0) always arises in the argument of the exponential
involving the free energy of activation in the rate equation for the rate-controlling
step. These general conclusions only apply, of course, to intermediate coverage
conditions, At very low or quite high coverage, limiting Langmuir conditions apply
with the Tafel slopes as previously deduced,!-2.8.9 based on direct potential-
dependence of the concentrations of all adsorbed intermediates in pre-exponential
terms in the rate-equations for the steps prior to the rate-determining step. Although
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we have made the above deductions for steps in the oxygen evolution reaction,
1t 1s clear that the conclusions are general for any reaction involving several steps
and more than one adsorbed intermediate.

KINETIC THEORY OF PSEUDO-CAPACITANCE

The significance of the direction of potential dependence of adsorption pseudo-
capacitance 1n oxygen evolution has becn discussed 1n an earlier paper 9 in relation to
extent of surface coverage of the clectrode by intermediates, and to the type of 1s0-
therm applying to the adsorpticn of the eleciromotively active intermediate  During
publication of the laiter werk Bockris and Kita 26 have presented a general mathem-
atical treatment of transients for cases of potential-dependent pseudo-capacitance
based implicitly on the Langmuir 1sotherm  In the latter treatment, no conditions
are considered which could lead to a pseudo-capacitance independent of potential
over any significant range of eleciroae potentials, however, such potential-inde-
pendent pseudo-capacitance 1s experimentally observed over an appreciable range
of potentials for the oxygen evolution process at the nichel electrode 8 9 and 1s
implicit 1n the em f decay at a plaomzed-platinum hydrogen cathode where the
em f decay slope in log [time] has the same numerical slope 2 3RT/2F as that
of the Tafel relationship 28 iz, —23RT/2F Were the H-pseudo-capacitance
in the platinum case potential-dependent, the e m f decay slope would be either
greater or smaller than 2 3R//2F depending on the sign of the coefficient of the
potential term 1n the argument of \he exponential relating capacitance to potential

The steady-state ~ kinetic t1eatmeut or a treatment in which equilibrium 1n pre-
rate-determining steps is consideted ieads, as shown elsewhere,26 27 to an expon-
ential dependence of the coverage of adsorbed intermediates on potential, and hence
to a potential-dependent pseudo-capacitance associated with these intermediates
In the Langmuir case,26 27 this pseudo-capacity has a maximum value at a certain
potential determined by the relative values of the rate constants mvolved and the
concentration of reacting 1ons, and varies symmetiically about this potential, falling
to practically zero within about 40 12 V of the potential of the maximum, so that
the actual electrode capacity 1s then simply the 1omic double-layer capacity The
value of the maximum capacity 26 Cn.x 15 kK'F/4RT where k 1s the charge associated
with the formation of a monolayer of the intermediates For 1015 univalent radicals
per cm?2, Cmax =~21600 uF cm—2 26

The direct observation+ of a potential-independent pseudo-capacitance for
adsorbed H over an appreciable range of potentials at platinum electrodes was, 1n
fact, originally discussed <11 te.ms of an 1sotherm involving a free energy of adsorption
linearly dependent on coverage Whie, 1n principle, such an 1sotherm leads 1n the
hinuting case to a potentiar inderendent contribution to the overall pseudo-capacit-
ance, a result which realiy auises from the conditions assumed to derive egn
(12), we now show that, in gureial 1he pseudo-capacitance can never be completely
independent of potential and the exient of the potential dependence and the mag-

nitude of the capacity mamimum depenas on the values of the coefficients of the
@ terms m eqn (7) and (8)

* The normal requirement for vahidity of » steady-state tieatment for deducing concentrations
of intermediates 1s that the concentiations of the intermediates are small and hence do not change
significantly during the reaction This condition does not however apply to electrochemical
reactions under constant current ~nd potentinl conditions since the reaction 1s forced to be 1n a
steady state irrespective of the corce itranions of the various intermediates involved The steady

state treatment can hence legitimately oe used fo1 calculating the coverage by intermediates and the
assoclated pseudo-capacity
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EXTENT OF POTENTIAL-DEPENDENCE OF THE PSEUDO-CAPACITY IN
RELATION TO VALUES OF r

We write eqn. (9) for conditions where the adsorption pseudo-capacitance is
due only to MOH species; i.e. when reaction V is the slow step for ks<ks, k-4
and kg, and VI is not in equilibrium. The surface is then significantly covered only
by MOH species (and the solvent) and f(6) becomes simply roafor which we shall
designate as r10 for brevity.

If IV is in quasi-equilibrium

k4(1—6)Coy- exp (BVF/RT) exp (—ar,0/RT)
=k_,0 exp[—(1—-B)VF/RT] exp [(1—x)r,6/RT], (21)
then
V=$ln [6/1—6]+r,6[F+K', 22

where K’ is a constant at constapt concentration and temperature. The pseudo-
capacity for MOH is then given by

k' dvV RTdIn[6/1-6]

ol A sl Sl bl F, 23

cC-a~F a0 T )
which involves a ““ Langmuir ”’ term in 6/1—6 in addition to a * Temkin > term in
ri.* For the purpose only of defining the terms for limiting cases, we see that
eqn. (23) giyes

kl
= % (which we shall call k'/Cy), (24a)
when
ry , RTdIn[0/1-0)
F”F d¢
and
K_RTdin[61-6] RT(1 1 (24b)

(which we shall call k’/Cy) if
"1 ¢ RTdIn[6/1-6]
F F do

where we have called the capacities C-*“ Temkin” for (24a) and C-* Langmuir ”
for (24b). 1t is clear that eqn. (23) can be written in the form:

(25)

1 1 1
=4 26
c-ctc (26)
so that
_ GGy o
Cr+Cy

* It is important to note here that, while in the rate equations terms in ¢ and 1—@ can be
legitimately neglected when 0-2< 8< 0-8 and an exponential term in f(6) is important, in the pseudo-
capacity eqn. (23) the term d In [§/1—6]/df can normally not be neglected in comparison with
ry/F.



2502 PSEUDO-CAPACITANCE AND ELECTRODE REACTIONS

Thus, the two pseudo-capacity contributions evidently combine effectively in series
to determine the overall pseudo-capacity, i.e., when one is much larger than the
other, the smaller capacity will determine the overall capacity. In terms of potential-
dependent coverage, this implies that when two terms involve the coverage as in
eqn. (22), the actual coverage will be determined by the term predicting the lower
coverage at a given potential.

The potential dependence of C for various values of r; may be evaluated in the
general case by calculating C as a function of ¢ and 4 as a function of V using eqn.
(22) and (23). We note that K4<1, otherwise Omon Will be near unity even at low
anodic overpotentials. We take log K4 = —2 as an example (choice of other values
of K4 will only shift the scale of values of ¥ and will not change the form of the de-
pendence of § or C on V) and r, having values of 0, 5, 10 and 20 kcal mole-1 (these

1600 /'\.

\A'NGMUIR {r=0)

1800

capacity, pF cm—2
@
o
o

200

Fig. |.—Variation of the overall adsorption pseudo-capacity with coverage 6.

figures are chosen to be approximately within the observed range of the mean vari-
ation of heats of adsorption of various species with coverage where approximately
linear relations between € and heat of adsorption arise for 0-1<0<09). The cal-
culated values of C * as a function of 6 and ¥ are shown in fig. 1 and 2, respectively,
and the Langmuir case, corresponding to r; = 0, is shown for comparison. These
cases will apply to any univalent species predominantly covering the surface for
the values of k" and ry chosen. It will be noted that for the Langmuir case: (a) C
is never potential-independent except as it tends to zero and (b) the pseudo-capacitance
will only have measurable values over a narrow potential range of some 240 mV.

* In these calculations the same constants are used for the evaluation of k' as discussed above.
Their exact values are not of importance here as we are only interested in the relative variation
of C with 6 or V. Comparison with experimental data will require an assignment of the surface
concentration corresponding to # = 1 and the charge transferred per radical adsorbed as well as the
real/apparent area ratio for the electrode surface.
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Introduction of a finite value of r; produces a range of C values which are less po-
tential dependent than in the Langmuir case but never strictly potential-independent.
However, when r = 10 or 20 kcal mole~1. C is sensibly constant over 350 and 700
mV, respectively, as we have previously deduced qualitatively by a quasi-thermo-
dynamic argument.? This is the kind of behaviour that is observed experimentally
in some cases 8- 9- 20 but potential-dependent pseudo-capacity is found under other
conditions, e.g., for the hydrogen evolution reaction at nickel in alkaline solution,’
and with the nickel oxide electrode.8:9 When a potential independent pseudo-
capacity contribution is involved (* Temkin ” conditions; r finite) it will be noted
that the maximum pseudo-capacity is substantially lower than the Cmax. calculated
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FiG. 2.—Variation of the overall pseudo-capacity with potential V.

(1600 uF cm~2) for the ““ Langmuir ” case. However, for values of r even as high
as 20 kcal mole~!, the maximum capacity should be readily distinguishable, over a
wide range of potential or coverage, from the ionic double-layer capacity, which
normally does not exceed about 100 uF cm~—2 at potentials anodic to the potential
of zero charge.?9 In all cases at very high potentials C—Cy., i.e., the measured
capacity will tend to the ionic double-layer capacily. The ‘ Langmuir” case
(eqn. (24b)) is evidently a special case of eqn. (22) and in most cascs will not corre-
spond to experimental conditions, since heats of adsorption are rarely independent of
coverage. Evenif risaslow as 1 kcal mole~1, Cpax. will be significantly less (actually
1100 uF cm~2) than 1600 uF cm~2 and the range of the potential dependence of C
will be substantially larger than that for the * Langmuir >’ case. Some values of
Cuax. and Cr as a function of r have been plotted in fig. 3 ; Crcan have values greater
than Cr, max. for low r, but combined with Cr, (eqn. 26) must lead to values of overall
C less than Cr max. The above conclusions are general and will refer to any single
adsorbed species which arises from a Faradaic process in an electrochemical reaction,
using the appropriate value of r. We now examine a more general case for more
than one adsorbed species at the surface.

GENERAL CASE.—Pseudo-capacity associated with more than one adsorbed species.
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The general reaction scheme

M+A-Z2MA+e (fast) X)
MAZMB (fast) X1)
2MB-B, (slow) (X1

is considered with XII rate controlling so that 8, and 95 may both be significant.
The heats of adsorption of A and B are assumed to be given by eqn. (7) and (8)
involving f(6). For X and XI at equilibrium (cf. eqn. (12))

f(6) = VF+K,, (28)
and

0sl0, = ku[k-n =K, (29)

capacity, uF cm™2

| | ! J
© s 1o 5 2

r, kcal mole—1

F16. 3.—Variation of the maximum pseudo-capacity and the * Temkin > contribution with values
of ri.

The latter ratio is independent of total coverage and potential, so that

f(0) = ra0s+rg0p = raba+K 1150, = Ki,0,, (30)
where K{; = ra+Kjirg.
Now
k'do
C =T =k'd[0,+65]/aV (31)
dv
but

0A+0B = 0A+K110A = (1+K11)0A'
Now from eqn. (30) and an eqn. similar to (12) referring to reaction X
d0,/dV = F{ry+K,,rs] (34

2)
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so that, from eqn. (31) and (32)

C = K(1+K,)d0,/dV = k' (ﬂ‘—)lv — KF/r, (35)

r A + K 11 rB
where we have defined

r'=(a+ K rp)/(1+Kyy).

It is thus seen that when more than one intermediate is adsorbed, a constant pseudo-
capacity contribution is still obtained and, moreover, the apparent value of the rate
of change of heat of adsorption with coverage is simply a weighted average of the
values for the two individual species.

Normally the ratio 0/60a will depend on potential, either: (@) due to a change
in the number of adsorbed species caused by an act of the given step (e.g. ZMA—MB,*
viz., 2MOH->MO+H;0 [reaction VII]) with the previous charge transfer step in
electrochemical equilibrium; or (b) when there is a direct potential-dependence
of the equilibrium constant for X1 (i.e., for a reaction such as MA+A-—e+MB;
cf. reaction V). In either case 84 and Op will only be comparable T over a small
range of electrode potentials (which may or may not be accessible practically in an
experiment) so that we can treat the problem generally by assuming 6,>0gp or
04 <03 so that f(0)er0A or rgbfs.

The total Temkin pseudo-capacity contribution given by eqn. (35) will combine
with the Langmuir term as in eqn. (26) and 23) to give the overall pseudo-capacity
which will then have a potential dependence similar to that deduced above depending
now on the value of v’ in eqn. (35).

OPEN-CIRCUIT DECAY OF E.M.F. AND REACTION MECHANISMS

We have discussed how a pseudo-capacitance can be sensibly potential inde-
pendent over an appreciable range of potentials when the free energy of activation
is dependent on coverage and how the Langmuir treatment leads only to an ex-
ponential dependence of 6 on V except as C—Cq.1. when 8—0 or 1. An important
kinetic case is that of the recombination controlled cathodic hydrogen producing
reaction at platinized platinum. Here the Tafel slope is —RT/2F and is normally
deduced by assuming that the step

H*+e+M-MH,,, III

is in quasi-equilibrium at low coverage by MHags, (high coverage leads to a recom-
bination-controlled limiting current observed experimentally 30) so that
0y = K exp (= VF/RT) (3%)

where K is a constant at constant electrolyte composition. The recombination
rate is then proportional to {exp(— VF/RT)]? giving the characteristic Tafel slope
of RT/2F. On the basis of these assumptions, the pseudo-capacity associated with
adsorbed H is

Cy = —k'(d0y/dV) = K(K'F|RT) exp (— VF|RT) (39)
t Thus, if XI were of the form 2MAZ>MB, rather than MAZMB
kyy83 exp [(3y—1)E(6)/ RT} = k_116g exp [—(2—3y)(6)/ RT] 37N

and with (28), 0/ = ki1 exp (VF/RT). If 0, = 0g at a given value of ¥, 0, <0g or fp<b,
within 4006 V of that potential so that in practice the total coverage will be largely determined
by that of one species or the other over a wide potential range. The same conclusions would follow
if XI were of the form MA+ A~ --MB+-e.
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and for the e.m.f. decay process, with self-discharge of the pseudo-capacity, the
kinetic equation is
—Cy(dV/dt) = iy exp [ —2VF/RT] (40)
for continuing recombination as the rate-controlling process in self-discharge on
open-circuit.
Thus
—~KK'(F|RT) exp [ - VF/RT](dV/dt) = i, exp [—-2VF/RT],

or
—exp [VF/RT]AV = (i,RT/KK'F)dt. (41)

After integrating, this gives the e.m.f. decay slope as
dV/dIn (t+¢) = —RTJF,

where ¢ is the usual integration constant.8

The experimental e.m.f. decay slope (28) is close to RT/2F, i.e., numerically
identical with the Tafel slope. This can only arise if the capacity is potential
independent, i.e., if the rate of the recombination step is given (14) approximately
by the equation for intermediate coverage by H, viz.,

v = k; exp [—(AGT —2r0)/RT],

so that with)eqn. 4
dV/d1ni= —RT/2F

as at low coverages. We must hence conclude that the reaction at platinum 28
occurs on a surface appreciably covered by adsorbed H, with 7 significant, as is slso
evident from the directly observed galvanostatic discharge transients.# The ob-
servation of the identity of Tafel and decay slopes in this case can be regarded as a
direct proof of the validity of the assumption 14 of coverage dependent activation
energies. Similarly, for the oxygen evolution process at the nickel oxide electrode,
we have given direct proof that the Tafel and decay slopes are identical only if the
pseudo-capacitance (which in that case can be obtained directly 8 9) is independent
of potential. When, on the other hand, it is found to be potential dependent, the
observed Tafel and decay slopes differ in the expected direction.? MacDonald
and Conway 18 have experimentally found similar effects at the gold anode for low
coverage conditions in the oxygen evolution reaction.

It could be argued that the identity of Tafel and decay slopes at platinum 28
is simply the result of limitingly low or limitingly high coverage conditions where
the Langmuir pseudo-capacity (r = 0) tends to zero. This possibility can be dis-
counted in the platinum case since observed fractional coverages by H do not tend
to zero and in fact are quite substantial,4 nor are they unity since otherwise the
characteristic recombination limiting current 30 would be observed, which is not
actually found until much higher current densities than those from which the e.m.f,
decay has been followed.28

ELECTRODE POTENTIAL AND COVERAGE

The dependence of 6 on V for the Langmuir case can be obtained from the
equation given previously 26 and for the combined Langmuir-Temkin case from eqgn.
(22) or (27) assuming the same arbitrary values for K4 and Cgg- taken previously.

In the Langmuir case (f(§) = 0), 0 varies with potential as shown in fig. 4. An
approximately linear region occurs over a range of about 60 mV. As r; becomes
greater, the linear region of the plot of 6 against ¥ increases, but at high or low
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potentials a short non-linear region arises from the non-exponential term in 6 in
the rate equations. The coverage is essentially linear with ¥ over 450 mV when
ry is 10 kcal mole~!. The dotted lines in fig. 4 show what the (V) behaviour would
be if only the exponential term in 6 in eqn. (22) determined the dependence of 8 on
V. Obviously this must lead to a completely linear dependence of § on ¥ as shown.
This is a fictitious case, since in reality at very low or very high 0, the §/1—0

term will always be important and give the curving-off region of the lines at each
extremity.
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Fic. 4.—Variation of coverage  with potential ¥V for Langmuir (r; = 0) and Langmuir+ Temkin
conditions (indicated ry values).

It is of interest, however, that in the range where 8 is linear with ¥ (for appreciable
values of r;), the actual values of € at any given potential are significantly different
from those calculated from the exponential (Temkin) term in 6 alone. For example,
when r = 10 kcal, the pre-exponential term in 6 never becomes negligible compared
with the exponential one, so far as the relationship between 6 and V is concerned.
Nevertheless, an almost linear variation of § with ¥ (constant capacity) is still obtained,
since the deviation of the pre-exponential term from a linear #— ¥ relationship is
negligible with respect to the value of @ arising from the exponential term, except
at very high or very low 6.

APPENDIX

KINETIC EQUATIONS ARISING FOR a priori HETEROGENEITY

Here we consider briefly the consequences of assuming that the variation of heat of
adsorption with coverage is due to an intrinsic heterogeneity of the surface. If there is no
specificity of surface sites for two or more adsorbed intermediates at a total coverage 7
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(which will be the case if they are chemically similar, as in the oxygen evolution reaction
considered above), we can write in general for intermediates A and B

AH, = AHS —rA07; AHy = AHS—ry0p (1A)

since the energy of adsorption of a given species will depend on the sites remaining just
beyond the total coverage 67 and the r values define the distribution (assumed linear) of
energies of adsorption with total coverage. It is not necessary that 4 = rp, since the varia-
tion of the energy of chemisorption of the species A and B with coverage probably depends
on the electronegativity difference between the sites and each of the species adsorbed. In
many cases it will, however, be legitimate to regard r,~#p particularly, as in the oxygen
evolution case for O and OH species, where the species are chemically similar. When there
is complete specificity of sites for the two or more species, the surface behaves essentially
as a mixture of two types of surface with independent properties for each of the species so
that

AH, =AH;—r,0,; AHp=AHg—r,05.
It is unlikely that this applies to most electrochemical reactions including the oxygen evolu-
tion reaction. ’
We may proceed in a similar way to that adopted in the main part of the paper by con-
sidering steps in the oxygen evolution reaction assuming that the primary discharge step
1V is in quasi-equilibrium followed by rate-determining V or VII. We obtain
rour =VF+K, (2A)
as in eqn. (12), and for rate-determining V,

vs = ksOyvonCon- €xp [ — {AG; ~yrondr—BVF +(1—)rofr}/RT],
which gives the Tafel slope for V for intermediate coverage by MOH as

dV  2RT roy h 05
——=——-——" _wheny=05=
dini F 2rog—rg Y g
which obviously gives a slope of 2RT/F when roy = ro. Similarly, for rate-determining
VII, which does not involve a direct potential term in the rate equation, we obtain the same
result
dV 2RT roy 2RT

= — = ——when rogy=r
dlni F 2roy—ro F on ™ To.

These equations give the same limiting result when rog = ro as the general treatment in
terms of f(f) for the induction model given in the main part of the paper. We may note
also, as with f(0), that the exact form of the function of 67 in equation 1A is immaterial as
it will always be eliminated when equation 2A is used to substitute for this function of Or
in the rate equations in terms of VF. Any arbitrariness in assuming a linear function in
fr in equation 1A is hence not of importance in the general deduction of kinetic current-
potential equations and Tafel slopes.

It is readily seen that a terminal recombination step with desorption, such as VI, will give

dV _ RTroy RT

dlni_Z—FE:ﬁWhenrOH=r°

for non-activated adsorption (cf. ref. 14) of the O species from O;. The results derived on
the basis of a priori heterogeneity, when the r values for various intermediates are identical
will in general be the same as those deduced on the induction model. However, since thé
r values need not, in principle, be quite identical, the heterogeneity model allows éf the pos-

sibility of some variation of Tafel slopes from the above limiting values derived assuming
equal r values.
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ELECTROCHEMISTRY OF THE NICKEL OXIDE ELECTRODE

PART IV. ELECTROCHEMICAL KINETIC STUDIES OF REVERSIBLE POTENTIALS
AS A FUNCTION OF DEGREE OF OXIDATION

B. E. Conway AND E GILEADI
Department of Chemistry, Unwversity of Ottawa, Ottawa, Ontairo
Recerved May 22, 1962

ABSTRACT

Electrochemical hinetic studies have been carried out at the nickel oaide electrode showing
that the reversible potential for the N1II-NiIII system 1s independent of the state of oxidation
of the bulk oxide 1n the electrode over a wide range of degrees of oxidation The properties of the
electrode are shown to be determined by the state of a surface phase, which 1s completely charged
when the bulk oaide matenal n the electrode has been charged to 109, of its total charge
capacity Experiments on sparingly charged electrodes have proved that charging of the
bulk oxide does not commence significantly until the electrode 1s charged to about 1 59, Con-
secutive electrochemical reactions possibly involved 1n the charging process are discussed

INTRODUCTION

The real reversible potential of the nickel oxide (Ni'*-Ni!'!) electrode has been the
subject of controversy for some years and previously reported values are muisleading
since they have not been based on well-defined equilibrium conditions or a well-defined
state of the system Determination of the reversible potential 1s complicated by the
self-discharge processes which occur at the electrode in the oxidized form and also by
the fact that the electrode may exist 1n a range of chemical states corresponding to the
extent of conversion of N1t to Ni** (and possibly Ni*t under certain conditions) 1n the
hydrated oxide

In an earler paper (1), the true reversible potential of partially charged nickel oxide
electrodes at a single controlled state of oxidation ‘‘N10; s5"" was examined as a function
of potassium hydroxide and water activities 1n aqueous alkal solutions, and distinguished
from the mixed potential assumed in previous work (2, also 12, 13) to be the reversible
potential A polarization decay method was employed (1, 3, 4) in which the reversible
potential was approached both from the anodic and the cathodic directions

In the present phase of our work, the same method has now been applied to the study
of the potential of partially charged nickel oxide electrodes as a function of the degree
of charge, at constant electrolyte composition This method was found to be applicable
only over a limited range of degree of oxidation of the electrode (“Ni0; 10"'—*‘N10; 3"")
owing to problems of extrapolation to the reversible potential to be discussed below.
Stationary potentials, taken at very long tunes on open circuit, were therefore also
measured as a function of the degree of charge over a much wider range of degree of
oxidation (“‘N10; a5’ ‘N101 50"")

The role of the surface and bulk phases in determining the measured potential was
deduced It will be shown that three well-defined regions in the charging process can
be distinguished experimentally. In the first, the surface phase alone 1s being charged,
in the intermediate region, the Faradaic current 1s used to charge both phases, until
the surface phase 1s fully charged, after which oxidation of the bulk is the main Faradaic
process (Most of the charging process occurs at a potential anodic to the reversible
oxygen electrode, so that oxygen evolution must occur to a certain extent as a parallel
process 1n all three regions described above It does not, however, become appreciable
until most of the bulk material has been charged )

Canadian Journal of Chemistry Volume 40 (1962)
1933
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EXPERIMENTAL

(1) Electiodes

Nickel hydroxide electrodes were prepared i sintered-mickel plaques by methods described 1n detail
previously (1, 3, 5) Each electrode was charged and discharged three times before use, at a 5-hour charging
rate, tn order to stabilize 1ts electrochemical behavior (3, 4)

(2) Solutions
All solutions and reagents were prepared as described previously (1, 3), and most experiments were
carried out 1n 1 N aqueous KOH at 25° C Some comparative runs were carried out in 72 N KOH

(8) Reversible Potentrals

The reversible potential of the N1#I-Ni11I system was obtained by extrapolating anodic and cathodic
em{ decay lines, plotted logarithmically 1n time, to the potential of their intersection, as described 1n a
previous paper (1).

The “discharged” electrodes still contamned a small amount of the higher oxide of nickel, which at the
apparent end of discharging 1s evidently inaccessible, probably due to insulation by the less conducting
N1(OH); (8) The electrodes were reduced completely by prolonged cathodic polarization until a total of
3 F/equivalent had been passed The electrodes were then transferred to another cell containing freshly
prepared electrolyte and reference electrodes, and left on open circuit overnight with purified oxygen bubbling
through the cell

The following sequence of operations was then performed at a current corresponding to a 2-hour charging
rate, 1e at 143 ma g1 of active matersal calculated as N1(OH); (cf ref 1)

(e) The electrode was charged for 24 minutes to an extent of oxidation of 209, (N10Oj 10) based on the
oxidation change NiIT - NiITT 1n the oxide The current was then interrupted and open-circuit decay of
potential followed for about an hour

(b) Charging was then continued for 24 minutes, followed immediately by discharge for the same length
of time The current was then wnterrupted and buildup (1 e recovery of potential on open circuit to more
anodic values) was followed for an hour, the degree of charge agan being 20%, as i (a)

Anodic and cathodic open-circuit decay and recovery of potential were followed 1n a similar manner at
the 409, 609 and 809, charged electrodes, corresponding to formal degrees of oxidation of N101 20 N101 5,
Ni10, 4 respectively Charging and discharging curves for one of these experiments are shown in Fig 1
Similar charging and discharging cycles were carried out to obtain data for electrodes 1n 259, 50%, and
75%, degrees of oxidation (see Table 1)

TABLE 1
Anodic decay slope Cathodic
Degree of KOH buildup
charge concn Imtial, Lower, slope Eot Number of
(Co) (N) b, (mv) bs (mv) bz (mv) (mv) experiments
20 1 -12 7 —18 2 +11 0 423 1
25 1 — 954+06 —18 33 5 +13 142 1 42444 5
40 1 —120 —15 2 + 90 427 1
50 1 —10 8+1 5 —-19 8+5 0 +10 941 6 42345 9
60 1 —35 3 —17 8 +11 4 * 1
75 1 —32+13 —2242 3 + 9441 2 * 5
80 1 —60 —210 +14 3 * 1
“'Overcharge” 1 —454+2 6 — — * 6

*See comment in text with regard to these degrees of oxidation
1The reversible potentials are ginen vs that of a Hg/HgO reference electrode 1n the same solution

(4) Stationary Potentials
In this series of experiments, the electrodes were charged to a given degree of oxidation, and decay of

em f on open circuit was followed by means of a high impedance recorder for about a week. at which time
the e m f varied at a rate of 1 mv/day or less '

(6) Sparingly Charged Electrodes

A series of experiments was conducted on electrodes charged to a very small extent (033% to 5% of
total charge capacity) °

RESULTS

Plots of decay of e m f after anodic and cathodic polarization vs log (t+6) are shown

in Fig 2 The significance of this type of plot, of e m f decay slopes, and of the para-
n eter # have been discussed previously (1, 3, 4, 7, 8)
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All e m f decay lines from anodic polarization are seen to have two distinct regions
For electrodes charged to 509, (‘“NiOy 25 ') or less, an imtial low slope (about —10 mv)
s followed by a higher slope (about —20 mv) When the electrode 1s charged to 75%, a
high mitial slope (about — 32 mv) 1s followed by the same slope (—20 mv) mentioned
above, 1n the lower-potential region Electromotive force recovery lines from cathodic
polarization have a slope of about 411 mv, independent of degree of charge Results
for a tv pical ndividual experiment are given mn Fig 2 and some shight increase of recovery
slope 1s apparent as the charge 1s reduced, however, this trend does not appear to be
very significant statistically (e g see Table I).

In Table I, the reversible potentials for the Ni''-Ni'!! system, obtained by extra-
polating cathodic and (imitial) anodic e m f decay lines (1), are given for different
degrees of charge (between 20¢/ and 50} formal degree of oxidation) of the electrode
at 25° C, together with other kinetic parameters An important result obtained here 1s
that the reversible potential 1s seen to be independent of formal degree of charge over the
above range of charge Similar conclusions were arrived at from two comparative runs
in 72 N KOH

For reasons to be discussed, 1t 1s not possible to obtain the true reversible potentials
by extrapolation of cathodic and anodic e m f decay lines above degrees of oxidation
of about 509, In order, however, to study further the potentials of the nickel oxide
electrode, the ‘‘stationary’’ or quasi equilibrium potentials were exammned at higher
states of oxidation

In Table II, the ‘stationary’ potentials measured after 4 X 10% and 6X10’ seconds on

TABLE 11
Stationary potentials of the nickel owide electrode n 1 N KOH 25°C

Degree of charge Potential reached after Potential reached after
<) 4X10% sec (mv, He/HgO) 6 X 105 sec (mv, Hg/HgO)
Overcharge 426 5 422 6
50 420 5 424 0
20 420 4 417 2
10 422 6 419 9
7 406 0 404 8
5 401 5 399 3

open circuit are given for various degrees of charge of the electrode between 37 and
1009, (overcharged electrode) These results were obtamned by reducing the electrode
completels, polarizing 1t anodically to the appropriate degree of charge and then leaving
1t on open circuit for 6X10° seconds or longer It 1s seen that the ‘‘stationaiy potential
measured after a long period of standing on open circuit 1s still independent ot the degree
of charge above 107 extent of owmidation {“N\10;¢5""), and in this respect exhibits a
behavior similir to that of the true reversible potentials

Results of experiments on sparmgly charged electrodes (0337, to 3¢ degree of
oxidation) are shown in Fig 3, where the e mf time relation 1s plotted for decay on
open circuit atter anodic charging for various degrees of charge It 1s seen that the decay
process changes qualitatively once quite low degrees of charge are reached These results
can, tor the purpose ol interpretation, be best represented giaphically as plots of the
degree of charge, Q, held by the electrode vs the time required tor the electrode potential
to decav to a given value (Fig 4) or in terms of the charge held vs the potentil reached
atter a given time (Fig 3) These plots are equivalent to taling cuts at a given value
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Fi1G 4 The length of time necessary for the electrode to reach a certain potential on open circuit vs
the degree of charge of the electrode (Lines show inflection at common degree of charge Q = 16+019% )

of the abscissa or ordinate in Fig 3

It 1s seen from both these derived plots that two linear regions are observed for each
of the two families of lines, which intersect at a degree of charge of ca 15+£019, This
observation leads to the important conclusion that electrodes charged to 1 5%, or less
are 1n a fundamentally different state than electrodes charged to a greater extent of
oxidation This pomnt 1s further demonstrated by examining the decay slopes listed 1n
Table 111 below It was shown previously (1) that the imutial low slope (ca —10 mv) 1s
characteristic of the oxidation of the bulk nickel oxide In the present work, this slope
was only observed for electrodes charged to 2%, or more Below the latter extent of
charge, no oxidation of the bulk material appears to occur, and the potential on open
circuit drops much more rapidly
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TABLE III
Emf{ wndemf-decay behavior at spaningly charged electrodes

Time of last

Decay slopes Emfl measurement
Degree of (as 1 Table I) (mv) at (105 sec) after AV/At
charee time of last mterruption for the last
(¢ by (mv) b (mv) measurement of polarization dav (mv /dav)

7 — — 404 8 6 02

3 —-12 3 —23 2 308 3 7 08

» —15 5 —34 1 306 5 28 5

2 —-12 0 —31 2 356 1 [ 2

1 =34 > >100 188 6 95 8

! —40 > 100 41 41 1

! —48 > 300 18 07 1

DISCUSSION

The reversible potential for the N\1''-Ni1'!! svstem 1n the electrochemicalls formed
nickel oxide has been shown to be independent of the degree of charge of the electrode
Between 207 and 30°% degree of charge, 1t was measured by extrapolating anodic and
cathodic e m{ decav lines, plotted logarithmicallv 1n time, as described earlier (1).
\ alues of the reversible potential could only be obtained over a imited range ot degrees
of onuidation (20-30°7 of total charge) since at a higher degree of charge the mnitial low
anodic slope, characteristic of the oxidation of the bulk material (1), was not observed
(see Fig 2), and at a verv low degree of charge, cathodic e mt recovery lines were
irregular and dithcult to reproduce

It 1s ot interest to discuss why the reversible potential cannot be obtaimed by extra-
polation ot anodic and cathodic polarization decay lines above a degree oi charge of
about 507, In Fig 21tisevident that the e m f. decy line, e g for 757 degree ot charge,
shows two liner regions in concave” relationship to one another as also tound tor the
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“overcharged’ electrode (3), whereas (1) at lower degrees of charge, a ‘““convex”’ relation
1s observed between two linear regions We have previously shown (1, 3) how such relations
arise, respectively, from two processes in an overall mechanism which are consecutive,
so that one or the other becomes rate determining, depending on the potential range,
or the two processes are parallel and the taster determines the kinetics Above 509,
degree of charge (for example, with the 75%, charged electrode), 1t 1s clear that the
former type of process is operative, as 1t 1s 1n oxygen evolution at overcharged nickel
oxide electrodes (3), moreover, the Tatel slopes are similar to those obtained for the oxygen
evolution process at the overcharged electrode We cannot hence identify the initial
process as involving the Ni'*-Ni'! oxidation reaction as we have done for the 509,
charged electrode (1) and so cannot obtain the true reversible potential by the extra-
polation procedure under these conditions We can have, in effect, two pathways for
the anodic reaction which could be written, for example, as

A\ 4+ OH- — MOH +e I
MOH + OH- — MO + H.0 +e an
(A) owde owidation 1n (B) O evolution by further steps (cf refs 1 3 15)
bulk of matenal
°E MO + MOH — MHO:; (I11)
MHO» 4+ MOH — O; + H,0 + M (V)
o MO + OH- — MHO, +e V)
MHO, + MOH — 0.+ H.O + M av)
o 2MO — O, (vh

At the higher degrees of charge (> ~509,), the pathway 1s evidently one involving
consecutwe rate-determining steps and 1s therefore probably associated with the scheme
(I), (II) with pathway (B) to oxygen evolution with, for example, (II) or (VI) (cf ref
16) rate determining

At low degrees of charge 509, or less, the course of the e m f decay corresponds to
alternative reactions, one or the other of which becomes predominant as the potential
changes, as we have discussed previously (1) The pathway 1s thus probably (I}, (1I),
and (A) at short times after decay (higher anodic potentials) and (I), (II), and (B) to
oxygen evolution at longer times when the pathway which 1s faster at lower anodic
potentials dominates the kinetics of the decay process

The above discussion 1s intended only as a qualitative, plausible explanation of the
effects associated with the e m f decay behawvior, as a function of charge and we have
discussed 1n detail elsewhere (1, 3, 16) the evidence for assignment of some of the mecha-
nisms 1nvolved 1n the oxygen evolution process 1 the scheme shown above

In order to supplement the above data on true reversible potentials, steady or quasi-
equilibrium potentials were measured over a wider range of degrees of oxidation (5-
1009,) The significance of these potentials as kinetically determined mixed potentials
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has been discussed previously (1) They cannot be related directly to the reversible
potential of the system at different degrees of charge, since the exchange current for
the nickel II — III oxidation process may strictly depend on the degree of charge
Nevertheless, the constancy of these potentials over a large range of formal degree of
onidation of the electrode (“N10y 05" to “N\10; 50""), combined with the fact that the
true reversible potential has been shown above to be independent of degree of charge
m the range where 1t 1s directly accessible, makes 1t most probable that the reversible
potential 1s, mn fact, constant over the whole range of degrees of oxidation where the
steady potential 1s found to be constant This 1s contrary to conclusions reported by
Lukovtsev and Temerin (9) (using electrodes with a ¢raphite matrix), who claimed that
the apparent reversible potential of this system follows a \ernst-type equation with
a slope of 0050 v The observed variation of actual potential during charging and
discharging, on which the latter conclusion was based, may be due to a concentration
polarization 1n the solid phase (6, 9), or a change n effective current density due to a
change m available surtace area, and not due to a variation of the true reversible
potential of the system, as claimed bv Lukovtsev and Temerin
Our present findings are not i conflict with the equation

E = a+b2' IOg <90\'—Qred>’

red

discussed by Lukovtsev and Temerin and examined and evaluated by Conway and
Bourgault (4), since that equation relers to the variation ot electrode potential with
degree ot onidation ot the suiface phase in the overcharge region, and n fact the potential
of the electrode was shown (1) to mnvolve a term corresponding to uptake of adsorbed
KOH

For electrodes charged to less than 109, the open circuit steady potential was found
to depend on the degree of charge to a large extent Electrodes charged to 17, or less
behaved quite differently from those charged to a greater extent The results suggest
that up to a degree of charge Q = 15019, (1e, the average value of Q at the points
of mtersection of the lines m Figs 4 and 5) only a surface phase is being charged Above
that, and up to a degree of oxidation ot about 109, both surface and bull. phases are
bemyg charged \\hen the electrode has been charged to 109, of its total charge capacity,
it appears that the surface phase 1s completelv charged, and any further charging can
then onh aftect the bulk materal

The varition of the observed true reversible, and stationary or quasi-equilibrium
potentials as a function ot charge in 1 A/ KOH 1s shown in Fig 0 The electrochemical
behavior ot the electrode 1s evidently determined by the surface phase, since the rever-
sible (or steady ) potential 1s independent of the degiee of charge so long as the surface
phase 1s apparently completely charged, 1 e, above 109, formal degree ot oxidation The
theoretical \ernst plot for a one-electron transter process (in terms ot formal degrees
ol charge) which would be observed for ideal solid-solution behavior, with the bulk
material potential deternuining, 1s shown in Fig 6 for comparison

The wmdependence of reversible (or steadyv) potential demonstrated, above a degree
ot onidation ot 10 ¢, could tormally anse for either of the tollowing reasons (a) It the
electrode were a two-phase mixture of lower and higher oxide, the potentiil would be
independent ot apparent degree of oxidation so long as both oxides were present () If
the potential were determined by a surface phase ot constant composition, superimposed
on a bulk phase ot varving degree of oxidation but not potential determining, the observed
potential would be independent of composition ot the bulk
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a function of degree of ouidation One electron theoretical Nernst slope 1s shown for comparison

The latter situation, (b), 1s consistent with our previous kinetic conclusions (1) on the
mechansm ot charging of the bulk material via a surface phase, and our observation
of a large adsorption pseudocapacitance associated with the (overcharged) nichel oxide
electrode The former possibility, (@), 1s rendered unlikely by the X-ray diffraction pattern
of nichel oxide at various degrees of charge (10, 11) where it was shown that there was
a contnuous variation of the pattern consistent with a complete range of sohd solutions
of N1 II and III oxide states The observed variation of potential between 2%, and 109,
degree of oxidation confirms the view that a two-phase mixture cannot be present and
potential determining, since such a mixture should give a constant potential except at
a state of complete oxidation or complete reduction We must hence conclude that the
surface phase 1s potential determining, and that above a degree of oxidation of 109, of
the whole material 1n the oxide electrode, a more or less constant potential 1s reached

We mav conclude by summarizing the reasons why previous assignments of reversible
potentials (2, 12, 13) are of limited vahdity

(@) In most cases, kinetically determined mixed potentials were mnvolved which differ
from the true reversible values by 0-30 mv depending on concentration of KOH

(6) The species (14), e g “N10", to which the potentials were assumed to refer have
not been identified or characterized and their existence 1s doubtful (such species may
correspond only to the surface phase at the overcharged electrode)

(¢) The phase to which the potentials refer 1s evidently not the bulk phase oxide but
the electrochemically active surface phase

(d) Potentials attained during charging or discharging of the electrode differ sub-
stantially and nerther can be identified with a thermodynamucally significant reversible
potential
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I, INTRODUCTION

In recent years, current distribution problems in
electrolysls processes have become of renewed importance in certaln
applications involving high current drains in batteries,
ralladium hydrogen diffusion anodes operating at elevated tem-
peratures and in anodic¢ electrolytic machining, General pro-
blems of current density distribution were recognised in early
work on electro-plating and throwing-power (1,2) and renewed
interest in this and related kinds of problems has recently been
apparent (3,4). In the above work, the inhomogeneous current
density distribution is treated largely in terms of the finite
resistance of the electrolyte, The corresponding problem, in

which the electrode resistance is significant at high current

drains, has not previously been examined, except in the case of
thin film light modulators (5) where film resistance and solution
conductance effects have been simltaneously considered as a

special problem, Co=-conduction effects longitudinally through

the solution (6) and through the double-layer (7) parallel to a
thin wlre electrode have been considered for cases where the
electrode resistance was not negligible compared with the electro-
lyte solution resistance, Such studies can lead to information
about adsorption in the double-layer (7) and the electrode potential
distribution in the case of a wire in a solution with contacts at

each end to an external electric circuit (6).



In the present work, we examine the general theory of
current=density and overpotential distribution for a thin wire or
tubular electrode having significant ohmic resistance and immersed
in an electrolyte with contact to the external circuit at one end;
relations are also obtained for the true and apparent Tafel slope
for an electrode process occurring at the wire under such con-

ditions,

ITI, CALCULATION OF POTENTIAL AND CURRENT PROFILES

1. Model

We consider the model for a cylindrical electrode of
length L radius r and specific resistance»/a, shown in Fig, 1, The
electrode may be a thin wire or a thin tube, as in the case of
palladium hydrogen diffusion anodes where significant electrode
resistance can arise, An element of current dix is regarded as
passing across one element of area 2mrdx at a position x below
the top of the electrode (taken as the level of immersion of the
electrode in the electrolyte), The total current passing into,
or out of, the electrode is written as I and the oveﬁ:voltage
which would determine the rate of the electrode reaction if'/O
were negliglble 1s expressed as V.. The normal current density
i passing in the absence of ohmic effects 1s related to the exchange

current density by the Tafel equation in exponential form as

1 = i, exp [a VF/RT] = 1, exp [V /b]



CAPTION TO FIGURE

Fig., 1, Schematic diagram of the model considered in the
current distribution problem at a cylindrical
electrode, showing some of the quantities involved

in the treatment,
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v'e assume the current density passing at any point x
along the electroae is “etermine” by the overvoltage Vo (arising
from an impressed voltage. or from a egalvanic potential difference
in the case of a batitery or fuel cell’ lems the ohmic 4rop qu
existing at the position x cown the elentrode from the toon. “his
potentisl “rop will be -“etermine- hy the current passing in the
cylincer from the tor to X ana by the svecific resistance of
the electrore. “he current passing will net be uniform and will
decreasz “‘own the electrode. At anv given poirt, the current

density will be exponentially related to the overpotential and

hence the metzl-solution p.2. existing at that point. i.e. to

2 Formulation of ezuations
pt x, the element of actual anodic current passing

arross an area A= egual to 2wr,’x is
% - 3 N B 17 - I ¥ -~ i
s o i, expy oialV - AV TFURTI. 205X 111

wher= 1 is the usual exchance current densitv for the electroce

process corserne- and a the transier coefficient chararteristic
of the rate-determining process.
“he potential drop &V, in the conaductor is a function

of leneth but is not simply linearly related to it since the

” For convenience. we write the kinetic expression for an anodig
reaction involving a one-~electron btransfor as in the H-ionisation
case.
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current in the conductor is not uniform but decreases down the
cylinder, The quantity AVi will hence increase with x but as
some function x* where 0 < n < 1,

In the element of the electrode surface of area 2nr.dx,
at the position x, the potential drop AV down the element 1is given

by
av = 1i_pdx/m°
<P

where ix 1s the total current in the conductor crossing a plane
perpendicular to the electrode axis at a position x along the
electrode determined by the sum of all current elements entering
the electrode from x = L to the representative position x = x,

The total potential drop AVk fram the top of the electrode
to x is then

X P X
AV, = de = — S 1 .dx (217
o ™ 9

But 1x is already the integral of dix over the length x = L to a
position x which involves AV, from equation [1], i.e.,

oV F L Qv P
1, = 1, exp. [—g-le2mr | exp, = [-p—l.dx [3]
B X

¥ In this and other related equations, the tem f/¥r® will become

p/ﬁ(rza[raalz) for the case of a tubular electrode of radius
r and anmular thickness a,



and AV, in equation [3] is given by the integral equation [2]
which itself involves ix. The mathematical problem is thus a
particularly complex one and an explicit solution is not obtain-

able without some simplification.

3. Linear Approximation

Equation [3] can be linearised under two conditions:
a) if the current densities along the electrode do not
exceed approximately 3 1, (the condition for linear current -
potential bebaviour in the basic rate expression), or
b) if AV, < RT/aF; this latter condition only obtains at
moderately low c.d. or fairly low ohmic resistance of the con-
ductor such as is the case in most practical problems,
In either case, we could write approximately for the

forward (anodic) current e,g, in H ionisation

. oV F 'y CAV,F
1y = i, exp [yl 2nr I [1 - —gpr—ld= (]
x
aVOF
and the equation then becomes with [2] and 1 = 1, exp [—ﬁﬁ—]
L L apv, F
i, = 2uri S dx - 2rri S mr— dx (5]
x x
which can be written
L x
L, = & -Kx-K | (] Laxlax 6]
' x o

where K;, K, and K3 are constants, the significance of which

follows by reference to equation [5], We may write equation [6]
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conveniently in differential form as

X
di/dx = - K, - K; Sixdx [7]
o
and
daix/dxz = -Kiy = - g%%%gg 1x (8l

ly. Evaluation of AV, as a function of x and determination of the

e

profile of ix as a function of x,

The final second-order differential equation [8] is of

the form:

a®y/ax® = - ky
and its solution is

Y = A cosq/E;X

so that
1/2
i, = A cos [2%6%93 X (9]

where A is a constant,
When x = 0, at the top of the electrode, ix = I, the
total measured current corresponding to the overpotential Vo'

Therefore



so that
1/2
_ 21 P aF
i, = I cos [-Fﬁ%_i X [10]

from which the current density distribution can be obtained as

a function of x as

di ai
1 X - X 2ip aF 2i.g
2nr dx  ds - I[r'l‘ ] i Sin[ TRT } [11]
The evaluation of AV_ as f(x) then proceeds as follows:

from [1], substituting for ix (linear approximation)
1/2

x
I 2i/ aF
x = 1—152- Scos [—;%—J xdx
o
> 1/2 . 1/2
[}ej;jﬂL—i] . Sin [gié%ggﬂ x [12]

o
<
|

2nlr iaF

In considering these distributions of ix and AVi, it must be recalled
that ix is the total current passing in the conductor from the bottom
up to a position x, i,e, where the potentlial drop is AV# measured
from the top of the electrode, Hence, as AVi increases down the
electrode, the current density decreases, as expected and indicated
by the negative sign in equation [11l] compared with the positive one

in equation [12]

III, CALCULATION OF THE APPARENT CURRENT-POTENTIAL RELATION

1) Conditions and Model

We now consider the relation between the apparent and real
current-potential behaviour at an electrode of length L and specific
resistance/° » a8 defined in section II, The model is the same as
that considered above but the electrode is regarded as divided into a
large number n of segments Ax in length (nAx = L) and Aij is taken as
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the actual current passing from a representative jt'th segment into

the solution.,

2) Formlation of Equations

For convenience in the mathematical development, we treat
the problem now in terms of summations, From the definitions above,

Wwe may write
n
ij = I [13]
3=l

If the ohmic resistance of the electrode is not negligible,
conditions will be as in the previous calculation (section II) and
the current density will decrease down the electrode, Let it be
assumed that each segment is small enough for the ohmic p.,d, within
it to be, to a first approximation, negligible and that the potential
operative at the jith segment depends on the potential Vb applied to
the electrode less the ohmic potential drop down the j-1 preceding
segments, as in the previous calculation, " At the middle of the first

segment the current passing is taken as

AL, = i 2wrAx exp [Vd/b] (1]

At the corresponding position in the second segment, the potential
operative in determining the current will be less than V° by the
ohmic potential drop in segment one, i.e,

1
1 2nrAx exp E'[vo - 42— Ax (I - Ail)]

AL
1 m

>

0 AX .
i,2nrAx exp = [1 - 155-73 (I - 4iq)] [15]



Similarly
. 1 _ _
Mg = 1 2urAx exp § [V, ;% Ax (I - 84y) ﬁ.’é Mx(I-8iy = 81))]
v,
= i o2MTAX exp H 2 [1 - -ﬁ- Ax (2I =~ 2A11 - Al )] [16]

11'1‘ O

Aill- =1 o2NTAX eXp ¢ [V - -A— Ax(2I - 2A11 - A1 ) - -A- Ax (I - All

s
- 81, - Ai3)]
v
— 3 ) - Ax - - 201 =
= i _2wrAx exp g (1 ;f:i v, (31 3814 2A12 A13)] [17]

arnd, in general, for the current at the J'th element

1

AL j i 021rrAx exp 3

(v, - %Ax{ (J-1)T - (J-1)ai; - (3-2)81,

- (3-3)814 - (j-k)Aikﬂ

v, J-1
1,2wrAX exp :5-— exp- [-£— (J-l)I]. exp 'LZ _tA,_x_ [ Z(j—k)l\ik]
rr =

IR N RN N NN ] [18}

From [13], the total current is

s
j=1
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The latter summation cannot be evaluated analytically since it is
a sum of exponentials having different arguments, However, if the
variation of current density along the electrode is not too large,
the procedures given below can be adopted as an approximation (and
this corresponds to the linearisation approximation made in
section II),

Here, let it be assumed that the arithmetic mean of the
current over the n elements can be approximated by the geometric

mean, That is

n
J
%— E By = (n'Aij)l/n [19]
j=1
and hence
I = n(gAij)l/n [20]

Taking logarithms of the terms in equation [18] for

Aij gives

v
1nAij = 1In(i,2wrAx) + 52 +~% [ - lz— Ax(j=-1)I

1TI”2
3-1

+ L5 ax Y7 (3-mat,) [21]
r k=1

then slnce

n
mq-;!rAij] = Zln[Aij] [22]
=1



We obtain

n av n
ZlnAij = nln(iOZﬂrAx) + -5-9- - %- -an- AxI Z(j-l)
1 e j:l
n j=1
+ "Lz & Z (3-k)ai,
T j=1 k=1
or
n
\s
% ZlnA:i.j = ln(iOZerx) + B_o' - %;5 rrra AxI -11%'—:9-
=1
n Jj=1
+ 4= Az Z (J-k)ad,
Le i=1 k=1
Now
n
T, _ 3 17 )
(&) = 1n[TTAij]1/n =157 1nlasy]
=1
so that
1n(I/n) = r.h.s. of [24]

or

v
= 1021rrAx exp[-b—o-] expl[ - f_%_A_x -LEE—]J] exp [ﬁ%’i-

T b Tr nb

Bl

(23]

(2]

n

-1
Z_ Z(j-k)Aik

7=1 k=1

[25]
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1f we make the simplification that n-l = n since n can be made

arbitrarily large, and with nAx = L, we have

I=1 ZtrrL exp[

n
°).exp[-£E r2 £L.50) exp[ﬂ-’ i(jak)Al 1 [26]
a j-—l k=1
Since the resistance of the whole electrode is given by
R = /)I,/trrz and its total surface area is S = 2qrL, we can
rewrite equation [26] as

n =1
I =15 exp(V/b) exp(~ RI/2b) expp;gg 3—21‘ ) (3-k)a1, ] [26a]

[

i
e

We shall now examine the physical significance of the

a
various terms in equation [26(]. The equation
I/s = 1i_ exp [V/b] (271

is obviously the value of I/S when f =0, i.e. when no finite re~
sistance of the electrode is considered, The term i_ exp [Vo/b]
is the theoretically significant quantity since its value amd,
in particular, its variation with Vo are characteristic of the
kinetics of the electrochemical reaction occurring at the electrode,
In fact, it is the purpose of these calculations to relate this
Mideal™ current density to the mean overall value which would be
experimentally measured, viz, I/S.

The second term in equation [2(‘;]',, exp[~- RI/2b], is

effectively a correction factor which takes into account a linear
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potential drop along the electrode due to its ohmic resistance;
the last term on the r,h,s. of equation [Zéi is a second order
correction factor which takes into account the departure fram
linearity of this potential drop arising from the exponential
variation of reaction resistance with electrode potential, The
double sum in the last term can be represented in tabular form

as shown below:

Terms in the double sum in Equation [26]

k J 1 2 3 L 5 ==-=-=-

1 O Ail ZAil 3Ai1 Ll.Ailo oo oooo(j-l)Ail
2 0 0 Ai2 aAiz 3Aiaoo-o-oo(j"2)Ai2
3 0 0 0 AiB 2A13000.o-0(j‘3)Ai-3
)-l- 0 O O 0 Alh_ooooooe(j-)-l-)Aih-
5 0 C 0 0 0 eeoeeea(3=5)aig
i 0 0 0 0 N ¢ SO,

O
Since the term involving the summation in equation [2?]
constitutes a second order correction, we may make the approxima-

tion

AL, = AL, = I/nm [28]
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a
so that the last term in equation [2?]‘becames

]

n

n
exp & « ZZ(j-k)Aik Z (j-k)

j=1 k=1 j=1

Cudo

)
i
[

It can be shown that
J=-1

n
n—voo ZZ(J'k) = 1/6 [29]

3-1 k=1

so that, combining equations [264]and [29],

I/S = 1 expl- 5g] explgg] = 1 exp [- g [30]

or
= (1/s)exp[RI/3v] [31]

Equation [31] has been derived for convenience for an
anodic processg it is obviously applicable generally for any

electrode process since I/b > 0 in all cases,

Apparent Tafel Slope

The observed Tafel slope dV/dlnI will be related to the
mechanistically significant Tafel slope dV/dlni through the equa-

tion

dv/dlni = (dv/d1lnI)(d1lni/dlni) [32]
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~pom equation ! 31

;
{alni/dlnl} = 1 + ';B (331
Hence
Gv/alnt = aV/olnl (1 + RT/3h7) 1Al |

we note. therefore. that a finite elertrode resistance will cause
a “errease ir the overall current density from that predicted by
the rorrespnnding Tefel enuation: also the observed apparent Tafel
slope will be larger than the real one (b. in equation 34) and will
tend to increase with current density.

since eauation [ 341 was derived assuming that RI.
ilthough not nesligible. was relativelv small. the true Tafel
3inpe can be obteinasd from a measured value of dV/dlnT and the
known specific resistance of the elertrode at a miven total
current J. ‘ihe result can be further improved, if requiresd, by
a series o1 succeasive anproximations. 7Tt is of interest to
note also that the current-potential behaviour at electrodes
at which a given reaction is proceeding with a high value of b
will be relatively less affecte? by electrode resistance effects
that that for reactions associated with low Tafel slopes.

The abhove cslculations have been made in order that.
at electrodes of significant resistance where internal ohmic

potential drops are not neeligible at high current densities,
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the true. mechanistically significant. Tafel slopes can never-
theless be ewvaluated from the observed current-potential relation
for high 10ad conditions, and the current-density distribution

can also be calculated,



26
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PETIFACE

In the development of the subjeot of the kinetles
of elecirode processes, studles of the doublee~layer and the
adsorption of reactants, togather with characterisation and
interpretation of the currente=potential relationships,
have played a predominant role. Although such work has been
pupported by numerous theoretical approaches for meny slectroe
chemical procogses, the principal contributions have been
directed to aprlications to the hydroren and oxygen evolution
reactiona,

The related problem of the behaviour of the
chemisorbed intermediates in such gas~producing reactions has,
on the whole, boon gtudied in less detail., Thus, the basioc
theorsticasl problems have not hitherte been developsd fully,
although the importance of such studies was recognised early
by Butler (193}), the Russian workers snd others, and important
experimental work has been contributed, c.g. on the bohaviour
of chemisorbed hydrosen and oxypoen at slactrodes, by workers
of the Cerman school, in particular Brelter, Enorr, and Vettoer,

Provious experimental work in thls Department on
the slectrochemistry of the nickel oxldo elsctrode and on
anodic decarboxylation, had demonstrated the neesd for further
development of theoreticsl approaches for interpratation of



the kinetie and adsorption pseudocapacity behaviour which had
been obsorved.

In the work deseribed in the presont thesis, particular
attention has accordingly been focussed on three aspects of the
bahaviour of adsorbed reaction intermediates:

(a) the pseudocapaclty assoclated with the potential
dependence of coverage by intermodiantesy

(b) the laotherm for adsorption of such intermediates
and

{c) the corresponding kinetics of reactions in which
chemigorbed intermedliates arise at intermedinte wvaluea of the
steady-state coverage ©, (l.2. for 0.2 £ @ € 0.8).

Mogt of the orliginal work deseribed in this thesis is
theoretical in nature, but supporting expsrimentsl studies
have been made with the nickel oxlde electrode and othepr
aprlications have been made to the behaviowr of the intermew
é1ntes involved ir the snodic electrochemical decarboxylstion
of formate iong in pure arhydrous formic acid.

The principal ori;inal contributions involve the
deduction of the dependence of adsorptlon psoudocepacity on
potential and covepage for Temkin iasothsrms involving different
values of a parameter » determining the varistion of the free
energy of adsorption of intermediates with coverage, The

eonseguences of ueing other 1zotherms involving electrogtatic
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intsraction energy terms, which are nonelinear in @, have
also been emamined.

The deproe to which the primary lon discharge atsp
iz not in "equilibrium", whem a subgegquent step is "ratee~
determining”, is shown to be a factor of great importance
when the pseudoeapacity bshaviour is dedused, particularly
when the Temkin 1sotherm applies at intermsdiate coverapge and
the parsmeter »r is appreciamble, A mors detalled summary of
the orizinal contributiona is given in the sectlior on "Claims
to Original Research”.

Most of the work deseribed in thls thesls hes been
sithaer publighed or 1s in press, ss indicated Iin the following
1ist of papersas

1) Kinetie Theory of Pseudocapacitancs and Electrode
Reactions st Aprreclisble Surface Joverages,
Befle Conway and B. Gilesdl, Trans. Paraday Soc.,
58, 2493 (1962).

2) Eleetrochamietry of the Hickel Oxide Electrodes
Part IV, Blectrochemical Kinetie Studlies of
Reversilile Potentlials as a Punction of Tegree of
Oxidation, B.E. Conway and &, ilendi, Can. J.
Cheme , 40, 1933 (1962),



L] 1v -

3) Calculation and Analysis of Adsorption Pseudo=
capaolty and Surface Coverage from EM.F. Decay
and Polarigzation Curvest Application to s
Decarboxylation Renction, Be.ss Conway, L. C01loadl
and ¥, Dzleciuch, Electrochim. Aetas Accepted
for publication.

The work on non-equilibrium pseudoeapacity 1s in course of
publication and a further theoretical contribution on
potential snd current dist: ibution at electrodes of finite
ohmie resistance has been prepared and ls submitted together
with the other paperg. This work is, however, not described
in the thesia as the problems involved were very different
from those considersd in the main body of the work deseribed,
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Flgure 1.

Plyure 2.

Figurs 3.

Pigure UL

Galvanostatic charging curve for Pt
in 1N ﬂaﬂeh. Anodle current density

13 = Q.61 Amp.cm'a following stoadye-
state cathodle polarization at

1 x 1073 Amp.cmfe (diagram taken
from ref. 28).

Sohematic rerpregentation of the
method of ealculating the amount of
charpge associanted with adsorbed
hydrogen by the fast charging method,
Hydrogpen ionigzation occurs for a,
length of time represented by AL ,
but the charge associanted with
adsorbed hydrogen 1s only that passed
in the time AB, the remainder (BBE!)
be used to change the potentiasl of
the fonle double~layer. The charge
associnted with formation of a surfacs
vr:de (or a £ilm of adsorbed axygon)
in taken as that passed during the
time D¥,

Galvanostatic chiargling curve for Ag
in 0.28 Hadile Anodic cuwprent
dennlity 1& = Qul) Ampe.cm™c following

steady-state cathodie polarization
at 1 x 103 Amp.cm?< (dlagram teken
from ref. 2“).

Current dengity obtnined as the
difference of the ¥aradaic current
genaitiea of charging process 1 and
ae as a function of potential
be as a functlion of time required
to reach ths corresponding
potentisl during a ehargling
process of type 1,
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Figure 5.

Flgure - 18

Flgure 7.

Flgure S

Plgure 9.

Pigure 10.

Plgure 1ll.

Figure 12.

Schematic potentlal energy disgrams
for noneactivated and activated
adsorption conditions.

a) Hon=activated adsorption case.
Energy of desorption = activation
gnergy for degsorption.

b) Activated adsorption casej curves
cross above the zero energy line,

o) Intermediaste activated adasorption
case curves cross above the sero
energy line only at Ffinite
eovarage but not at Lero coverage.

Variation of the overall adsorption
peseudocapacity with coverage 9.

Variation of the overall psoudoe
capaclty with potential V.

Variation of the maximum pgeudo=
capacity and the "Temkin” contrie
bution with values of »r.

Variation of coverage @ with potential

V for Langmuir (r = 0) and Langmuir +
Temkin conditions (indicanted r velues).

he dependence of adsorption pseudo=
capasitance on potentisl when the
froe snergy of adsorption decroases
with @D and n ¥1,

The dependence of adsorption pseudos
capacitancse on coverage vwhen the
froe snergy of adsorption decressea
with @2 and n ¥ 1.

The adsorption pseudocapacity under
limiting Langmulr conditlions as a
function of potential under none
equilibrium conditions whon the
specific rate constants for the
initial discharge step (k) and the
followiny lop=atom desorpiion step
(ka) are of comparable mapnitude,
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Filgure 13,

Plgure 1.

Filgure 1S.

Pipure 1.

The highest limiting coverage
attainable under norne-squilibrium
conditions for a given value of the
ratio of speclfic rats constarts of
the initlal discharge step (k) and
the following desorption step (kg)

kv/ka = §/(1-8) exp (re/RT).

The total effective adsorption
paeudocapacity 28 a function of
coverage under non-equilibrium
condltions, for different values

of the ratlioc of specific rote
conatanta for the initisl discharre
step (k7) and the following ion=atom

desorpiion step ‘kﬂ)'

ae r/RT = 10
be :'/’”1‘ = 20,

The coverage as a function of
potentinl under noneesullibrium
conditions, for differont values
of the ratio of specific rate
constantes for the initial dfschayce
step (k;) and the following lon=
atom desorption step (lkg)

ge PT/RT = 10
b, r/RT = 20

The total effective adsorption
pseudoecapacity as a funotion of
potentlial under noneequilibrium
conditiona for different values of
the ratio of specific rate conotants
for the initial diacharre step (k)
and the followiny loneatom desorption
atep (kﬁ)

Be P/HT = 10
be »/RT = 20
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Figure 17.

Pigare 18.

Figure 19.

Pigure 20.

Figure 21.

Figure 22.

“ Xvii =

The width AV, (and its components
AV and AV ) of the C=V plot ot a
capacity Gp = n C(max) along the V

axis (cf. equation 140) as a function
of the parameter r.

Current-potential curves ahowing
typical transition behaviour for
anodie polarisation of Pd, Pt and Au
in 1007 formic acid + 1M potassium
formate at 5 C. A typiecal population
of points for sevoeral elecirodes in
the eage of Au is shown. The Tafel
1llnes for Pd and Pt sre the mean lines
for elight electrodes in two solutions.

Typical eem.fs decay curve following
anodic volarization to the trane
rasgive roegion in formate decarboxyle-
ation in pure anhydrous formic acid,
at Pt electrode,

The variation of capacity with overe
potentinl in the transition region

for the formate decarboxylation
reaction at & Pt anode in pure anhydrous
formic scide The oapscity was obtained
from open=circult docay and steady-state
polarization measurements.

The variation of eapacity with ovor-
potential in the transition region for
the formate decarboxylation reaction

on & pold anode in pure anhydrous
formic acld. The capacity was obtalined
from openeciyrcult decay and steady-
state polarigsation messurementse

The variation of capacity with over=
potentisl in the transition reglon

for the formate decarboxylation
roaction at a Pd aenode in pure anhydrous
formic seids The capacliy was obtained
from open-~circuit decay and stendy-
state polarization measurements.
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Flgurs 23, The variation of capaclity with
potential during oxyren evolution
at a nicitel oxlde olectrode in the
"overcharpged” state. Capacity
caleulanted from:

XXX 1initlal decay slopes
000 decay slopes and Tafel paramcters
AAA from the parameter § in

av/d log (t+f)

s8¢ 1N solution of KoH
be 108 solution of XKD, 200

Flpure 2. A plot of V as a function of
lo~ (t+f) for openecircuit decay
following steady-atate oxygen
evolution st an "overcharzed” nickel
oxide electrode in 108 KOH solution.
Results of twelve axpeoriments on the
same olectrode are given (the steady-
state current prior o cesastion of
polarization ranping fyrom 6.6 mA.gm‘l

to 1.97 x 103 mﬂ.rmzl). The 1lines 1in

the asctusl oxperiments are based on

15«25 points, but are represcnted here

by three points only for clerity, zince

the pointgs form Indistingulshable

populations. 202

Plgure 25, A plot of the parameter aﬁainst 1/3
for oxygen evolution on an "ovepe
charpged” nickel oxide electrode in
1¥ XOH solution. 203

Pigure 26, Anodiec and cathodic polarization
curves for the nickesl oxide electrode
in 1N KO0H, 2 hour charging rate.
Vertical broker lines correspond to
open=circult e.m.fs decay or recovery.
2011¢ lines corraspond to chanpes of
potential assoclsted with changes of
degree of charge betwsen successive
open=glircuit measuprements. 212



Figure 27.

Pigure 28,

FPlgure 2%9.

Pipure 30.

Plgure 3l.

Decay and recovery of e.mn.ls of
the nickel-oxide electrode in
log [time] at various degrees of
charge aftor anodle and cathodie
polarization, respectively (Data
for 1IN KOH)§ compare refe 7.

Plots of o.m.fs decay at sparingly
charged electrodes, for varisus
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ABSTRACT

The role of adsorbed intermediates in electrode
kinetlcs is examined in relstion to the form of the adsorption
isotherm aprlying to the syatem. The various models which may
give rise to a linear variation of the free energy of adsorption
with coverage {(Temkin isotherm) are dimcusseds. The Boudart
"induced heterogeneity” model 1s adopted as the moat plausidle
model. Kinetic equations are derived for complex reaction
sequences involving three or more consecutive steps and two
or more adsorbed Iintermediates (e.~. as in the oxygen evolution
reaction) for conditions of intermediaste coverage where o Temikin
adsorption isothorm applies., The resulta are shown to be
significantly different from thosze derived previously for
limiting Langmuir conditions or for Temitin conditions when only
two consecutive steps are involved (e.g. the hydrogen evolution
reaction)e.

The variation of the adsorption pseudocapacity with
coverage and potentinl is evrluated for the case of a single
adsorbed intermediate, or for s case when tw or more species
are adsorbed simltanecously on the surface, It 1z gzhown that
e Langmuir term and a Temkin term (depending on the pre=
exponontial and cxponential terms In @, respectively) combine

in geriez to determine the total effective adsorption
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pasudocapacity. Cases for which the free energy of adsorption
is a linear function of 91/2 or 63/2 and a case when the
agssumption of guasi~equilibrium in the initial 1on &ischarge
step is oot quite valid are exemined nuantitatively.

Methods are proposmed for the determination of the
parameter r (related to the rate of chanre of the free enargy
of adsorption with coverage) and the surface roughneess factior
£ from the shape of the C~V plot obtained sxperimentally.
These methods are applied to the obaerved pseudocapacity
behaviour in the anodic decerboxylation of formate fonsin
pure anhydrous formic acld.

Surface offects in dédtermining the reversible
potential of the HiII - ﬁitix couple in a nickel oxlde elsctrode
have been exanmineds it is shown experimentally that this
potentianl is independent of the degrse of oxidation of the bulk
phase, and hence depends on tho state of the surface phase
onlye. FRelated adsorption pseudceapaclty messurements at an
"overcharpged” niokel oxide electrode are also reported and
three indepondent methods for the determination of C are shoun

to yleld the mame resulta, within experimental aerrors
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IATRADUCTIO

1. ZTHE ORICIN ANy ROLE o~ AUsURLED TNTVRMEDIATES TN
ELECSRUDE REACTIONS
Early investigations of the meehmnism of cathodie
hydrogen evolution (1,2,3,4) have revesled that the overall

reaction involvines transfer of two electronsdoes not occur
in a single step. Two types of steps are yogarded asg
oeccurring, one of which is the discharre of a proton at the
electrode surface with formaiion of an adsoried atom and the
second, its desorption by one of several possible mechanisma.
Since these enrly studies of the hydropgen evolution reaction
{hetosr.), the ovaluation of ths role ol adsorbed intermediates
has played & major part in discussions of the mechanisms of
electrode reactions of various kinds, and in particular those
leadinz to a gaseous product e.g. Hz. 02, coa and hydro=
carbvons, This 1s hardly surprising since the field of
electrodes kinetics constitutes an important peart of the broader
field of the kinetics of heterogenecus reactions, the rates
of which are usually controlled by the concentrations and
properties of apeoies adsorbed at the relevant interface,

The discharpe of an lon adsorbed at one of the
regions of the ifonic double~layer at an electrode and its
further desolvation to form sn sdsorbed atom or radlical at



the surface, may be conatdered the fundamental step in any
elootrode reaction producing a non-ionie product {(woe thus
axclude from this diascussion fonic electrochemlcal redox
reactions), The adsorbed atom or radical may then migrste

on the surface to a point where i{ts enorpy will be the lowest
(as cen be the caze in metal deposition (5)) or it may

combine with a similar adsorbed speecles to form the finsl
product e.c. H(adu) + K(ada) = R2(gaa) in the case of the
he®ere, Or form a second intermediate, . e

0&(‘6‘) + jH(aas) — O(ada) + ﬂaﬁ in the case of the oxygen
evolution resction (6,7)3 alternatively, 1t may decompose in

a unimoleculayr manneor as in decarboxzylation reactions, s.ge
CP4C00 1ae) = SPa(ads) * %% (ads) (349)e It 43 evident that
the rate of the initial dlgeharge stop, ns well as that of

the pubseguent atep(z) of removal of the adswwbed intermediate,
will depend, apart from the usual ectivation enoryy terms, on
the chemleal potentials of all iIntermedlates sdegorbed at the
surface of the electrode (ir more complex electrode renctions,
such as oxygen or nitrogen evolution (6,7,10,11), seversl lkinds
of intermediantes may be adsorbed simultarecusly at the intere
face), and these chemical potentials will thomselves depend

on the surface concentrntions, the moblilitles of smecies on
the surface, the heoats of adsorption and the kind of adsorption
izotherm appliceble to the sysiem,



2e¢ A DEPINITION Qb ADCORPYION PSNUDICAPACITANCE AND ITS
AL SICNIFICANG

A charscteriatic feature of electrode resctions, in
comparison with heterogeneocus reactions in general, 1s that
formation of adsorbed intermediates usuazlly requires the
paasage of electric charge acrase the inzarphnaa.” The
charge q required is obviously proportionsl to the surface
concentration of the adsorbed intermediate, or the partial
coverage @, which would arise by production of thie intep=-
mediate on account of the passare of the charge q, 1.2

q = K@ {1}

where kK 1s a proportionality constant, determined by the
charge requiraed to form a completa monolayer of adsorbed
intermediateos of a given kind.

In order to show the origin of egquatiorns defining
the electrochamical behaviour of adsorbed intermediates we
shall consider as on example the h.s.r. proseedingy through
an initial discherge step in acld media reprosented by

+
330 + ¢ ¢ M - WH ¢+ 320 {a)

®  Here we use the term "interphase" and distinguish 1t from
the term "interface' which we defina ag the physical twoe
dimensional boundary of the metaleslectrolyte systems. The
“"Interphase” is reparded as a threee-dimenszional region of
intermediates, adsorbed ions and solvent molecules residing
at the interface.



vhere M is an available site on the electrode surface, MH
reopresents an adsorbed hydrogen atom and ﬁaa* the source of
protons in solution*, followed eithor by the go-called
"electrochemical” desorption step or the Ycatalytic" atom

recombination deaorptinn*% which can be represented by
-
330 *+ e * M — ¥ + ch + ﬂa [}

or

Md + MH - 2H + Ka [cl

regpectively. If wo assume that the rate of the Iinitial
discharge step is relatively hizh, both in ihe forward and
the reverse directions compared with that of elither of the
degorption stepa [B] or [C], 1t i3 clear that the desorption
step will then become ratee-determining (r.d.) and the
discharge step may be asgumed fo be in quaai~mqailibr1um.ﬂﬂ*

* We shall use the symbols 330+ and 0H  to represent the
source of protons and hydroxyl radieais in solution., Owr
argument will be basioally the same whether the source of

protons, s8ay, is HBO or Hzﬂo

Some authors (53) prefer to use the terms "ion-atom
recombination" and “"stomeaton® recombination®, respesctively,
to descrive thess steps in the h.e.r,

¥ rhe term "quasi~equilibrium® is used becsuse z reaction
cannot strictly be at equilibrium and yet proceed at a {inite
net rate in any one direction. It may be agsumed, however,

nt the squilibrium 1s disturbed only to =2 neglipible extent,
8o that the pro-rate=doteraining step can bhe tre.ted as thoupgh
it were at aguilibyium. Cages where the guasieequilibrium
azsumption is not applloable are examined in original
caloulations to be presented subsequently.



The rate of this gtep in the forward and reverse directions
can be written (neglecting here the variation of the free
energy of adsorption of intermediates with coverage, a2 factor
which, however, will be examired in detail subsaguently) as
follows (efe ref, 12):

1 = 1,(1-8) exp = 7 F/FT [2]
G .
i = 5§, ®exp (1=p) 7 7/ [3]

—lp Goroe

where 1 and & are the surrent densities assoclated with the
forward and reverse directions of the reaction, p is a symmetry
factor deponding on the form of the energy boerrier for charge
transfer across the interphase (13.1h.1§.16).‘7 is the overe
potentisl, and other symbole have their ususl significence.

The currents i: and ;: arg roelated to the exchange current
density 1, through the equntion {cfe ref., 12)

1, 0= 1 (e = 16" ()
where @ is the coverape at the reversible potential ( 7 = ).
Since the dlischarre step is agsumed to he at quasliesquilibrium
we can also urite

—
1

.
= {

(5]

so that combining equations [2,2 and 5] we obtain

= = i& exp = 7E/RT 6]

L



We note that the symmetry factor B cancels out when the
forward and reversgse currents are equated. This 1g & necessary
requirement, of course, since § 1z a strictly kiretie
parameter, doperding on the shape of thes enarpgy bLarrier for
charge trarnsfer at the interphase and canrnot therefore affect
the equilitrium behaviour of a system,

We shall use equation (6], or its equivalent for an
ahodic process, again ir the subsaguent discussion, The only
conclusion we wish to draw [rom it at rresent 1s that the
fractional surface coverags @ by intermediates involved in the
discharge step is an exponential funetion of thse overpotential,
whensver the rate~detormining step in a sories of consecutive
reactions 13 preceded by a relatively fast charge transfer
stop at quasi=equilibrium,. The definition of the “adsorption
pssudocapacitance” then follows dirsetly from these connidepr~
ations, since, from equation [1) it is aprarent that we can
wite & quantily

%nk'%%wz(’:* {71

where C iz recopnised apg a differential capaeity, which may
or may not iteself be a function of potontial, and 1s usually
referred to as the "adsorption pseudocapacitance”,

The differential capacity defined by equation [7]

2 he plus or minus sipgns refer to anodic and cathodic

processes, rospectively,



originates physically from the dependsnes of extent of
rdsorption of intermediates at the electrode surface on
potential, w.ore these intermedintes have arizen as a2 result
of charge transfer across the metalegolution interphase,

The value of U and its variation with overpotential will
therefore be expected to depend on the tyre of adsorption
isotherm obeyed by the aystem, ss we shall discuss in dsetaill
belowe While formally defined, and experimentally mensured
as a oavacity, the adsorption pssudoeapacity differs
qualitatively from its electriecal analogue {(and the lonic
double~layer capacity at an ideal polarized electrode) in
that 1t arises on account of zcturl tranafer of charge
across tne interphase (analoguous to a leakasre current across
a real eloctric capacitor) rather than fyom accupsulation of
charge on one alde and the resulting Induetion of charpes on
the other slde, to an extent dependent on poientlal difference
across the eapaclitor.

Two other kinds of ecapacitances can arise at a metale
solution interphaset the ionic doubleelaysr capacitance and the
diffusionnl pegeudocaracit rnce. The former has been treated in
detail by Grahame (17) snl by Pareons {1") and s wathematicel
treatment of the latter type of cepecitance has beon presented
by Gpahame {19) and by Ershler (20). In this thesis we shall

restrict our discuesion to the espe of adsorniion preudo-



capascitanco, assuming that our reactions are purely activation
controlled go that no diffusion offects erise. The lonie
double«layer caracitance will lie in parallel with the
adsorption pseudocaracitance and the normally rmeasured
capacity will be the sum of these quant’tles. Iiowever, as
shoun below, we shall be mainly interestec in g recion of the
overpotential where the adsorption pseundacapacity is
appreciably larger than tho ionic double-layer capacity, and
any variations in the latter may therefore be assumed
relatively negligible.

3. EXPERIMENTAL METHODS {OR THP DTTERMINACION OF @ AND ©

It 18 evident from the above discussion that the
Iractlional surface coverage & and the adsorption pssudoe
cacacitance € are directly related (enusi.ion 7). The
experimental methodes available to deatermine these quantities
can therefore be classified into two proupss (1) those in
vhich the coverage 1p deternmined experimentally as a function
of overpotential, and the capaclity is obtained by differenti-
ation, and (14) those ir which the directly measured quantity
1s the capacity, and the coverare 1s obtained from it by
integration with reapect to potentisle In the lattor method,
it 18 possible to evaluate only the ghanre of coverare
corresponding %o a giver chanre in potential, unless an
integration constant (the abzolute value of the coverags st



some reference potential) is known from an independent
meagurement,

In this section we shall discuss briefly the various
experimental methoda available for the determination of & and
¢ and, in the following section, some of the results recorded
in the literature will be reviewed and thelr theoretical
significance will be dlscumsed.

This method origineted with Bowdern and wideal (15)
and was doveloped by the Fuzaslan acliool of elesetrochemistry,
in particular by Frumkin and co~workers (3,22). The procedure
involves slow chargin: of s reversible hydrogen slectrode by
means of a small anodie curremt and determination of the
mumber of coulomba required to ionize all the sdsorbed hydrogen
on the surface (the termination of this jonization process is
indlcated by a sudden rise of potential towards that corresponding
to oxide formntion end oxypen evolution)s. In the work of
Prumkin et al. 1t was realized that if the charpging process
continued for more than about 10 mesece., re-adsorption of
hydrogen from the solution (normally conisining molecular
hydrogen diesolved to saturation) to the electrode surface might
occur, resultins in a very high apparent surfsce concentration

of hydrogen. To overcome thie complication, thwy bubbled



hydrogen through the solution until the olectrode reached its
aquilibrium potential (l.0. became reversible with respect to
hydrogen) and then eliminated the dissolved hydrogen by
bubbling nitrogen. In doing so, the potential of the

electrode changed by some 0.1 V., but it uns assumed to

remain reversible with respect to hydrogen at s correspondingly
reduced partial pressuras,

This method ¢an furnish results of qualitative value
only, sirce the true variation of the surface coverage of the
reversible hydroren electrode with partlal pressure of hydrogen
is not known, Moreover, assuming (with Prumkin et. al.) that
the electrode remains reversible with respect to hydropren when
nitrogen is pazsed through the solution, the observed change
of potential of 0.1 volte wuld corrogpond to a change of
partiel pressure of hydrogen or about three orders of magnitude,
go that ree-adsorption may therefore not have been completely
oliminated.

The major limitation of the slow charging method ia
that 4t canrot be applied to electrodes which are polariged
cathodically and upon which hydrogzen is belng evolved. The
solution close to sush an electrode will always be saturated
with hydrogen and ree-adsorption could be appreciable.
Additionally, if the anodic current density applled ie quite
small, so th-t the potential remairp cathodlic to the hydrogen



reversible potentianl for an apprecisble length of time, some
removal of adsorbed hydrogen atoms may continue through
catalytic recombination on the surface, (aimilar to that
ocecurring durlng steady atate cathodie nolarisation). This
is not exactly compensated by the amount of re-adsorbed
hydrogen (it is only at the reversible potential that these
tuo processes occur at the same rate} and an error of unknown

magnitude can therefore be introduced,

(b)

The rapld charging wsthod uas first surgested by
Bowden in 19529 (23), further deaveloped by Poearson and Butler
in 1938 (24) and Breiter, Enorr and V81lkl in 1955 (25). In
general, this method ig similer to the slow galvanostatie
charring method, except that 2 much ghorter (about 1 m.sec.
or less) and much larger ancdic pulse is used to lonize the
adsorbed hydrogen atoms. This eliminates, to a large extent,
errors arising from ree-adsorption of hydroren and continued
hydroren evolution on tho electrode surfrce. It 1s not
necessary in this method to bubble nitrogen throuzh the
solution and the uncertainty regarding the effective partiel
pressure of hydrogen with which the electrode ls in emilibrium,
as woll as the dependence of & on this gquantity, is lsrpely
eliminated, Moreover, measurements can be extended to electrodss

polarized cathodically, while the slow palvanostatie method



is only applieable to .iectrodes at Lao reversille notential,
as discussed above,

Bowden (23) used an anodic pulse of intermediate
length (about 1 sec) and measured the total number of coulombs
réquired to change the potential of the electrode fyom
that of the hydroren reversible slectrode to that corresponding
to "oxygen evolution". Wwhile liowden opened the way for a new
and improved technique for the determination of swrface
coverage, his own sxporiments were of a rather orude and
qualitative nature, In fact, the surrent densities used by
Bowden were not high enough, so that the errors inhersnt
in the slow galvanostatie charging method were only partially
eliminated.

Pearson and Dutler (2};) used anodie current densitise
of the ordep of 1 Am@.cmza and their pulse duration was
consequently reduced to about 0.1 msec. In this wmy the errors
due to re-adgorption of hydrogen from solution were largely
eliminated and the amount of adsorded hydrocon lost on account
of continuation of the cathodic process durins the anodle
pulse (while the potential was atill negative to the hydrogen
reveraible potential) bhecame neplipible. These measurements
may be considered the first quantitative determinations of the
suwrfnce concentratior of hydrosen atomse. The sams technigue

was used by Hickling (26) in 1945 and his results were in
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general agreewent with those of Pearson and Butler.

In Fige )} 18 shown a typical potential (V)etime
{t) curve obtained during anodie charging. Two arreats
(ropions where the change of potential with time 1s relatively
slow) are obaserved, the first correspondin- to ionisation of
bhydropen and the second to the formation of an oxide or
adsorbed oxygen layer. The two arrests are separated by a
reg'on of mich greater rate of chenge of potential with time,
sorrespondin: to change of charge in the ioniec double«layer.

The rapid galvanocstatic mothod was further developed
and refined by Breiter, Knorr and V81Kl (25) in 1955, These
authors were the first to measure the amount of adsorbed
hydrogen on electrodes which were polariged cathodically and
upon which hydroren evolution wmeg occurring at a steady rate,
In this method, a cathodic polarigation wvas chanped tu uo
anodie polarization at a smuch higher current density by use
of two separate polarizing elrcuits. The vprocedure involved
switochingz the anodle currsnt on, without switetlng the
cathodio eurrent off, and since the anodie clireuit was set to
pase & current larrer by about two orders of magnitude than
the cathodlice elrcult, a net anodic current was causoed to pass.

The fapt galvanoatatic wthod of itreiter et al. (25)
has been used by seoveral workars (3, 27) for the determination

of surface coverape by adsorited intexrmediates on the platinum



Figure l. Galvanogtatic charying curve far Pt in
13 nzsoh. Anodic current density

la = 0uD) 4me emtg (dlsgram token from
rofe 23,0
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group metals. The exact method of determining the charpe
corpesponding to the amount of adsorbed intermedistes 1
1llustrated in Fige 2 taken from refs (27). Ereiter et al. (25)
assumed that the second arrest in thoe charging curve was due
to the fomation of an oxlide film one layer thigk., From the
charge corresponding to this arrest they caleulateé the real
surface area of the slectrode. This procedure is, however,
not fully Justified, ae we shall ghow below., It provides,
nevertheless, a reasonable approximationg when combined with
results on thoe amount of adaorbed hydrosen on the surface
obtained from the first arrest in the anodic charging curve,
the method can lead to the evaluation of the fractional
coverage °H of the surface with hydrogen atoms.

There are two facters which restrict the use of the
rapid galvancstatic methods mainly to noble metal electrodes.
If the surface of the electrode 1s coveared to a very small
extent (® < 0.01), the adsorption pseudocapmcity will be erall”
and comparable with or less than the lonic double=layer capacity.
In thiz case, the part of the anodic current used to change
the charge in the iomic double=layer will be comparable with

The dependence of adporption pseudocapaclity on coverage
under various conditions 1s discussed in detall below in the
section on ariginal theoretical worke



Pigure 2.

Sochamatic remrosentation of the method of
caloulsting the amount of charse associnted
with adsorbsd hydrogen by the fast charging
method. Hydropen lonization occuvrs for a
length of time yeprosented by AB', but the
chaprre associated with adsorbed hydrogen is
only that vassed in tho time AL, the remnindeyr
(#5") being used to chanre the potential

of the fonic doubleelayer. The charge
agsoclated with formation of a surface oxide
(or a T1im of sdsorbed oxygen) is taken as
thet pasred during the time DF,.
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the part involved in removal of the adsorded hydrogen atowms
from the surface. The typiecal arrest in potential (Pig. 2)
will then not be observed, and it will not penerslly be
possible to calculate the amount of hydrogen adsorbed on the
surface of the electrode. At slightly higher coverages
(0.01 € @ € 0.1), or whern the free energy of adsorption varies
markedly with coverage, the adsorption pseudocapaclty may be
somewhat, but not very much, larger than the lonle double=
layer capacityﬁati.e. between approzimataly three and ten
times grenter). In thias case, the part of the current used
to charge the ionlc double«layer capacity ’s not nerligible,
bhut a correction for the total cliur ' heken up by this process
during desorption of the hydrogen atoms from the surfice can
0asily be rmnde, as illustrated in Plig. 2.

The gecond, and moro serious, limitation to the une
of the rapid galvanogtatic method arises on sccount of the

particular form of the varifation of potentinal with time Quring

®  The usefulness of the faat galvancostatic charging method

i3 not, in fact, restricted to a substantial extent by this
offect, sincos the oxtont of surface coveorapge and its variation
ulth potential iz important mainly in the range where the
coverage is apprecisble, 4t very low values of & (say

@ < 0.01), the effect of coverage on the resction kinetice i1s
trivial, and other phonomens caused by an adsorbed layer of
hydrogen (e.r. metal embrittleent) are of little practical

importance.

bl 3ee footnote on the previous pagso,
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the anodic pulse and thias time funcilon is determined by

the kind of rmetsl ugzed as the electrodes In Fi.e 2 a2 typileal
rapid galvanostatic charging: curve is given for a noble metal
electrode, may platinume In ¥ir. 3 is represented schematically
the kind of relationship obtained at 2 silver or nickel
electrode. On the noble metal the arrests due to lonization
of adsorbed hydroren and formaition of an oxide layer {or
adsorbed layer of oxypen on the surfacas) are well separated

by an intermedizte roprion where the charse in the lonic doublee
layer 1s changed and the potential rises rapldly with time.
When 2 "less noble® metal 18 used as an slectrode, tho repions
of potentiasl over which the two anodic processes (hydroren
ionigation and oxide film formation) take place tend %o overe
lap to an incressing extent (Fig. 3) and the amount of charge
speciiicslly involved in ths oxidation of the adsorbed

hydro or eannot be unambiguously determined.”

An equivalent technisue was used by Conway and Dzleciuch (8)
to determine thie surfsce concentration of adsorbed Intermsdiates
during eteady anoﬁ;i polarization in the formate decarboxyle
ation reaction, by ogins a large cathodic current on the
electrada. In their case, thoe applicatility of the method
depended on the fact that the arrest due to ionization of the
intermediaste wans well separated on the polentliel axis from
the arrest duo to formation of an adsorbed layer of hydrogen
atoms and subassovent hydrogen evolution,.



FPigure 3. Galvanostatic chorglng curve for Ag in
0«28 NadHe Anodic curront dens!ty
3.“ = Oudy Ampe mrast’."a followin, steady-state
oatrodic polarization at 1 x 1073 Amp. eme®
(diagram taken from rofs 23).
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An ingenious method, which overcomes the latt@r
diffrioulty, was devieed by Devanathan, Hockris and Mehl (28)
and used by the same authoras (28) and later by Devanathan
and Selvaratnam (12) to determine the partial coverage of the
surface of silver and nlckel electrodes during steady cathodic
polarization as a function of potential. This method will

be discussed in the next section.

(6) The Double Charging Method
(a) Degeriptlion of Method

The double eharying method hes bsen discuesed in
detail in aeveral recent publications (12,31,28)., Only a
brief sccount of the underlyins principles will be given here
and the scope and limitations of tho method will be discussed,

Let a large anodic galvanocstatic pulse i‘ be
imposed on an eleetrode polarized cathodleally et a glven
current density 1 ., and let the jonic double-layer capacity
of the eloctrado/ﬂéa(the subsoript indieantes that this
quantity will, in the general case, be a function of potential),
Then

av
CV (m ) = 3.‘ - 1;;, i&]
vhere 1, is the sum total of all arodle Faradaic cwrrents

given by

1, = 1, + 1 (1-29) [91



and other toerms are defined as followa: 4 15 the current
assocliated with dissolution of hydroren per sg. eme. of real
area of the electrode (whatever 1s the fractiorn of this area
covered by hydrogen)s 1,5, 18 the current essoclated with any
other anodic process (e.z. oxide formatlon) per sg. om. of
bare real surface area of the eolectrode,

Combinin~ equations {8] and [9] gives

Vg =L, - [+ 1, (1-9)] [10]

A second charging curve may now be taken, starting from a
potentinl sulficiently anodice to the hydrogen reversitles
potential that surface coverage by hydrogen atoms under steady
state cond'tions can be assumed neglisible. The eguation

correspondine to [{10] is then for this case

av
CrEp) = 1, - Y, {11}
Subtracting equation [10] from equation [11] rives
C av - (Y -

vhere the subscripts 1,2 refer to values of dV/dt taken on
the charging cwurves started from steady cathodle or anodle
polarizations, resnectively.

Schematic plots of the cuantity given on the r.hes.
of eaquation [12] as a function of potential and time are
given in Pig. 4 (a,b) which bas been reproduced from ref. (28).
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Fipure L. Current cdensity obtained ns the difference
of the Faradaic cuwrrent demsities of
charging process 1 and 2
a. a8 g function of potentisl
be as a functlon of time required to
reach the corresponding potentinl

during a2 charging process of type l.
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The time corresponding to each potentisl on the first type of
char-ing curve (storting from a cathodie polarization)was
used to obtain Fire hb. The area under the curve in Fig. Iid

is siven by
Jt t 1 @
(1ﬂ -1 8) 4t = 1ﬂ {1 --§§~) dat [13}
o = j;

If it 48 assumed that

1,91, K1 (]
then equation {[13] {a reduced to the simple form
t
j 1,4t = gy (15]
o

and the amount of adsorbed hydrogen can be computed directly.
The valldity of this assumption (eguation 1) will now be
discussed.

At cathodic overpotentiales both 13 and iun are
zeroe A8 the potentianl becomes ancdie to the hydropen
reversible potentinl, 13 increases first wublle 1an still
remains nepligidle, but as the potential ls made even more

anodic, % __ becomes appreciable. At this roint, however, @

an
has become negligibly small and the inequallity in equation [1h)

atill holds.
Additional proof of the valldity of equation [14]



- A =
wae given (28) as follows: ¥From equabion [1L] we can write
1 @
[ -]
gﬂ 1

substituting

1.8
L $ [16]
am + 1w§

"

L e (17}

and 8ividing by 1an° we obtain

b S 1
= [18]
i ~ipes
an
The argument then follows ag above, since at low

overpotentiale 1an is very small and at higher anodie overe
potentiale @ becomes negligible, hence

T.'ﬁ‘ »1 [19]

at all anodie overpotentliols and

-l—-*%; 4 m<<l (20}
an

so that the assumptlion made 1n’equatian {141 85 valid. A
mmerical evaluation of the error introduced by neglecting
the term lanaflﬂ with respect to unity was shown (28) to
introduce & total error not exceeding 3% in the ealeulated.

value of 9.



() Limitatlou of the Soubla Charping Vethod

The various experimental errors involved in determ=
ining the surface coverage by the double charging method
have been discussed by Devanathar et al. (21,28) &{n detall
and numerical estimates of the maximum expected error were
obtained. Apert from the uncertainty in relaiing suwrface
charge to fractional surface coverage, which depends on the
accuracy with which the real surface area of & solid electrode
can be determined and on the validity of estimates of the
mmber of surfece slites peor unlt real surfree area, the major
soures of error, according %o the above authors, arises from
the variation of the megnitude of the ionic double=layer
capacity with potential (equation 12}, In epplying the double
charging method for the determination of the coverage on
silver and nickel, thls capacity was taken to be a constant,
If, in fact, the ionic double=lagyer canacity varied Ly ss much
as a factor of two as the anodlic overpotential varled from
gero to Q.6 volts, the calculated valusos of the coverage would
be in error by some 25%. It may be noted that this uncartainty
arisea from lack of exparimental data regarding the variagtion
of the ionic double~layer eéapacity with potential at solid
metals, and 1is not inherent in the experimental method
proposed,

Another source of error in thoe method of levanathan,

Boekris and Menl g of & rabthor more aserious nature ard seoms
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to have been overlooked by these authors. Conslidering the
definition of the ouantities involved on tho rehes. of

equation {9]
1, = 13 + 1nn (1-8) {2]

it 1s apparent that the current 15 as defined there must be
proportional to fractional coverage @, since it is the anodie

current assoclated with the reaction

rm+x120....u«vﬁ30“*+e {a)

Equations [9] ¢o [13] could therefore conveniently be
rowritten malking use of the relationsghip

1, = 179 [(21]
vhere 1§ is now defined (more consistently)as the current
assoeciated with disasolution of hydroren per 8Ge. cm, of real
area of the electrode completesly covered (@ = 1) by adsorbed

hydrogep (¢fe the definition followin:~ equation [9]). Using
this definlition, we obtain

oy (@), = )0 = (-1, 0 [12a]
and the area under the curve in Fig. b 4s given by
t 1
f 170 (1 --88) 4 [13a]
i
0 i

We now consider the error introduced by assuming
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£ = 1 /13 K1 {1la)
At relatively lovw anodis overpetentisls, 1§ is aprreciable
while 1an is 8till nepligible. In this range, the above
assumption (equation lha) iz Juetified. At higher anodic
overpotentials i_ becomes sppreciable, and since 3an/1§ is
independent of 8, tho error in the celculated value of &
will increasse,

We coneclude, therefore, thut the double charging
mathod can only be applicabls to gysteme where 1an becomen
aprreciable only at high anodie overpotentinlg, where @ has
reached neglipible values (and therefore the term E1§ - 1&&’ 9
is close to zero)e This condition obtains at noble metals
and may be a falr aprroximetion at slightly less noble
metals such as sflver, but is intrinelcly inapplicable to
baser metals, where the ionization o hydrozen and the formation
of ozilde layers occur over largely ovarlﬂpying rerions of
electrode potential. Thus, {mr the type of metal for which
the method was designed, 1t Is seen that severe limitations
at1ll apply. However, the method constitutes a significant
$mprovement over the fast gelvonostatiec chargin: method
dlscussed above, in that the current used to chanpge the charge
in the lonic doudbleelayer 1s at least taken into account and
evaluated quantitatively. PFalily sceurate detrr~inations of

the surface concentration of adsorbed hydroren during ateady



state cathodlc polarization can be made at electrudes where
the arrest due to hydrogon lornization and that due to oxide
raémation overlap slightly or are separated by only a small

rance of potential,

(d) Potentiosintic Methods for the Determination

of §
(a) The Method of Devanathapn and Dogkris (21)

A N 0 P WU 5 B A

In cases where the rapid galvanostatic method is
applicable, it is poasiﬁle to use a8 simple potentiostatie
method, provided that a fast rise-time electyonic potentiostat
is availables In this method, the cathodie congtant
polarizins eurrent is switched off and a congtant anodic pote
ential is switched in. 7The value of thias applied fixed
potential is chosen to lie betweosn the two srrests in the
corresponding galvi.nostatic charpging curve, so that the only
progcess which can tnke place is dissolution of hydrogen and a
small ochange of charpge in the double~layer. Interration of
tixe currente-time relatlionghip at consteant potential then gives
the total charze associsnted with hydrocen adsorted on the
surface at the initial potential in the prior conatant cwrent
cathodic polarizatione.

The above method offers no ‘mprovemont over the

rapid galvamnostatic meihod end g more limited in socope than
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the double charging method. It reguires rather more complex
squipment and s intrinsieally leas accurate than the two
galvanostatic methods mentioned above, since no correction
can be made for the current used to charre the lonipe doublee

laysre

(8) The Methed of Coriseher and ¥ehl

A better potentiostatic method for the determination
of @ was discussed by ferisecher and Mehl in 195 (29). Thelr
method involves, in principle, switchin- on & cathodlc
potential and evaluation of the steady state coverage from
the form of the current-time transfient obssrved. 4 dedalled
mathematicesl {treatmont, including diseussion of various limiting
cases, has been riven by the above nuthors {(29) and will not
be reproduced here. However, the qualitetive fora of the
current transient can be deduced directly from the nature of
the electrochemical procosses involved.

Thus , we mny consider the hydropon evolution resction

proceeding through the step
Mo+ 2130"’*9 - M+ HO (A]

followed by

‘* o
HBO + g *HI e ¥ + Ha * H2 {n}

or
M+ MH - 2M ¢ N, [cl
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If we nesume (with Gerischer snd Mehl} that the
adaorbed hydrogen obeys the Langmulir adsorption isotherm,
it is obvious that the rates of the above reactions at a
given potential are proportional to (1 - @), @ and 62,
respectively., UDifferant cases will now be cons’dered.
Case 1: Discharge rate-determining followed by electro~
chemical degorption. In this case the current will incresse
instantaneously to a value gorresponding to the rate of
reaction (A) at the fixed potential and the initial eoverage.§
The degree of coverage will increase with time and the overe
all current will also inoreasse until a steady state is resched,
since the decrease Iin rate of reaction (A) on account of the

increase in @ 13 mors than cowmpensated by the increase in

rate of reaction (B) which is slso a charge trapsfer reaction.

Case 2: Discharge rate~determiningz followed by catalytlie
atom=atom recombination. 7The current will rige instasneocusly
to the game value as in csse 1, but will deeresss subsequsntly
towards s steady state value corresponding to the steady state
coverage. The difference hetween case 1 and cass 2 arises
becaugse the step followin; the rste-~detormininge discharpe

reaction involveas charge transfer in the firat case only.

Case 3: Either of the alternative desorption sters is rate-
deter~ining

¥ In the oririnal publicatiorn it was csgumed that & = 0 at
t = 0, This is not necessarily correct (2 ). The argument ns
rresented here does not, however, depend on this assumption,
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Again an Initial large current will be observed,
corresponding to the rete of the discharge renction at the
set potential and the initial depres of coverage 8 (t=0).
The current will then decrease with incroasing @ until a
steady state, controlled by the rate of the desorption stop,
will de reached,

The potentlostatic method of Ceorischer and Mehl (29)
offars obvious advantages over all other methods dfscussed
80 far, since it involves only cathodic polarization of the
electrode studied, and complications due to parallel anodie
reactions can thus be avolded, sven on basze metal electrodes,

A serious linmitation of this method arises, however,
from the fact that it is based om the assumption that the
adsorbed intermedintes in the reaction abey the Langmuir
adsorption isotherm throughout the ranpe of coverage (0 < @ { 1).
It is rather unlikely that this will be the csse (I1,10,30) in
the range of intermodiate values of coverage (0.2 € @ £ 0.8)&
and the analysis of Gerischer and Mehl is therefore not
generally valiad,

® A aifferent view on this point 1s held by Breiter (31) who
finds that in certain cases the chanpges in enthsalpy and "non
eonfigurational” entropy of adsorption compensate sach othor,

80 that the free enorgy of adsorption is ppactically independent
of coverago and a Langmiir type edsorption isotherm i1s obeyed,
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Fuarthermore, the rates of the reverse reactions
(eege in the discharpge step) have been neglected, This may
be Justified when dizcharge is rate-deternining and
measurenents are taken at an appreciable overpotential, if
molecular hydrogen is not in equilibrium with adserbed H
atons on the surface. However, it is evidant that if elither
desorption step is rate~determining, the Initis) discharge
step will bo more or less in quasi~equilibrium, and hydrogen
ifonization (the reverse of the discharre step) may proceed,
in principle, at any rate. If the rate of this reverse
reaction is neglected, it can be inferrsd from the representation
of Gerischer and Mehl that rate-determining desorption by
atom=atom or ion-atom mechanlsm must lead in both cases to a
practically complete coverage. This 1z evidently not the
cage since as @ — 1 the Tafel slopes for catalytic and
electrochenmiz <l desorption would tend to infinity and ET/8F
respectively, and the characteristic slopes of RZ/2' and
Rt/(1+a)F would never be obsgerved.

() A_Poventiostatle Step Method
A semi-ompirical potentiogtatic method for the
determination of coverage has been deviged by Cllendi and
Conway, and 1ts applicability to different systems 1s now
teing explored experimentallys the principles of this method
will now be considered,



- 33 -

Let an electrode be polariszed i{nitlially to a cathodie
overpotentinl ?71 and let the steady rate of lwdroien evolution
at thls overpotential correspond to an initiasl current dens’ty
11. Suppose now that tho potential is set to a new value
'72 = 71 + a/ where 47 1s chosen to be relatlvely
small (say & 7’ { 20 »v) and let the current correspording
to 172 at a steady stats he 12. The current 1 during the
transition poriod will be given by

1(e) = 1.(t) + 132(1:) [22}

where 1.(t) is the time-dependont current used to chanpe the
degree of coverage of the electrode surfaee and 1H2(t) is the
current used to evolve hydrogen. Inteprating egquation [22]

wa obtain

t t L
f 1(t)at n[ 1},@)@“( 1y ()ae (23]

o o o
The quantity on the l.hes. 0f egquation [23] ean be determined
oxperimentally, and will be referred to as Aq(expl. The
first expresslion on the r.hess of eguation [23] 18 the charge
agsoclated with the change in coverage as the potential is
increaned from 71 to 72, and will be denoted Aq,. Hence

t
Aqlexpe) = bay *+ f 1na(t)ﬁt {23a]
Lo ]



The integral iIn equation [23a] cannot be eveluated rigorously
unless the varistion o/ 1“2 with 6 s Mnown. iovever, if

A? 1s taken gmall enough, then 28 will alsd be amall and
the rate of hydrogen evolution during the treansient will be
aprroximately equal to its stesdy state rate at an overs

potertial 7 29 l.0.

1, (t) 1, (t w00 ) = § f2l]
iy Hy 2 2l

with this assumntion, eouation ' 23a] bLoecomes
dqglexp) = Aq, + 1, at {23b)

8o that AqH can be eagily evaluated. The acecuracy of the
method can be Improved, if desired, by repeating the experiment
using smaller values of A?’ snd extrapolating the results to
A?-—-»O.

We note that this method will be most santiefactorily
applicable to systems where {agt discharze ‘s followed by slow,
rate~determining desorption and the fractionsl coverage @ has
an intermediate value, sinece in such casss 12 at K Aqﬁ, and
the error involved in using equation [Zi] will have a neglipible
effect on the value of Aq, enleulated frow equation [23b). T
this sense 1t is complementary to the ~eth:nd of Gerischer and
Mehl (29) which is most accurate at low values of the coverare,
when the Langmuir fsotherm i3 usually a satisfactory appry imse-

tion (10). UHormally the method would be used to orteln @ ag a
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function of potential over an eppraeciable ranpe of potentirle
by making successive incremental potentiostatic msasurements

each with small changes of 7 .

(11) Deter-inarion of Adsorntion Pseudoearacity

(a) Meaaurewents Involvin- Charcine and Forced

wacay curves

The most straltshtforwmrd method for the determination
of the capacity at the metal solution interfice !s fron the
variation of potantiesl with time durin: ansiie or cathodice

polarization at a conetant current dereity, since we ¢an wprite

C-‘-’%&“%ﬁlai<%§) [25]

This method was flrst applied successfully by Sowden
and Riceal (23) for the determinmilon of the lonic double-
layer capacity a2t a mereury electrode and later by Barkley and
futler (i)« Frumkin and co-workers (),,22) applied the method
to the determinstion of adsorptior pseundocapacitancs at solid
electrodes, and studied in detalil 1ts varlatlion with potential
and witn the nature of the electrolyte.

The determination of capacity (rom gelvanostatic
charging and forced decay curves has becone an lwporicont
technique in modern electrachemical F!retices. It 1s important

to remembor, however, thnt sauation [25} 1s only correst 1if
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the
all/measured current 1s used to charpe or dlscherpre the

"eapacitor” {or the "pseudocapacitor’, il.0. to form or
fonize adgorbed species on the gurface). This implies that
such measurements are not valid within, say, a value 2b1 of
the potential at which a parallel Faradalc process (e.ge
hydroger evolution) tsxes place at a rate corresponding to
the total current used, where bl iz the Brirpsisn Tafel

slope for the releveant Faradale process.

(o)

Heasa c~enta Tnvolyl

Open=Cipcult Decay Curves

(a) Erom Initisl Deeay flopes

R w 4i» e -

The study of opene-circult decay or btulldeup of
potential after anodic or cathodie polarizatlion, respectively,
provides complementary information to that obtairsd by direct
polarization methods. Thus, the poterii~l recovery behaviour
of platinized platinum has, for exavwple, been studied and
discussed by Ar=sitrony and Hutler {3%). Tarther theoretical
interpretations of th- gignificance of resultea obtalined in thie
manner have been plven by Morley and Vetmore (36), Past and
Jofa (37), Milner (38) and more recently by Conuay and
Bourgault (39) who cons!dered how the decay behaviour depended
on surface coverare by intsrmedintes.

The detarmination of electrode carvacity from initial
rates of deecay of overpotential on oromegirenit after alendy

state rolarigzation at a current denstly 13n has heen dlscucsed
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by several authors (36,3/,40)e It i3 basoc on the assumption
that the Paradale process tuking place durins steady atate
polarization continues on open=circult by a aelf=discharge
process, which momentarily has the same reto as that
corresponting to the initiasl steady state nolariszivg current

density. Henec for e.m.f. docay follow!nsg anodie nolariration

-c(dffdt)m = Ly, = 1oexpcfh/b1) {26}

where 10 12 the exchange current denaity, bl 13 here the ‘'YYaperian
Tafel slope and 771n a8 the inltial {steady state) overpotenriial

for the relevant anodic mrocess. -y conducting polarizations

at various cur:ent dersities, and henee at variocus wvalues of the

overpotentinl, the capacity cen be obtained in thls wmanner as

a function of pot~ntial,

(8) From Zpslysss of tig Whole Deeny Curve

The analysis of opene~circuit deecay beheviour for the
detormination of the eapacliiy of the electrode as n function
of potential has been extended by Conway, Gileadi and
Dzisciuch (9) to the whole of the G.m.fe. decay curve (cf. 37)
for cases whaen the current-potsntial relatfonehip is known
experimentelly over the same range of potential. Thus, at
any time t, during opanegircuit decay, whon the overpotential
has reached a value '7t' the capacity correspondings to this

potontial can be ealculated from an emuatlion similar to



equation [26], namely
- (df/d“t = 1 0xp (7b/b1) [26a]

It is not necessary to assume that the mechanism of the reanction
remains the same throurhout the povential deeay process, but
we must regard whatever rrocess is rate-determining during
steady polarization at any mverpotaneial‘ﬁ_, as also ratee-
detar=aining in the self-discharge process at the game
overpotential during open~circult decay. This !s usually
implicit in most previous discussions (35,36,37,39) of the
mechanism of e.m.fs decay on open=cirecult at noneideally
polarigable electrodes (17).*

It 1s seen that the capacity is obtained here by
combining the curreontepotentiasl relationship obtained on
direct polarigation with the potential-time relntionship

* At an 1deally polarizable electrode (in the sense defined by
Grahame (17)), we canmot writs an equation such as [26a] since,
by definition, no Faradalc process occurs and thero 1s no charpe
transfer across the double-layer. In this c¢sse, the opene
circuit decay of potential must ocour by a first order relaxation
of the ionic space charge on the solution side, and the electron
excess charge in the matal elestruodes bein, polarised. When
Paradaic process occur, the cage ia evidently quite different,
and the experimental decay behaviour found at meprcury (3%)

must not be confuased with that which would occur at an ldeally
polariszsable electrode made of the game metals
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observed during open-circult decay (8,5,37). The method

1s best wulted to systems where a transition reglon in the
current-potantisl relationship ie observed (8,9,27) (as in
prasivation), and the current 1s practically constant over an

appreciable pange of potential.“

(v) From the Papameter @ ip Semi-logirithole

EslsEs Decay Elots
forly studles (35) of openecircuit decay (or

tuildeup} of potential after steady state polarization have
shown that a linear relationship exists between the overw
potential and lor ¢t (except at very short times), where ¢t ia
measured from the time when polariszation was terminated.
Subsequently 1t ums shown (7,36,39,41), that an equation of
the form

7:: a 3b210a(fz*ﬁ} {27}

1s obeyed experimentally down to ¢t — 03 in equation [27]
3}and'22 aro constant parameters of the relevant electrode

peaction” and 7 1s an integration constant (see below) related

However, 1f the system exhidbits hysteresis in the currente
potential plot (8,27), the relationship obtalned on the
decreasing potentinl and current part of tho plot 1s to be ueed,
or preferably, a potentiostatic atudy should be made of the
csurrentepotential relationship.

ot The rolation of the parsmeter b, to the Tafel slope b =ﬂ7/a

log {1 under various lim’tin sonditiors has been discuss
elsewhere by Conuay and Bourgsult (39,41) and by Lukovtsev
and Temerin (33).
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to the polarising current denaity and tho capacity of the
electrods {the plur and mimis slrms in eguation [27)
correspond to cathodie and anodie reactions, resvectively).
The quantity # is obtained in practice from the observed

’Z = log t behaviour by a trial and eppor mothod (7,41)

with an aceuwraecy of better than 10°. ¥Prom fi, the capacity of
the slectrade is enlculated as follows: sterting from
equation [26a], which is written for an anadic proesss,

we have

-’ {é?/&t) = 8 exp ‘7&’”1) [26a]

Rearranging and integrating thils equation gives

1
- fexp {~ 7t/h1) :x7 = 59- f at (28]
or
by ) o (t + @) [29]
ox (=7¢™) = %7
How at ¢t = 0, 7ta 71!3’ 80 that
i
oxp (-7”#1) = siﬂgﬂ [30]
The currsnt zm under steady atsate condltiona priop

to termination of the poleriszation is related to the over-
potential "Z in by a Taf'el equation

13, = 1, oxp (7“/?:1) [31]



hencs, from equation [30],

ca%ﬁﬂ 32}

We note that kmowledge of the trus Tafel slope bl
is required to ovaluate the capacliy from the experimental
parameter f. Only under certain conditions, as discussed by
Conway amni Bourgsult (39) (f.e. vhen the eapacity ig independent
of potential over the range gtudied) 1s it fustified to take
the open=circuit deeay slope by, defined in equation [27],
as equal % the Talfel slope bye Equation [32] sannot therefore
be used Lo deteraine the capacity unless the Tafel slope is
known f{rom direct polarization messurements. However, 1P the
open=¢ircult deeay slope bz is used Instead of bx in
equation [32] end the eapmcity is found to be Indspendent of
potential, 1trmay be sefely assumed that bl m“bg and the
caloulated values of the eapaeity% are then eorrect.

The most accurate method for the determinntion of the
capacity at a metul solutlon interface ia the a.c. bridge

method , vhere tho eapacitative and rosistive parts of the

Another method for the analysis of open~tircult decay lines
by which the c¢apadity can be evaluated, has been sugrested by
HBockris and Potter (L2). ‘This method seome to be rather more
complex and no improvement in sccuracy is obtulned, It
appsors, however, that the method has never been aprlied to

any experimentrl resulis,
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sleeirode Impedanve are evaluated silmmultaneously. The method

was inltinlly devisod to measure the ionic double~layer

capacity (43,4};,45) and developed to a hiph depree of pracision
by Grahame (17). It was lster appllied to the massurersnt ol
adsorption pseudocapacity arfsing in the hydropen evolution
reaction by “ucken and Weblus (L6) and by FPrelter {31,32).

The theory of PFaradalc admittance invelved in the interpretation
of the a.c. impedancs behaviour has been developed by Ershler (20)
and Grakame {19).

e intrinsiec difficulty in interproting the
capacity moasurements obtalned by the a.c. bridpe method erises
from the fact that the measured capacity is usually found to
te a function of the frequency of the a.cs signsl used, The
fonic double=layer capacity 4is evaluanted falrly essily by
extrapolating the results to infinite frequency (17)}. The
adsorption pseudocspacity would be obtained by extrapoleting
to zero frequenoy (31,46)3 however, such a prosedurs is very
difficult to ashiove experimentally, owing to the problem of
obtaining sccurate capaclity measurements at low freguencies
and hence a satisfsctory extrapolation to gero frequency.
Parthermore, 1% will not pemnerally be possible to apply the
method to porous electrodes or to platinized platinum
electrodes which have a roughness factor of the order of

1o3~10h and therafore may have a total adsorption pseudo-
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capacity of up to several hundred Parads (4,7,39,41).

In apite of the limitations mentioned above, the
a¢Ce bridge method geems to be the most promising one for
the study of tho detalled structiure of the C Yo« V curve,
such determinations are of great importance as we show below,
in determining the kind of adsorption igsotherm which appliss to
the intermediates Involved in the elesetrochemical reaction, thus
it 18 possidble to evaluate the extent of wariation of the free
energy of adsorption with coverage and the roughness factor (9).

(d) Ipdirect Measurements from the Volume of Gas

Desorved on Opem=Circuit
The development of mierovolumetric teshniques by

Conway snd Bourgault (41) and later by Ruetschi (48) fer the
determination of minute quantities of pos evolved from

electrodea, has mnde available an additionsl method for the

dstormination of the adsorption pseudocapacity. This method

is, however, only siitable for porous or hipghly lrregulsr

electrodss having a large resl surfauce area (of the order

of lohcmz) singe it 1s not possible to measurs the amount of

gas evolved from, say, a bright metal electrods having a

a real surfece area of 1 cma. even by the most refined teehnique.
This method wns developed and uged first by Conway

and Bourgault (7) to determine tho adsorption pseudocapacity

on a fully charged nickel oxide porous electroce., The
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slectrode was polarized galvamostatically %o a2 steady overw~
potential, and the chancve in potentinl and amount of pas
dessrbed on openecireult were fnllowed simultanecusly by
means of automatic recorders. Cince the volume of oxygen
desorbed a8 directly related to the change of coverage on the
elsctrode purface, the adsorption pseudocapselty can be
obtained frorm the slope of a plot of volume of oxygen evolved
va. the potential (7,41)e. Alternatively, the slectrode can
be polarized to different overpotentials ond the total amount
of gas dosorbed on open-=circuit following steady state
polarization measured. The differences in the total volumes
of pas evolved on open=ecircult following stesdy state polamrigation
to different current demgities will then give the capacity as
a funetion of potentiml.

The rate of oxygen avolution from chsrped nicksl
oxide electrodes following termination of ancodie polarization
wag studied by Conway and Fourgault (7,41} while Ruetechi
ot al. (Ii8) studied the total volume of oxypren evolived from lead
oxide, stlver oxide and nickel oxide electrodes and the volume
of hydrogen evolved from u porous lead elecirodes. The latter
authors dié not use their results, however, % caleulate the
adsorption pseudccapacity of these electrodes, and expleined

the slopes of tholr curves of volume of gas svolved vs.
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potentisl in terms of a different thaﬁry.”

We note that the experimentally mossured gquantity
in the method at present under discussion is essentially
the shange of surface coverage with potential (and time) and
the pasudocapacity is obtsined from it by differentiating with
respect to potential. Ve choose to discuss this method along
with methods where the capscity is measured, rather than thome
where the coverage iz measured, since only changes in coverage,
corresponding to a given change in potential, can be cbtained
in this ways. It 1s obvious that the coverage of the electrode
after long times on open~circult is not necessarily zero, and
the abeolute value of the coverage can hence only dbe obtained
1f the coverage corresponding to a particular value of the
potential is known.

he REVIEW OF THEORETICAL APPROACHES TO THE IRTERFRETATION OF
EXPFRIMENTAL RESULTS 14 PREVIOUS WORK

(1) Adsorption Isotherms
The rates of heterogeneous reactione, inecluding

eleotrode procesgses, depend on ths rates af adsorption and

degorption of reactants snd/or products at the interfsce, and

» Thie theory was discussed in a paper submitted to the Journal
of the Electrochaenienl Soclety in 1959, which, to the best of
our knowledge, has not yet been published. The arguments in
ref. (43), based on this theory will therefors not be

discugsed here.
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hence on the kind of adsorption isotherm obeyed by the asystom.
The lsotherm moat comwonly used ias the Langmuir (49) isothorm
which can bs written as

g = ap (33

for the adsorption of noble pases on golids, or the physical
adsorption of any other gas. 7The form more relevant to s
number of elsctrode procempee is

(t%g)° = ar [33a)

which appliea to the disgsociative chemigorption of sur.
diatomic gases. The conatant g is related to the standard
free snercy of adgorption, l.6. to the free onergy chanpe in a
goneral dimsoclative adsorption reactlion of the type

M o+ xaigaa} — MK
as
a = exp - 8G°/RT {34]

and P 1s the partisl presaure of tho pas beling adsorbed. The
derivation of this eguatlion relies I1mpliclitily on the aassumptlon
that the free onerpgy of adasorption is strictly Independent of
the extont of covarage, in other words, the differentlisl and
integral freo energles of adsorption are equal throughout the

range of coverage. Such can only be the case (a) if the

swface of the 201id is complstely homogonsous, and there are
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no induced heteropgenelity offects (if.0. the onerpy of intere
action Detweon sites on the surface and the species to bhe
edsorbed 1s not affected Ly a surface dipole induced by

speclens alresdy adsorbed on the surfneari and (b) 1f lateral
enorries of interaction detween adsorbed species are neglibible
and {¢) if the adsorbod species are immobile on the surface,
yot equilibrlum betwoen the bulk phase and the interphase iz
mainteined. It 48 evident thersfore, that the Lanpmir fsothorm
is only an spproximation, which mey or may not be gatisfactory
for describing the ezxperimentally observed phenomena. The
limitations of the Langrmir lsotherm in the treastment of
eleotrode reactlions will be diescussed below in detail,

We have shown above (eguatlon [6)) that the potentlal
dependence o eoverage in a pre rato-deternining catbodlc
diacharge step at gquasi-equilibrium could be ohtalned assuming
Langmiir conditlons, viz.

o }3;- exp = 7F/AT 161

Since we have also defined the adsorption pseudooapacitance

We give bolow a detailed dlscussion of this model, whlch
will be referred %o as the "Poudart® Induced hetorocenelty

modal®.
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by equation {7], vis.

ca%?“%%g. {11
it is clem that the adsorption paeudceapacity should be an
exponential funetion of potential.

Prumkin and co=workers (4,22) have demonstrated thaet
the fi=adsorption pseudocannc! ty at platinised platinum is
practically constant over a wide potential range. This
experirental fact led Temkin (00) to the formulation of s new
type of adsorption 1asothern {(referred to as the "Temitin
isotherm™ or the "legarithmie isotherm®) which takes into
account a linesr depoundence of the free enerry of edsorption
on covorant.

The ori inal derivation given by Temkin (%50) 1s as
followa: 1t is agsumed that the suwrface of the electrode is
made up of small, egqual sized patches, to each of which the
Langmuir fsotherm applies Iindependently. 'y rearrange=ent of
squation {33] we obtalnp the wall known relatiomship

6 = 5 [35]

which, for each small patch of area 43 on the surface will
have the form

40 = ﬁ%’} ds [36])

I% 48 further gapumed that the freo enorpy of adsorption



decreases (in absolute value) by equal decrements between
successive patoches, starting from a value ma at ® = O and
reaching 2 value ﬁGo = rat 9 = 13 the free onercy of adsorption

at the 1'th pateh will hence be
AGy = MG - Sr {37}

vhere S 1s the area’ already covered by the adsorbed intere

mediate, so that

a8 = a, exp =Sy /RT [38]
Cambining equationa [36] and [38] lends to
1l 1
aP a,P oxp («Sr/RT)
© = | ythypas = oo T S5 1=/ as
o o

1
= { {Wﬁ?ﬂ de. = (8= gﬁmilﬂ/a@l’ exp r3/R

o
b
RT S/RT
= & [y :o e:;; r I,
R a,P oxp(r/RT) a,P
= ;‘-2 1n [ao ~TI6g ] = 1n (m) (391
and henss, finally,
1 1 +albf
P « = BRI
° = f thr & =5 0 et {39a]
°

% The quantity S used here ig a nrormalized or Lractional
surface area, and will vary between gero and unity.
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For appreciable values of r (say r/R D 10) we may assume
a p oxp (ex/R7) <K 13 {40)

further, at appreciadble values of the mressure and hence

the coverage we note that

a,p ” 1 iyl

With thege tuwo aasum@tiena.* we obtain the well-~known gimplified
form of the Temitin lsotherm, vig

ré = RT lnap [h2]

It is of some interest to point out that, while the
complete Temitin isotherm for dissoclative chenisorpiion has

a slizhtly differont form, namely
. l +ap b4
RI o’

& = 3= 1o ly=g CWS axp(-r?ﬁ?T]
as also found in the Langmilir case (ef. saustions 335332),the
simplified form, cobtalned by combining equ-tionms [3I9b]), [40]
and [41] 19 1dentieal with that obteined for the case of

[39b]

* e assumptions mede in equations [LD] end {41] are not
contradictory, ailnce tha exponential term axp =r/RT 1s
very srall. Uhe condition a p 22 1 would lead, with Langmuir

behaviour, 0 @ - 1l This is not the ezse hero, since, ng
the eoverups increascs, 1t becomea inoressingly é&fﬁicuit to
adsord further molecules (or astoms) and a much higher pressure
is required to reach a givenh coverane than for Lengmir
conditions.



physiocal sdsorption.

It may be argued that the supposition of the
existence of surface heterogeneities having s linearly varying
enargy of adaorption, whish 4z e fundamental assumption in
the derivation of the Temkin isotherm, is rather unlikely.
This posfnt will be discusced in detall below and 1t will be show
that several other models, which are probably more sound
physically, can also lead to s linenr deecreasse of the free
enercy adsorptlop with coveragas. Moresover, it must be
remembored that Temiin's isotherm was derived inltielly to
explain amongzt othar thinga, the constant capscity behaviour
obgerved by Prumkin and co=workers {i,22) and 1t is in this
serge correct even 1f the model assumed In its derivation

soems physically unlikoly in the penersl case.
{11) Xinetic #quations for Tlectrode Reactlions in Terms

I this section, we shall discuss brlefly the
formulasion of kinetie eguations for electrode reactons in
terms of the Larrmulr lsotherm and the aprllcationa of the
Tomkin isotherm in pepard teo deduction of the mechanlsm of
olectrolyt!é hydrogen evoluticn. A generalization of the
latter treatment to rather more complicated electrode resctions
(1.0, oxygen evolution) where several intermediates may be

adgorbed simltanecusly on the electrode suwfnce W an
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appreciable extent, will be discussed in a following chapter.

(a)

ke consider, as before, the hydroren evolution reasction

proceading throurh reaction [A] followed by rosctions [B] op
[C] uwhich wo pive again below for eame of reference.
HO0 ¢ o + M — MH + H0 ial

'~‘0’+e’+wﬁw!@+ua

ME 4+ MU - 2M <+ i, {c}

If reaction [A] is rateedetermining we have, at appreciable

overpotential,
- 2
1 = 1, (1=8) exp (.-37?/%) [2a]
which, at limitingly low coversge, resulte in & linear Tafel
rolationshilp with a charseteristic slope of

by = d7/81nt = RI/BF

1f reaction [B] or {C] 1s rete-dstermining, the

We miyht note hore that the exaet form of equation [2a)
dependson whether the discharge step is followed primarily
by atom=atonm recombiratlion (equation C) or by lon=atom
recombinatior. In the latter cage, the total current is twice
that giver by equntior [2a), since for each charge transfer
act in the rate-~determining step, anothor charpe transfax
occurs in s following step. While the overall rate ‘s seen
to depend on the mechanlism as n whole, the Tafel slope still
remains charncteristic o the patoedeteraining step,.
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kinstics can generally be treated by the steady state methodp
however, Parsons (51) has shown that under these cireumstances
the digcharge step can ususlly be assumed to be practically

at equilibrium and treatad as thouyh 1t were at complete
equilibrium, XAquating the rates of the forwerd and reverse
reactions of the discharge step {eguation A), we henco obtain

equation [6]

Tgb.a

which at low coverage can be written sg

exp (-7 ¥/8%) [6)

0" ”O’. £

@ = KA 8xXD (-73”/1%') (631

where Kl is o conatant at constant compopition of the solution
and at constant temperaturs.
If toneatom recombination is pate-detarmining, we

obtain the woellsknown result
1 = 1 0 exp (=BYF/ET) = K, exp [=(1+0) 7R/RT] (1)
and
b1 w &RT/(IHR)F

or at practically complete coversys, when 8 — 1 and is

independent of potentlal:



Alternatively, 1lI atomestom recombination {(reaction

C) is rate~detarmining we have
1= 1,06° = K exp (-27:/R1) [4s]
and
bl = -WT/EF’

In this cage {for Lanmgmuir conditiona) a linear Tafel
relationshlp ean only be obtained at low covernre (l-8 % 1)
and bl will tend %o infinity ns @ — 1.

Anodic gas evolution reactions (6,7,11) are ususlly
more complex and procesd by murs bthan two atepse 7The oxypen
svolution reaction involves, for example, at least throee

consecutive resctions such as

M O+ 08 - MIH 4+ @
A3 0+ R e MDD 4 320 + @ Seheme A

!ﬁﬂ*%ma’?ﬁ*@z

or
H o+ UH e Wil + e
#OH 4+ MOH —~ 495 ¢ !Izi) + M Schems B
MO ¢ B0 - 2 02

or a more complicated sequemncs of consecutive steps such se

e OH s MOH ¢+ @
Mﬂﬁ*&ﬁ'mm*ﬂao*a
Hoheme O

w3 4 OH m?ﬁma%@
M2102  MOH e 2M <+ aao + 02



where ¥ 13 a site or the surface, and OH" popresents the
species from which 0H radicale are dlscharzed on the surfnce
(this may be a hydrated CH 1om or a water rolecule).

The kinetiecs of this reaction have boen previously
treated in detall (6,61) followin. arruments similar to those
given above for the hydrogen evolution reaction and, in
particular, assuming Langmulr conditions. A detailed
derivation of the Tafel slopes obtained for oxygon evolution
under various lirmiting condliiane wme iven recently (Ll) and
will not be reprodused here. Two general rosulte of any
treatmont based on the Largmulr isotherm are relevant to the
following <discussions {a) linéar Tafel relationsrips are
predicted only for limitingely low or limitingly high coverage
conditions (10,13,30}3 (b) the Tafel slope for a given step
decreases the further down 1t 4s in a reaction sequence {(6,7,10).
(thus considoring schome ¥ for oxygen evolution, a Tafel slope
of iT/2F is prodicted if the second stop 1s ratee-deternining,
while a slope of RT/LP would be predicted 1f the third stop
were rate-~dotornining, even thouph Loth stens are forwally
similar "atomeatom” recombination steps). It will be shown
below that ticze are two important agspects 1In wirleh theo
predieted behaviour based on s Lanymulr {sotherm differs from
that based on the Temkin lismotherm.
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(b) Limitations of Caleulations Using the Lammuir

isothorm ,
in
The inadequacy of the Langmulr isotherm/accounting

for the experimentally obsorved behavicur in various slectrode
reactions hag been referred to above., It may be argued, on
general thermodynamic grounds, that equation [6], which 1s an
expression for the equilibrium coverage at a given potantial,
rerogents an equilibrium constant in terms of congentrations

of reactants and products

I&a

The coverage & is vroportional to the concentration of

oxp (-~ 7F/RT) = K(7) {6v]

ot |

products (4in this case adsorbed hydrogen atoms) and the term
(1=8) ie rroportional to the concentration of reactants (free
surface sites)} since concentrations rather thear activities
are used to define the consbtant K(7’), 1t will not be a true
thermodynanic equilibrium constant, and will be expected to

be a function of concentention, o in owr eape, a2 function of
coverage and overpotentiale It ecould them be further argued
that the coverage deporndencs of K(7 } in equation [6b] may
arise olthor from a variation of the activity coefficlient of
products vith coverage (due %o lateral intoraction effects)

or that of reactante in the gense of the aites on the medal
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(due to induced heterogeneaity at the suwrface).

The above 13 a rather qualitative arpument introduced
here only to show that a varistion of free enerpgy of adsorption
with coverage ias expected on general grounds, and that the
Langmiyr isotherm can only serve as a first approximation. The
form of the variation of the flyee sner:y of adsorption with
coverspe can obviously not be predieted from purely thermoe .
dynamic consgiderations.

It was pointed out above that the constant psewdo=
capacitios obsarved at the platinum electrods for anodic
dissolution of adsorbed hydrogen (L,22) could not be accounted
for if the adsorbed atoms obeyed a Langmiy isotherm, and
thia led to the formulation of the Temkin isotherm (50)
where a linesar variation of free energy of adsorption with
coverzge was considered.

Adsorption studies involving ths gas/solid interfsce
(56) show that the heat of adsorption decreasea with coverage,
and in the range Ou1 < @ € 0.9 this decrease can be
approximately represented in terms of a linesr funetion of 9.
This led Parsons (53) to assume that the freoe energy and the
heat of adsorption vary in the same way with coverapse, 1.0,
that the noneconfigurstional entropy of adsorption ia practice
ally independent of coverape. The same view waa adopted by
Thomas (30) in relatins the kimetics of hydro en evolution to
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the behaviour of hydrogen adsorbed from the gas phase on
motals. A different view i{s held, however, by some of the
German school of electrochemista (25,32,46) who claim that the
free energy of adsorption of hydrogen orn some noble metals
olectrodes is independent of coverage {and hence a Langmuir
adsorption isothorm 18 obeyed) owing to a compensation between
the changes in enthalpy and entropy with coverage.

Thomns (30) has pointed out that for hydrogen evolution
a Pafel slope of less than RI/BF can only be predicted at
limitingly low coverage (8 € 0.1) if tho Langmuiyr isotherm is
obeyed, while such slopes have been obaerved (51,55,2L) at
platirmum and palladiunm where ths coversge ¢ was found to bve
appreciably greater than 0.1 {56,25). 4 aimilar arcument applies
to oxygen svolution where low Tafel slopes have been established
in the range shiers @ 2 0.5 (7,39,41). Moreover, a treatment
based on the Langmuir isotherm predicts linesr Tafel relatione
ships only at extrome values of & (below 0.l or sbove 0.9)
while such linear relationships are obaerved {£5,56) for interw
mediante coverages.

Thomas (30) has further pointed out that in several
casos Tafel slopes having a value close to 2.3 RT/P have
been obaerved for hydrogen evolution {(57,58,59)s Suech slopes
oould not be predicted for hydrogen evolution assuming
Langmuir conditions (but see p, 68).



Comparison of Tafel alopes and openesircuit decay
slopes constitutes anothor oase whore results ecannot be
accounted for by assuming the aprlieability of the Langmulr
igotherm. It was pointed out by Comuay snd Bourgault (39)
that the reolat'orship

T = - i (6]

wag only valid when the total capacity at the metal solution
interface was sensibly conatant over the potential range
investi gated. Under Langmulr condifions, th's could only be
the case as @ - 0 or & — 1, when the adsorption pseudow
capacity 1a nerlirible with respect ta ths lonie double~layer
capacity and the variation of the latter with potential may be
considerod relatively negligible in this case.

Butlaer and Arvstrong (35) found that the Tafel slope
and the open=circuit decay slope on platimm during hydropen
evolution were both numerically equal to 2.3 RT/2F. The
mechanism indicated is fast discharge followed by slow, ratee
determinin:, atom=atom recombination. &ince the coverage of
platinum electrodea at 27 = 0 is knowmn to be ap-rec!iable (4,22),
and as & — 1 the Talel =lope would tend to infinity for this
mechanism, tho ap: licabllity of equation [Li6] in this case
indicates the exilstence of a constant adsorption pseudoe-

capacity over sn appreciable potential range, which %is 4n
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agreement with results of Frumkin and coe-workers (l,22) from
direct coverage meagurements, and carmot be explained

assuning Langmuir conditions.

(¢) Appligation of the Temkin Isotherm in Evaluatiom of
Kinetlic Hquatione for the hegere

In the previous section, a short resumé of the general
treatment of electrode kinetics in terms of a Langmulir edsorption
isotherm was given. It was shown that, in peneral, the free
energy of adsorption ghould be expected to depend on coverage
and a subatential part of the exparimentally obgerved phenomena
in the study of the ¢leotrode kinetice of reactions Involving
adsorbved inter~sdiates can only be accounted for if mich a
depsndence !s considsred.

The Temkin isotherm (50) which, 28 we have shown,
involves the assurption of o linear decrease in free energy
of adsorption with increasing coverage, was formulated in
1941, Tho general kinetic eguations for the eloctrolytle
heGer. Obtained 1in the range of coverage where this isotherm
1s applicable, wero given by Frumkin and co-workers (55,62)
and the consequences of assuming "Temkin"” behaviour were more
or less implicitly indicated in several later papers (46,63,29,
31,32).

It 1s perhaps surprising that the hulk of experimental
data both in olectrode kineties and non=electrochemicel hetero=
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geneous reaction kinetics 1a atill often interpreted in

terms of a limiting Langmulr adsorption isotherm, even though
the formal tools for s better apmwoxirmtion (1l.e. the Temkin
adsorption isothoerm and the consequertly modified rate
equations) have been avallable for the last twenty years.
Moreover, the Temkin treatwmenti has been restricted, until
very recently (8,9,10,61}, to the case of the hydropgen
evolution reaction. Other elestrode reactions, in particular
the anodle oxygen evolution, have only been previously
digscussed in terms of the Langmuir isothorm except in recent
work by Conway ard Bourgault (for oxyren evolution at the
nickel oxide electrode) and Ly Jonway and Dzieciuch (for anodic
decarboxylation and the Xolbe reaction).

In order to exauplify the treatment for Temicin
condlitions, the general rate equations for hydrogen evolution
will be given in the present gection, following partly the
method of presentation given by ®.ce Parsons {53), Thomas (30)
and Krishtalik (6l).

The general rate egquations for the dlscharge step in

the hee.r'e 2nd 1%s yeverse may be writien

v, = K (1) o expe[a0} + are + 8 VF/RT (7]
H,0
3

v, = k ©expel[sal, - (1-a)re - (1-p)YFI/RT (48]
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In these and following rate equationeg the terms kn oxp &Gﬁ/ﬁ?
and k_, exp Aﬁf;/RT roprosent the specific rate constants of
the forward and reverse reaction of the n'th step, respectively,
V is the motelesolution potential difference, r 1s & parametaré
determining the rate of variation of the free energy of
adsorption with covorsges, a and f are symmetry factors (see

Pe 67) related to the form of the enorgy barrier for reasctions

at the metal solution Iinterface and ¢ + is the concentration

H30

of 330’ in the double layere
If a following desorption step iz wate-determining,

the initial discharge step may be assumed to be in quasi~

equilibrium, as we have discussed above, Then putting

vy = v_, ve hence obtain
o o G = 'k, e (- dp) [49)
Y

From the definition of r &n equation [37] it 1s clear that
1t should talte a norative aisn if oxocerpgic free energles of
adsoprption are to have negative values. In the present and
following rate equations we shall use r to ropresent the
absolute numerical value of this parureter to conform with our
own (10) apnd previously published sork of others (20,53).

** we shall neglect here, and in the following treatment, all
doublee~layer effects and assume that the concentrations of
reactants in the double-layer are not changed during the
reaction. In some casos we shall include this conatant
concentration term in the relevant specific rate constant,
The term exp (P v F/RT) ifmnwolving the inner or outer Helmholte
layor potential é{ has also been included in the specific
rate constants in all our equations, and ¢ has been aasumed
to be essentially independent of elecirods potential. This
assumption has beon made since we are only interested, in the
present dlscussion, in effects involving the adsorbed intere
mediate and not the structure and asmocliated potentials in

the 1onic doublo=layor.
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vhere 1xa i3 a constant at constant temperature and composition,
This result is to bo compared with equation [&] obtalned for
the sane equilibrium assuming Lamymuir conditions. The term
9/(1=8) on the l.h.s. of equation [49] {8 a configurational
term, and appears also in eguation [6]. ¥e shall pefer to

it, and to terms derived direotly from it {see below), ae

"the Langmuir term". The exponentisl term in ¢ arises from
the assumption of a free energy of activation varying lirearly
with coverage Af the fros energy of adsorption of intermedistes
varies linearly with coverage (Temkin isotherm) and will
accordingly be referred to as the "Pemlrin term®. At very low
values of &, the exponantial term in & approaches unity and
hence equation [9] reduces to equation {6a) i.e. Langmuir
behaviour iz, in the limiting case, obaerved. Similarly, at
high coverage, the Temkin term becomes practically consztant

and equation [49] may be rewritten as

1‘& = IKA Oxp (ﬁ) exp (= ﬁ) = aKA exp (- }S) [49a]
which is again a Langmiir isotherm (cf. eguation 6a) but
with a different frese energy of adsorption from that for gzero
soverage conditions.
At intermedinte values of the coverage, the variation
of tho preeexponential Langmuir term with @ 1s neglipgible with
respect to the variation of ths Temkin term (ef. £3,30), and
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equation [L19) then simplifies to

oxp B = K exp (= §) [49b)
or

ré = P 4 gonstant
Under the same conditions, we may also wodify the rate

equations [47] and [§49]), naglecting the pre-exponential terms
and obtain

v, = K cﬁ o oxp = [gaz + are + pVP)/RT (k7a)
3
v, = k., exp -lacf, = (1-0) ro ~(1-pIve/mT (43a)

This form of the rate equation wes used in all previous
discussions of sloctrode kinetics at intermediste coverage

in the range where Temkin conditiona prevall. We shall
show subsequently that neglect of the proeexponential term in
&/(1=3) in the rate equations iz Justiffied a priori only for
electrode reactions which procesd through two steps. Moreover,
in deducing the correspanding adsorption paseudocapacity
behaviour, we show below that the Langmulr term cen never be
neglected (unless an unreasonably high value is assumed for
the parameter r, say r/RT D 30) without introducing a
substantial error in the evaluation of C as a function of

W“ﬂt’.alo
If we substitute equation [§j9b] into [L47a) and [LBa]
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it follouws that the rates of the discharpe step and its
reverse are independent of potentisl so long as they can be
considered at equilibrium (the latter condition 1s necessary
for equation [49b] to be walid).

¥e now exanmine the case whoere the slectrolytic
hydrogen evolution reanction occurs through discharge followed
orimarily by atomemstom recombination, ul th the latter retee
deternining. Feofore writing the rate equation for any
desorption astep we must now discuss the conditions for whilch
activated or noneactivated adsorption of hydrogen arises and
how this influences the desorption kiretics. In the case of
the dissociative chomisorption of molecular hydrosen to form
adsorhed hydrozon atoms, the molecules first apprroach the
surface and become physically adsorbed without dissoclation.
7his process requires no activation enerpy (30,65). The
physically adsorbed molecules will then undarro dlescciation
on the surface and become chemically adsorbed, and, depending
on whether the potential snergy curves for Hé e MH, and
2H —. 2MH cross above or below the line for zero enerpyy
(referred to that of hydropen moleoules at infinite distance
from the surface), "sctivated" or "nonwactivated" adsorption,
respectively, arises. The situation 1s represented
schematically !n Plpse 58 and 5be It 1s obvious from theas
figures, that if adsorption is noneactivated, any change in
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Sehematiec potential energy disgrams for
non=activated and sctivated adsorption

conditions.

a) Honwsetivated mdsorption case. Enerpy
of desorption = activation enorpy for
degorption,

b) Activated admsorption caszej curves across
above the zero enerpyy line.

¢) Intermediate sctivated adgsorption cases
curves crozs above tho gero energy line
only at {inite coverage but not at

ZEro coveragt.
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the free energy of adsorption AC of the a tomic or radieal
internediantes (i.2. due to the dependence of AG on #, as
discussed above) will rosult in a numeriecally egual change
in the free onergy of activation for the desarption procesa.
Conversely, if the molecular adsorption to form atoms is
activated, the change in free eneryy of activation for the
desorption process will amount to a fyaction a of the total
change in free enor:y of adsorption, where a is a symmetry
factor in the usual sense used in slectrode kinetics, 1.08.
1t 18 related to the relstive slopes of the potential enerpy
curves for the initial and fimal states but 1z not
neceasarily eq.al to the symmetry factor B for the charpe
transfer step,

The rate equation for atom=atom recombination at
intermediate coversage, when the pre-exponential term In O is
nogligible with respect to the exponential term, is then
& We shall use the symme factors a and 8 for terms involving
® and V, regpoctively in all our rate equations. It iz well
underastood thut & characteristic symmetry factor should be used,
in principle, for each step, but in view of the lack of detailes
informe tion reparding ths actual mumerical valuea of these
parameters for different steps in electrode reactions, we shall
gasume throughout this thesis thet a = 8 = 0,5 for all the
reasctions asteps to be discussed, For a simple discharge

step producing an intermedinte, it will be generally true
that a = lef3,
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v = k, exp - (80} = 2erel/me (501
when adsorption of hydropen 1s activated

or

v = % em - (8] - zrel/er [51]
when 1t is non=activatad. Substitutineg the value of 6 in
terms of potential from equatior [L9b] and differentlating V
with respeet to In § then c3vea

&V/d In i = eR%/208"

a¥/d In & = «RT/ZF
for conditions of activated and noneactivated adgsorption of
hydropen, respsctively.

Tihms, activated adsorption can lead, under Temiin
conditions, to a Tafol slope of sbout 0.0583 wolt (with « % 0.5)
in agreement with gzome experimental results (57,58,59,60).

This slope, deduced by Thomas (30)" for this mechenlsm, is
characteristic of o radical desorption step in which molecule
production oceurse

Noneactivated adsorption leads to a Tafel slope of
RT/2F = 0,029 volt, whish 1s numerically equal to that predicted

* Horiuti and cow-workers { 63 ,101,102) have deduced a Tafel
slope of 15 RT/P to RT/P, for the pecombinntion mochaniasm,
taking into account lateral Interaction effects. Thelr
conclusions deprond on a rather peartieulsr pet of ensrpgy parae
meters, and were disregarded in wost later discusslong of this
mechanism (ef. ref. 30,50,6l4).

el The same alope was, howsver, previcusly deduced for "firet
order recombination” (66) or slow diffusion of H atomsg to
recombinntion sites (67) under Langwulr condltions at low
COVerage,
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for the same mechanism under Langmuir conditions, 7This result
should, nevertheless, be conasldered "new" in the sense that it
eppliea to interwmediate values of the coverage shilch most
likely arise at metals (e.g. ¥t or Pd) where thie slope is
obgerved experimentally. We note slso that due to the slower,
linear, variation of & with potential under Temkin conditiona
(cfe equation L49b), a constant Tafel slope of RT/27 msy be
obgerved over s rmuch wider prange of potentials than in the
Langmulr case, Anticipating some of the ori inal mumerlcsl
ocalculationg to be given below, we find that if & ( 7 = 0) = 0,0
the characteriatic recombinetion slope will only be observed
under Largmiir conditions over about 0,06 volt, If Temkin
conditions prevail, however, at intermediste coverage values
withysay, a value of r = 5 Kealege equiv:% the same slope
could be observed over a range of 0,3% volis.

A gimilar treatment may be piven for the rate=
deternining ion=atom recombination reaction {reaction RB) at
intermediste coveragej the rate equations are

v, = k cH o* exp -~ lnﬂg - ar@ + pVFl/RT {s2]
3

The symmotry factors a and p appearing iun this equation may bve
quite different (unlike in moet cnses) since they refer to
different pairs of potential enerpy curves, representing sections
of the potential enerpgy surface in differery directions,  This
arises sinee effectiol potentisl on the enorry of the Haﬂ* ions

arnd electrons in the initlal state mast oripginate in a different
way from effects of changing adaorption enervies of the alBsorbed
1 in the initial stote. We shall nevertheless take am=p=0,5 in
this case, 28 in all other cases.



for activated adsorption and
v, = ¢ axp --[AG’6 - pd + pVR)/RT (53]
B E: 1,0" B
3
for non=-activated adsorptions Upon substitution of r® in

torme of VF from equation [419b] we obtsin the Tafel slopes

av/d In1 = RT/(a +B) P = -RT/F

aV/d In 3 = «RT/(1 +8) F 3 «(2/3)RT/F

for activated and non-activated adsorption, respectively.

The slope RT/F, obtained if adsorption is activated,
is characteristic of radical desorption steps in which molecules
are produced, as pointed out above. It 1s peen that the same
Zafel slope is predicted for both reactions (B) or (C) if
rate~detarmining. A similar result, namely that different
mechenigms give rise, under Temktin comditions, to the same
value of the Tafel slope, will be deduced in the discussion
of rather more complicated anodic reasction sequences to be
presented in the chapters on origiml ealeulations. In genepral,
the Tafel slopes far reactions proceeding under Temkin
condltions are less dlapnostic of reaciion mochaniem than they
can be under Lengmulr conditions.

The possible variations in Tafel slopes with potential
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for the mechanism dlscussed sbove {fast discharze followed by
glow rate-deternining ion-atom desorption) are of some
interest. At very low coverape {masuming that 9(?7 = 0), s,
say, less than 0.01) the Temkin term 1s neglipgible in any cass
and a slope of =RT/(1+8)F = 0.038 volt obtained under Lengmuir
conditions, will be observed. A the cathodic overpotential
is increased, the Temkin rezion can be reached (corresponding
roughly to 0.2 < @ € 0.8) whers a Tafel slope of =RT/2BF ® 0.058
volt may be obtainred. With Turther inorease in cathodice overe
potential another Lanpmuir segion is ontered, corresponding in
this case to a Tafel slope of =RT/BF = 0,116 volt, On account
of the relatively slow variation of @ with V 4n the Tomkin
vezion, we may, in principls, expect to find thres lony and
well defined linear Tafel repiong, whict mirht ordinarily be
explained in terms of thres aprarently different mochaniams.
Such a course of currentepotential behaviour does not aprear
to have been observed sxperimentally. We have introduced this
oxample only to indiecate the added difficulty in interpreting
exper imental resulte, arising from what appears to be an
uravoidable necesslity of introduction of the Temkin terma into
the rate equations (cf. ref. 53).

We believe (contrary to thse view of Thomas (30))
that conditions of noneactivated adsorpiion, leading in this
cage to a Tafel slope of 0,038 volt, are as likely for the

fon=atom recombination atep as they are whmn desorption occcurs
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by an atomestom recombingtion wechanisme. The initial state for
the joneatom desorption step consiets of the speelos, M, 830*
and the electrons in the metal. The ground gtate of the first
entity is affected by the change in free enerpgy of adsorption
with covarage and provided that the emersy of the activated
state is etill negative with respect to thoe energy of free
molecular hydropen {(i.e. adsorption is non~-sotivated), the freo
snergy of activation for the whole desorptlion step will be
changed by an amount numerlcally equal to balfl the change in
free energy of adsorption per mole which results from an
increase of surfuace soverage (Temkin fsotherwm applying). The
term in potentlazl will elways contain the usual symmetry factor
{whether adsorption is activated or nonesctiveted) because only
part of the potential drop across the interphase will be
operative in forming the activated complex, or, in other words
the glectrochemical potential of the activated state will be
intermadiate between that of the final and Initial states (51).
Only two extreme cases have been discuassed by
Thomas (30) when adsorption 1s nctivated or nonesctivated
throughout the rance of coverage considered. WWe can however
conglder an intermadlate, and probably mure genrersl, cage when
at a8 coversge corraesponding to '7 = 0 sdsorption is none
activated, but «s the potential ener;yv curve for MH s moved
upward wlth inereasing coverave {and associnted inerease in

cathodic potentiaml), a point is rcached when activated adsorption
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gets in (sece Fig. Ye). Conseguently the Tafsl slope will
change slowly from «0,029 volts or =0.,037% volt to «0.049 volt,
in a manner similar to that due to a change in mechanism (16).
However, while a dual mechanism leading to a2 nonelinear Tafel
relationship can normally only be effective ov-r a short
potential range, the non=linear Tafel re:lon due to transition
from non-activated to activaied adsorpiion may extend over
several hundred ~illivolts ov the potential esemle.

It may be argued that the Tafel slopes calculasted
for noneactivated adsorption at intermediate coverape (i.e.
«0,029 volt and «0,038 volt) will pever be realized in
practice, since under these conditions the surlface will be
almost completely covered. This, in fect, 1s found to be the
case for adsorption from the gse phase, lHowever, it was pointed
out by Thomas that the extent of coverspe by hydroren atonms
in solution will be reduced, compared with that in the gas phase,
to an extent depsndiny on the relative free energles of
adsorption of hydrogren and water moleculez In the interphass,
Little quantitative informatiion is, however, avallable for
adsorption of water. KXemball (69) found the hest of adsorption
of water at mercury frum/zagour phase to be 17,6 Kcal, moles’ On
more strongly adsorbing metala the figiwre may be expected to
be even higher. The gompetitive adgorption of water could

therefore decrease the extent of coverspe QH of the surface

by hydrogen to an appreciable extent and lead o intermediate
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values of 3, under non-activated conditions { specifically
adsorbed anions in the solution may lead to a further
decrease ir 8., ef. (32)). Experimentally, these conditions
of nonegectivated adsorption under Temitin conditions are
indicated for the hydrogen svolution behaviour on Pt and on

Pd, as digocussed above.

(411) ZIhe Form of the Veriation of idsor tion fasudoe

Capncity with Potent!

The Temkin 1sotherm in its sl-plified form, when
the Langmuir torm 13 altogether neplscied, leads to a linenr
dependence of covorage on potentisl as wo have showi abovae,

vize
ré = VP <+ constant [hob)

and consequently to a constant asdeorption pseudocapacity
given by

Cp = «~k do/av = k' Fp (54

whore we have added the subseript ¥ to indleate that 1t ie a
term arising under Temkin conditione in the senpe deflined

above. The rather limited applicabllity of thia equation will
be dlecuseced below, whors we shall show thnt the pseudocapracity
¢an never be consldered striectly constart. The total adsorption
pesudocapacity will be e¢lose to Cop only for apprecisble values

of re Taking, say, r = 10 E&al.&qniﬁ?‘and subatituting
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numerical values irto eauation {Sh] we obtain approximately

18 «10 2 n% - - -
= A0 7X1.6K10 73107 o 3.8 x 107HF.en™? = 3.3x20% F.onte

¢
T L|.02 X lOLL

where the number of sites per cn of real surface ares is taken

as 1 x 1015*‘ The temkin pseudocapacity, even fur apnrecliable
values of r car hence be about an order of magnitude hirher
than the fonic double-layer ospacity with which it lies in
parallel, and should be eaelly distinpulshable from 1te On
ths other hand, 1t is aprroeclably lower than the "Lanpmulr
pacudoecapacity” as we shall ahow belows

Buclken nr« Weblus have shown (L6) that the adsorption
psoudocapacity isc a simple function of coverage, if Lonc wmip

conditione are assumed %o prevall, as follows
x'F
CL = -mﬁ(lwe) [g=]

This function has a maximum value at @ = 0.5 given by

'y ~ly .
ytmax) = Job = BEKO"IHO £ 108 2106 x 107 yraont?

a value which is approciasbly greater than that obtained for the

Temkin term C, above with the samw velue of k'« The potential

T

* The same value for k' will be used thyaurhout the following

general diuauanign of pseudocapnclity. It s abvious that the
exact value of k' derends on the nature (sizs and electroe
chemical valence) of eadsorbed interwedintes and the geometry
of the adgorbent swrface. The form of tho (e gurves will,
however, not depend on the numerical value of It
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dependence of €, has been previously calculsted (70) and 1t
was found that ¢, would only bs appreciable over a limited
potential range (ca. U2 volt)s It was also shown that fyow
the overpotential at which the maximum in the C=-' ouprve vccurs,
the coverage at the ravarsible potential (7 = 0) eould be
calculated. This method iz, howaver, limited to caasesg vhere
a Languir isotherm 1s strictly obeyed at all velues of the
coverag®.

Eucken and Weblus (L6) have slszo given an expreasion
for tne dependance of total adsorption pseudocapacity on
coverage when both a Temkin and a Langeulr torm are included,

vige

(6]

but they did pnol atterpt to examine the mmerlesl or cusntitative
simificance of this eguation. Thelr exprossion can be reduced
to a form derived in & different way by Conway and sileadi {10)
(sae below), It leade to a maximum value of the pseudocapscity

given by
§

C{max)} = g@ﬁ x E3%7ET {571

It 45 seen that

1im Clmax) = ¢, (max
e ) 1, {max)

and

18m C{max) =

H
T -t 00 T
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Taking r = 10 Keal/equive., the numerical wvalue of C(max) is

gseen to be

-4 -
C(mx) = W X 1. X 106 = 3,1 x 1ﬁ2 ;&F.cm.l

e8¢, s0mevwhat lower than CT obitalned for the game value of r.
The Hepseudocapacity of noble metals under steady

state cathodlc polarization was mommursd by Yucken and Weblus (L6)

and later by Freiter (31,32) by the a.c. bridge method as &

function of potentinl., Two -aximn were observed and were

interpretated by tho above nutharg as being due to Langmuir

type adgsorption st tw erystalloprephieally differcnt surfaces.

The peaks wore found Q.12 volt apart, correosponding to a

difference of 2.7 Keal/equivalent in tho free enerzics of

adsorption on ths two kindas of surfaces exposed. 7The above

interpretation could onslily be confirwed by repeating the

measurements on aingls ervotal oleetrodes, where a single

peak should be observed, Resulis of such experiments have

not besr publizhed. Corway, Gileadl and Defeciuch (6)

have reported ain-le peaks in the C-V plot for the anodie

decarboxylati on reaction with formate jong ir formie acid

et noble metal electrodes. Thess results will, however, be

examined in more detall below,
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KINETICS AT INTERMELTATE GOVERAGES

1. THE ORIGIN ov S8 VARTAVION OF 1A% AL FRET wuFoY

OF ADSRQRPUICH WITH COVERAGE

It has been showuwn above that general thermodynamie
consider tions regarding the activities of components iIn the
surface phase lead to the cornclugior that the fres sner:v of
adsorption 1a a funetion of coverage so that the Lanreuip
igotherm can, in most cases, serve only as o first aprroxiration.
Experimental ovidence from gas phase adsopption studles
{52,71,72) sbows that the hest of adsorption ususlly decresses
with eoverarc in an approximately lineay manrer at inteprmediate
values of the coverage. The behaviowr of adsorbed intoermsdistes
in electrode renctions (4,7,8,22,30,39) and in particular the
dependence of adsorption pseudocapacity on potential is, in
a number of cases, consistent with the asgumpilon of a linearly
decressing freo snerpy of adsorption with covoraco.

In this chapter, wo ghall first diascuss the different
models which could lead to a decyease In free enepr-y of
adsorption vith Iinereasing covarage and thon examine the kinetie
songequiences of aprlying these models to electrochoemicel reactions

Por simple elesetrode resciions, vhere a alinple
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gdporbed intermediate is involved (e.pe In the hydrogen
evolution rsaction) eguations (L7al and [Lla] can be rewritten
as

v, © k, ea o* exp -[aag +a £(8) « § VF/1/RY [hv]

3

v, = k_, exp = [a0f, = (1-a) £(0) + (2=p) VFI/RT  [LBD]
where we have written the adsorption eneryy torm »8 of
equations [L7s, hila] in a gemeral form as £{8),and £(8) way
now be any simple fumetion of &, Bruatlion [49b) will then take

the form
£{8) = VF + conat. {119e1

and 1f the latter relationsghip is introduced into, say,
sguation [50], which now has the form

v, = kg exp (26} - 2a £(8)I/rY [50a]

the same result ias obtained ss when £{8) wes taken simply
as equal to 'ré6.

It 1z evident, therefore, that the exact form of the
variation of AG with # does not affect the kinetics of ailmple
eleetrode renctions when & single adsorbed intermedinte is
involved and this Iz a eonclusion of somo revnearal importance,
Rowever, for complex reactions involvineg two or more intere
mediates, the results will depend slirhtly on the model used
to aceount for the variation of free ensrzy of adsorption with
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coverape. Weo shall therefors diecuss first the vardous possible
models, and then work out the kinetic eguations for n particular
cage, the oxygon avolu;iun reaction, in terms of each model,
This case is chosen /812;2 reaction ivvolvesg more than two
congacutive steps and more than one adsorbed intermediate.

It {2 also relevant to previouasly published work from this
Laboratory and to some of the experiwentsl work to be deseribed
in Chaptess IV anda V.

(1)

This factor ls the one considered in the model
originally examined by Temiin (50), who asgumed that the
electrode catalyst surfuce was hetereogeneocus on the atomie
scale, and different altes on it had intrinsleally different
affinities for the adsorbate. ¥hile the eoncept of a hetaro=
geneous surface ig physically sound and 15 well rocosnized in
general theorlioes of catalyais, and probably aleo accounts in
most cases for at least a part of the totsl change in free
enerzy of adsorption with coverags, ‘'t would seom rather
fortuitous that the afrinities of sites {or small groups of
gites) w14 vary lln@uglx% with coverage, as postulated by

* his 13, of coursd, not the only distribution of adsorption

anerples assocliated with ha%mra%wmmSEy of the suwrfrce thnt has
been considered. An exponentlial distribution has, for eoxample,
been considered by Zeldovich (83).
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Temkine It should be remembered, however, that a wide
Gaussian distribution of affinities of sites may, at inter-
nedlate coverage, behave as one effestively involving an
almopt fliat maximm (1.e0. leading to the reqguired linear
relationshipie. Moreover since the Termkin isotherm is really
aprlicable only at internmediate values of the coverage, the
deviations from linearity ir the relation betweon free enerpy
of adsorption and coverage at exityene walues of the coveprage
will not usually be gignificant Iin any cnses

(11) Interaction Effects
Iateral intersction effects might sesm to be the

wost obvious reason for the exnerinmentally obssrved fall of
heata of adsorption with coverssge. It has been shown, however,
by Boudart (72) and others (73) that two~dimensionsl interaction
enercles are generally not lmrge enough to account for -ost of
the changes of heats of adsorption with coverage which have
been obasrved in various adsorbent-pdsarhate systemz. Moree
over, lon~ion and dipole-dipole repulsions can lead to 2
deeranse of energy of adsorption with ﬂllg and 03}2.
regspectively, and the experimentally observed approx! rately
linenr relationghip betwesn the heat of adsorpiion and #

{at internodiate coverage) could not be explainad.% At high

® Conuway, Cileadi and Dgleciuech (9) have reported ay exrerimental

oase consistent with a dipole~dipole repulsion effect. ‘his model
should not, therefore, be completely disreparded. “‘milarly,
dipole repulslion effects are lmportant in oriented wonolavers of
gurface active molecules as ghown by Mitechell (100) and by
Barradas and Conway {34).



coverapge, the "London' dispersion forces may becorme important
and lead to an attraction term in 93 which may decreanse or
ovon reverse ary long range electrostatie rapulsion forces st
short dlstances. This attractive eoffect would bie largely
operative at high eoverages, vhere the Lanpmuir term ia
predominant in any case, and would hardly be expocted to be
sirnificant experimentally.

(134) Induced Heteroreneity" Eflecta

The physical pleture of “induced heteropenelty”
as discussed by Toudart (72) is that the affinity of a
particular surface site towards the adsortate le chanped on
account of adsorption at other sites. The term "induced
heterogensity" was adopted by Doudart for thie kind of long
range interaction effect, since it lends to a differential
free envergy of adsorption gradually chvwo inge with eoverage on
a surface assumed to be initially intri-sically homopenecun,.

The Russian workeps have developed (&l.,74,75,76) an
induced heterogeneity model, baged on the aasumption of a
two=dimenslonal electron gas at the metal surface, and the
theorsticel treatment of this model loads %0 a linear decreasge
of hest of adsorption with coverage. The idea of induced
heterogensity (without refersnce to its ecsuse) was also

$mplicitly used by Fucken (71) to explain ths kinetlos of
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hydrogen adsorption on nickel from the gas phase. Toudart (72)
has proposed a model in whieh the adsorbed intorrediates set
up a surface potential proportional to the coversre (ef. the
Helmhiolts equation) which causes a change in the aslectronic
work function of the metnls This chenre In work function is
hence & linear function ol coverage, a0 that ths heat of
chemisorption, uwhich iz normally determired in part by the
vork function (95) is then linearly related to the change in
the latter.

The surface dipole model proposed by Moudart seems
the most acceptable, since it dspends on simple electrostatic
considerations and is consistent with well known, exp:rimentally
measurable, chanres in electroniec work functions due to
alsorption. The electron pas model, however, lends to the same
electrochemical kinetlic and capaeity cquations as in the ease
of the Boudart model.

LOGALITHMIC (TEMKIN) ISOTHERM, WEEN SiVIRAT ADSORDED

JHLERMEDTIAL LS MAY b INVOLVED

In the previous sectinn, we have discussed the wvarlous

models leadinz to a coverageedopendent free enerpy of adsorption.
We have referred to the fact that the induced heterorencity
model of Boudart (72) can offer the best nccount of the linear
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variastion of heat of adsorprion with coverapge, but other
models may nevertheless be of some importancs in certain
o8sess Thus, we may anticipate soms contributions from all
three affects (viz. Induced heterogensity, intrinsic heteroe
geneity and interaction effects) depsnding on coverape snd the
chemieal nature of the adsorbate and adsorbent., Ve shall now
proceed to discuss the kinetics of somplex anodic reaciions
involving more then one adsorbed intsrmediante, in particular
the oxygen evolution reaction, in terms of the werious models,

laying the main erphasis on Boudartts model,

(1) Kipetic Ecuations Arisins for the Case of Intrinsic
Heteroeneity

Here wo first conaider bLriefly the consequences of

assuming that the varlation of heat of adsorpiion with coverage
1a due to an intrinsie heterogeneity of the surfaces If there
ie no specificity of surface aites for two or more adsorbed
intermediates at a total coverage @, {Wrnleh will be the case
1f they are chomicslly similar, az 1n the oxysen evolutlon
reaction where Ol end O apscles are involved), we can write,

in general, for inte medistes & and B
8H, = AHY - 7,03 8, = B - r 8 (58]

pince the energy of adsorption of e given sgpecios will depend
on the sites remaining juzt beyond the total covernre 9? and
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the r values define the ilstribvution (asswred linesy) of
energies of adsorption with total coversge. IT¢ 13 not
necessary that r, = ry, elnce the variation of the snerpy

of chemisorption of the specles A and I with coverage probably
depande on the electronegativity difference bLetween the sites
and each of the specles adsorbeds In ~any cases 1t will,
however, be legitimate to regard L % ry particulsrly vhere
the apecles are chemicelly similar, 28 in the oxygen evolution
cas9 for 0 and OH adsorption. VWhen Shere la complate
specificity of sites for the two or more speclcs, the surface
behaves eszsentially as a mixture 0f two types of surfaces

with Indezendent properties for esch of tre species, so that
By = AH - 1,0y} My = SHY - vyl (591
It iz unlikely that this case applises to most slectrochemicnel
reactions including the oxygen evolution resction.
We may proceed now to conaider steps In the oxygen
evolution reocction, which occurs through one of the now welle

known (6,7,13) following schemes, ag dlscussed mbove (other

&
schemes could be devised and treated in an analopous way)

) 4 M+ 0H - MOH + e
11 Mo + OH® — MO+ H,0 + e Scheme A
I1 MO + MO — o » o2

® In the oxygen evolution case considersed here, the site M may be
a site on the bare metal or on an oxide £ilm formed on the metal,
The nature of the sites involved will not influsnce our genspal
discugeion,



or
h 4 M + OH s MOH + o
Iv MOH ¢ MOH - MO + 1,0 + M Scheme B
Xt M) o+ MO — M+ 0,
oy
h ¢ M o+ 0l e MOH + e
1T MOH 4+ OH = MO + HyD + e
v MO+ O MHO, + e Seheme ©
vI MHO, + MOH - 2 + HO + O,

Assuming that the primary discharge step I 1a in
quasi~equilibrium, when followed dy rateedetermining II or
IV we obtain

Ton BT = VF + gconstant [60])

which 18 the equivalent of equation [4L9D] for an anodic process.
If atep II is rote-determining, we have
v, = k2 L -[A&é - G ry0. * (1-&)1»06T «~gVF}/RT [61])
Taking a = 8 = 0.5 and subgtituting the value of VF from
equation [60) into aquation {61} we obtain

Vo = K, exp (2r,, =r ) 0 /2RT {61a)

where Ka includes all terms which do not contain B? or v*

and the variation of the pree-exponential tern In OT bas been

* ve shall mark nll constante derived from the nth equation

with the subszeript n and an ordinal number superserint.
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neglected for conditions of appreelable coverape « the case
we wish to investigate, Using equation [60] to substitute @
in terms of potential into equation [6la}, we obtain

r. ... = P
vy = 2 OXp 6—-Q§;§n-9) e/ aus [61b]

whioh gives a Tafel alope of
7 o
&¥/dlni = @r—)( e )
ou™0
Similarly, if atep IV were rate~determining, we would obtain

v, = kh 0§ﬁ exp -téﬁi - 2ar,, O, + (L) rQBT]/RT [62]
which, under the same assumptions, can be written ss
vy, = lk exp (2ry =r,) @,/ 2RT [62a]
leading obviously to the sams Tafel slope as that wher step II
is pate-determining,.
These equations glve the same limiting results when
r,; ™ ry as the general treatment in terms of £(8) for the
induced heterogeneity model to be given belowe It is also
important to note, as with (@), that ths exact form of the
function of 8, in equation [5.5] is immaterial, as it will
always be eliminated when equation [60] is used to substitute
for this function of &, in the rate equationg in terms of VF,
Any arbitrariness In assuming a linear funetion in &, in equation
{60] 18 hence not of importance in the general deduction of
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kinetie currentepotential equationg and Tafel slopes. e
shall show, however, thnt the nature of this £(#) is important
in regard to the form of the potentlal and coverage dependence
of the agsoclated adsorption pssudocapacitance to be discussed
fur ther balow,

A rate~detorrining terminal desorption ster, such

ag ITI will 1lead to

e
3 % K39

Tor sctivated adsorpiion of oxynen atoms from moleculap

v

oxp =(40] = 2ar 9,1/nT (631

oxycrens Jubstitution of 9? in terms of potentlial {rom
squation [60] and with the ssme approximations ss in the
previous cases, thern leads to a Tafel slope of

aV/d In i = @%,_{:,%g)

when reaction 111 4s rate-=determining. 7The results derived on
the basis of a priorl heterorenelty in the 1limiting ense when
the r values for various intermediates are identical will, in
general, be tho same ns those which wlll be deduced below on
the besis of the Doudart model, However, since the y values
need not, in principle, be nqu'te 1dentical, the intrinsile
hetororenelity model allows of the possibility of some variation
of the Tafel slopes from the limitiny values (viz., 2RT/¥? for
step 1I or IV rate determining and RT/F for step 171 patew
determining, when 0, adsorpiion is activated) which can te
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derived 1f the r values are assumed equale

(11) Kinetlc Equations Arlsingc In the Case of Strong
Lateral Interaction 'ffects

Here wo ocongider two kinde of adsorbed speciss A

end 3 (pay the OH and O padicals in the oxygen evolution
reaction) and assume that the fall of heat of adsorntion with
inoressing coverage is entirely due to lateral Interactions.
Let ¢ Avd Enn and 5Aﬁ represent the lateral interaction
energlies between two gpecles of the kind indicated by tho
subseripts The heat of adgorption of esech specles will be
modified by terms corresponding to interactions with radlenls
of ite owr kind and with any ather kiné in propartion to the
partial coverage by each speciesj thus

&

sy = M = k(£,,8, + Ey8) (64]
and

ity = AHY - k(£ .8, *+ £,.9,) (6s]
where k is a proportionality constant and the other torms

have been delined previously. If we assume thet the Intepre-

actions nre purely alnctroutatic,““ we may use tho approximation

* It would be physlcally more consirtont with our arruments to
use here a function 60 (nN=0.5 or l.%)« ‘o have avoided this for
the sake of convenience after it had been proved that the exasct
form of £(@) does not affedt our results.

** tme only experimental evidence consistent with this model (%)
indicatss a dipole~dipole type interasction effect. “London”
dispersion forces would not be important in any caso except at
high coverage, as we have already dlscussed above.



Ean = V2 (E,, * £ [66)

™is can be written aa
Exp = V2 UE,, + VEN=ENE,  i67]

where v i3 defired as tho ratio of two £ wvalues

Y 2 Eppf Epa
Equations [64] aud [65) ear now be rewritten as

AR, = A - ki®, +(-’--?)QBJ Eyp = B = £, () [64a]

aiiy = a2 = k((BF0e, + ve ] £,, = o - £.(8;)  [65a)
where :A(CT) and tB(GT) are functions of the coverape by both
specles, ns defined by equations [6lha] and [65a). WwWe
note that y may, in general, take any numerical value. For
the oxygen svolution react’on, howevar, where 'A?! and 'B!
correspond to chemically similar spocies, the value of y would
bo expvected to be close Lo unity.

Constder, for example, schemo A {see p. 75) for
oxygen evolution, and let the initlal discherpe step be in
quasi-equilibrium, as has bveen sasumed in the troatments
examined above, We obtain, with the ususl aprroxi~sition for

inte:rmediato coverage
:&(OT) = VP + ogonstant [68]

which can be weition explicitly as
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k{9, +(-l-§“)eﬂl Eaa = VP + conatant [68a]

vherre A and B pepresent '0i' and 'Ot pradienls adsorbed at the

gpurface, respeoctively. If step II 48 roteedeteorwining, we have
v, = k9, exp =[80} = of,(8,) + (1=a)f,(0,) = GVi/RT  [69]
or

v, = Ky exp £, (0,) - £,(8,) + VP)/&7 [69a]}

ifp=ag= 0350
Substituting fA(QT) and rB(o,?) from equations [élia]
ana [65a), respectively, we obtain

v, = %K, oxp [k £,,35%) (8, + @) + vFl/2nr (690)

¥hon step II 1a rate~=determining, the surface will tend %o be
primarily covered with O# radicals, hence @, 2 6,
and

£, (0,) ¥k £ pp Op © 7,8, = VF + corstant {70}

where T, 1s the now famliliar constant determinin. the rate
of variation of the free enerpy of adsorption of apecies A
with coverage. Substituting eaquation [70) into [69b] then
leads to

v, = 3, exp [(AFY) VP + VFI/2RT = K 0mpl (3~v)VF)/URY  [696]
and the resulting Tafel slope is
LRIy L2
av/d 1n & (=) (3;-,;,)

when reaction II 1z rate-determining.
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When v = 1, f.es & ap © Eppe the Vafel slope becomes ZRT/F
which 1s identieal with the result obtained above for the same
mechanism using the intrinsic heteropenelty model and assuming
Py S Poe

The treatment becomss somewhat more corrlicated if
the terminnl desorption step III (see p. 85) is rate-determining
and both steps I and Il are assumed to be at quas!-equilibrium,

For reaction I at quasieequilibrium, we have ns refore
*
afe, + 35 ) £,, = VP + comstant [68a]
Bquating tho forward arnd baclkward rates for wyeasction I1

k9, exp=[80} = af, (a;) + (1ea)sy(8,) - BV I/RT =

k_ o8 exp=lac%, ¢ (1ea)f, (9)war,(9,) + (1-p) VPI/RT [72]
hence

5
o om If(0) )/t = U, exp (=VE/ET) [71a]

Pollowing substitution of f&(GT) and fB(GT) from squation [6ha}
and [65a), reapectively, equation i7la] rives

o
‘% oxpl £, (510 1/rT = e, exp (wvE/iy) (710]

In equation [71] 4t must be noted that the jro-axponentisl
terms in 9, and @, cannot be negloeted (as in the previous

discuszgion), since at equllibrium the pratio of ¢t :cpe two



quantities may vary over several arderg of magnitude as the
potential is changed Iin a range corresponding to a relatively
small variation of @..

The ratc of reaction TIY, whieh is assumed pratee

determining in thie case, is then riven by

vy = kyexp - [40] - 2afy(6y)JhT (721
or
vy = K, oxp 20k £,, [(35%) 6, + o )/me” [728]

We substitute for k ,, using equation {68a)

Kk . cﬂ%;@ﬁﬂgg [68a])
‘m 8 + =55) o :

and obtain

(%1)9 * ‘f‘xz
= gav:’ -
lx oxp Fr)is= 8, + (15-") 9

1 VP, r(1¥yv)e, + 2y 8
K (=) | R ] {726
3 %% RY W, s ) S, ]

wvhich gives a Tafel slope of
28, + {1ty) &,

av/a ln1 = (%2) m

We conslder here only the case of activated adsorption (see
Pe 65)e ‘™e equations for noneactiveted adsoprpt on are
acuivalent except for the fector o whilch has to boe omittad.
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for step III rate~determining.

If we assuno reasonably that ¢ = 1, the Talel slope
becomes simply RT/F which is identicsl with the result obtained
using the intrinsic heteroponeity model and assuming Sl
{or in the Ioudart model to be discussed below)s IF v > 1
the Tafel slope will be alightly smaller and vice verasa for
v< 1,

The rehese of equation [71b] represents an eleciro=
chomiczl esquilibrium constant, For the cupe of the oxypen
evolution reaction we may regard tho chemical part of this
congtant as belng close to unity (since the chemical bond
energlos between each adsorbved species and the surlace are
probably of comparable magnitude) hence we may assume, APProxe
imately, that at the potent’al of zero charre { pPeeGe )

0‘ é ‘B.ﬁ Ozypen evolution usually occurs ab potentialse
appreciably anodic to the DeZece of all metals, so that in
w08t cases we car safely assune g >> 8, during oxygen
evolution. This aspumption leads v -« lafel zlope of
(E%N-}ix) for the terminal desorption step III, and should be
cloge to RT/F since v will be clomse to unity.

It 1s physically rather unlikely thot 8, < 8, during

Specific adsorption of anions at the Desecs 1ln assumsd hore
to be negligible. .
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oxysen evolution. If, however, this did happen to be the case,
then Tafel slopes numerically close to those obtalned for the
same machanism assuming Lanumulir condiiions will be obsarved
At low as well as at intermediate covorazes. This point will
bas discussed furthor below,

We note that the two modalg diacussed above lead to
the same results if tho adsorbed specles are chemlically similar,
wnich 18 also the result obtained by consideriny the more
general indused heterogensity madel (ses below)e In the latter
case, however, our conelusions are Indspendent of any sssumptlions

about the nature and proparties of the intermediates.

(111) Kinetie Ecuations Arising in the Case of the Induged

Heters-anol Moda

As discussed above, this is the mozt plausible model
which san account for linesrly falling free energies of
adgorption with coverage (of. 80) observed, for example, in the
chemisorption of ¥ (7)) and 0 (79) st metals at intermodiate
values of the covarapee In the cage of combined adsorption of
X and H at 1ron (80), a priori heterogpenelty of adeorption
sltes hasg boen shown (72) to be quite incapable of explaining
the observed adsorption behaviour of N in the presence of H,

It may be noted thnt the latter work (72,50) indicates that
the r values for varistion of heats of adsorption of N and H
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with coverage are different. This case is cle-rly relevant
to the problem to be discussed herc, where more than one
electrochemical &ntermediate may be chemisorbved in a complex
reaction seq.aucse. '@ heanece adopt the Induced heteropenelty
aodsl (72) ns the most reasonable one for considering a linesy
£all of heat of adsorption with eoversge and apply it to the
case of two (or more) chemisorbed speciss. The equations
analopous to [6ha] and [65a] for spesies A and ¥, may then

be written asz

AH, = BH; - 1,8, - r 8 (73]
bl = Azg - 7,0, - r8 (74

since the variation of heat of adsorption of ihe apocles A or B
will depend, to a first aprroximation, on the sum of tw torms
involving the respective dipols double-laycr surlace potentlasl
contributions from both aspecles A and B,‘” je.2. the term in
r,9, will involve the dipole moment of A and that in r,@. ,

o $1ddiql and Tompkine have shown very racently (32) that the
surfnce potentl :1 chanye due to the adsorpiion of two differmnt
adsorbatens con be caloulated from the prelntive amosunts and the
individusl dipole momenta of each asdsorbate. ‘hiis I3 In
agreasment with the Boudart model (/&) and the general form of
the £{8) funetion used below for this model (egquations 73,7L).
Deviations from a simple additivity law were ummmmzﬁuausly
ecorrelated with the formation of "surface complexes" (82),
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the moment of Ds It 1s impartent to note th-t the same terms
determine the variation of heat of adsorntion of both A and B
with coverage by A and B, ani we shall represent the terms
rp@, * rgé; by r(a).

Wa now proceed to dlsouss the oxygen evoluilon
reaction again, but now for the induced heteroronelity mad:l
assuming, as in the previous cazes, that the initiasl dlscharge
step is at quasi-equilibrium, with one of the following
stepe rete~determining.

From eguilibrium in the initial discharge step we
obtain the previously derived equation

£(e) = V7P <+ constant [68b]

ihis can, of course, be considered the most peneral form of
this equation, applicable to any model, with the definition
of £{9) depending on tho model.

(ﬂ) An Intermodisaf

We now consider the kinetic equations whioh arise
when step II is rate-determiningi this 18 a radicalelion
recombination with charge transfer (cfs MH + H;0' 4 & — Hy0 +M#lL,)
but in distinction to the correspondin, hydrogen producling
process shown in the brackets, does not involve desorption of

the immediate product, The rate equation for II is then

v, =k, 0 oxp =[a0% = af(8) + (1-a)e(0) - gvPl/mT  [75]
2" %2 %n © - O "1
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and, with equation [68b], taking a = f = 0.5
v, = °K, exp vE/zRr [75a]

where sz is a comstant independsnt of @ and ¥, and the
variation of the pre~exponential term in @ with potential

has been neplected at intermediate coverage. The correspondling
Tafel slope for step II is then obviously

av/d In 4 = ZRY/P

This result is obtained sirce the effects of coverage by Ui
and 0 radicals on the eneryry of activation for resction 11
cancel out if a = Q45

The Tafel slope (Z7/F) obtalncd is identical with
that srising under limiting Langmuir conditions at QOH s Lo
It will be noted that reaction II, with coverasse-dependent
frae ener-y of activation, doejnot lead to a slope of RT/(1 + B)F
(Lo0 £R7/F with B = 0.5) as tn the Lengmilr case at low
coverare, or in the case of a rrdiloaleion desorption to form
a pgaseous product (as in the atomeion desorptilon path 1n
hydropgen evolution).

when the OH specles are removed by a formal “recome
bination® type of process (actually an U transfer process)

such as IV, not involving charpge transfer, the rate equation ia

v, = Ik, 0%, oxp (80 - 20£(9) + (1=a)f(8))/RT [76]



- 99 =

Substituting £(8) from equatior [68b] and neglecting the pree

exponential term in @ pives
vh = lKk exp &VF/RT and dV/d lm 1 = ZRY/¥F {76al

i.6., the same vesult as for II undsr comparable conditiona.
We note that a firat order heterogeneous chemical step such
as occurs in electrochemicel decarboxylation resctions (B),

oege the reactions
HCO0® — H* + 003

or

L 2 . + L J
GFBQOO 992 GFB

followinr discharge of the correspondiny fopg, will not, invelvs
exponentinl terms in £(8®) aince they cancel out, so that the
rate of guch steps at intermediate covepares will be preoticsally
independent of potential (a slirht derendence may be obsorved
since the rate of these reactions 1s proportionsl to the surface
concentration of the appropriate radlicesl, nnd hence to the
covarage, since the latter is s linear functior of potential
[eccording to equation 658b], the Tafel slope will tend to
infinity). Under Lanpmuir conditliona, the velocitles of thege
reactions, when rate-controlling, will involve terms in

exp VF/RT arisin. from quasie-oquilibyrinm in the previous lone
discharpe step, 80 that thelipr Tafel slopss would be



dv/d in & = RT/¥.

(b} A Terminal Vesorption 3tep Rate-Determining

For the oxygen evolution proecess, at least two gtope
rmust occur prior to the final resction producing oxygen
molecules. If the finsl step g recombination of MO entities,
and 1s rate=deterining, both MiH and M0 speciles ecan cover the
surface sipnificantly, depending on the magnitude of the
ehemical or electrochemical sguilibrium constants for reactions
W and IX, respeetively.w The £(9) can then involve simmificant

torms in both 99& and 90. determined by

@
(%;) = 6z2 exp VF/RT {77}

for reasction II and by

«%g-) = %x, exp £(6)/nT = ¥ exp VF/RT (78]
Ol

for reaction IV. The rate equation for the final step III

(ssgs in schemes A or B) is

e
vy = k3 8%, exp -[&G§ - 27({8)]1/RT [79]

for non~activated adsorption of 0, (cfe reference 30) and

® ses, howaver, p. Ol for 2 discussion of the probable values

of these equilibrium constants,
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v, = ky 05 ex ~{aa§ - 2a£(8))/RT [79a]

for activated adsorption of 02. For thoe essze when reaction IIX
is rate-determining we can only regard tre pre-sxponential term
in eo as relatively invariant with potentinzl compared with
the term oxp 2r(8)/RT if 8, is at least comparable with &,,,
that is 1f the equilibrium constants in equation [77]) and [72]
are not very much less than unity. This i1s probably the cane
for the spocies involved in th!s resction during steady-state
oxygon sevolution, as discussed above.

Prom equations [T79] and [6%b], and [79e) and [68b],
the Tafel slopes for the case when reaction IIY is ratew~

deterxining sro thenh obviously
dv/é In 1 = R7/2F or RT/2a?, respectively.

The corresponding slope for ths terminal step under Langmulr

eonditions (9,, and 6, <K 1) 1s RT/hP.

Undor conditions for which the chemical equilibrium
constants in equations [77] and [78] are wuch less then unity
{(and at low anodiec potentiale), 9, can be much less than ®nie
If the total coverage (i.e. that now principally due to OH
entities) is atill of the order 0.5, equations [79) and [79a]
8t1ll hold except that the potential dependence of 90 must be
taken into account, l.c. oquation {[79] becomes

v, = 233 aga exp (2VF/RT) exp -[Aﬂg - 22(8) 1/RT (790}
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and with equation [68b] and 8,y of the order 0.5, the Tafel
slope for remction IIX is RP/hP. Similarly, uweinr- equation i??n]’
the slope 18 RT/2°(1 + a) or RPI/3F 1f a = 0Os%. The same results
for the Tafsl slopes follow if resction IV is the egquilibrium
step preceding pate-~determining IlI. In pgeneral, 00 wlll
always tend to hecome appreciable or predominant at highey
anodic potentials and the results Lirst deduced {(exuations 79
and 7a) will apply.

e have hithorto examined the kinetles for gteps
in a sequenes of three reactions. In a scheme such as C,
(sco pe 86) the kineticas for I and IX will be the same ng we
have diescusged aboves The kinetiec equation for the cnse vhen
reaction V ig rate-determining will be

vg = ks Oo CGH' exp -{Aﬁg - af(@) + (d=a)f(0) - pVFl/RT  [80]

vhere £(9) involvean 80 9, and &, 2. Agaln the same £(8)
will be related to VF by equation [68b) with T in quasie
equilibrium givins the Tafel slope for reaction V as

av/d 1n 1 = 2RT/F. Similarly, the recowbination step VI in
scheme C will give

\/? = kﬁ 305 9H02 exp °[bﬁ§ - Zaf{®)}/nT {81}
or
v = kb %n Oﬂoa exp -lbﬂz - 20({8)]/R? [91a)
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for the cases of activated and noneactivated adsorption

of 0y, respectively, as in the oase wvhen yeaction III ia
rate-determining. The Tafel slopes are than ohviously

RT/2aF or RT/2F an for reaction IIX, with the smame sssumptions
made above [and previously (20)] sbout the magnitude of the
pre=sxponential @ terms.

(iv) Generalizations

It is clear from the sbove discussions of steps in
the oxygen evolution reaction, that some important gevneral
conclusiona may be drawn regsrdiag the kinetle consequences
of conszldering coverapge dependent activation enorgles ina
complex sequence of reactions. In the Langmulr case, Tafel
slopes dimirish down a sequence of conmecutive resctions
following a primary ion dlscharpe steps Thus, for successive
sters involving charpe tranafer tho Haperian Tafel slopes
will be RT/(n + B)F vhere n 1s an integer 2 0, while formal
bimolecular "chemical®” recombination steps will he assoclated
with slopes of R7/mF where m iz @n integer > 2 and inercases
down the reaction sequence, e.g. IV gives RT/2F, and IIX
or ¥I give RT/MLF.

In the present case, for which ecoverare-dependent
activation energles are intproduced, it is clezr that normally
no slopes less than RY/2F will arise and the values are less

dlagnostic of mechanism than are the corresponding slopes for
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low coverage, Langmuir conditlonas. It will alaso be seen that
the "peacombination" slope of K7/2F arises omnly in the case of
a terminal recombination step in a series of consecutive
renctions, and intermediate recombination {(or bimclecular
rearrangement) stepes are not associateod with this aslope or
carresponding values of the form RT/mP. Also tho slope
RT/2P ar?iges under Temkin condltions if the terminal step is
a reconbination irrespective of how muny previous steps are
involved, while the corresponding Lansmuir slope can be
RT/m* where m is an integer only equal to two for & recombie
nation step immediately following the initial charge trensfer
step, as in the hydrogen evolubtlon resction. The conditlons
Go &« GQH during the steady state oxyren eavolution leading
to the lower slopes RT/LF or RI/3F, are unlikely in anodic
oxygen evolution since, on chemieal grounds, the chemieal
equilibriun constants in eguabions {77] and [7:] will not be
expected to be < 1 and, in addition, the potentinl will
normally be well above the potentianl of zero charge for most
metales at rates of oxyeren evolution which oan e conveniently
measured (i.e. at current densities 10“7 a.umza) es pointed
out above.

The results deduced sbove weore mhown to be independent
of the exact form of £(8) (ase ps 87 ), since £{8) can alwnys

be expressed in terms of VI and conatants in an equation of
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the form of [68b] for quasieequilibrium in the lonedischarge
step (when a subsequent atep is rate-controliing), and the
game £(0) alweys arises in the argument of the exponential
involving the froo enerpy of activation Iin the rate equation
for the ratee-controlling step. %These general conclusione
only apply, of course, to intormedinte coverapre conditions.
At very low or quite hipgh coverage, 1imitins Langmulr conditions
aprly with the Tafel s2lopes as previously deduced (6,7,13,39),
bagsed on direct potentiasledopendense of the concentratione of
all adsorbed intermedistes in pre-gxponontisl terms in the
rate eguations for the steps prior to the rateedetermining
step.

We have shoun above that the model assumed to
account for the variation of heat and froe energy of adsorption
with coverage will have no effect on the kinetle eguations
dodueced 1f 2 single adsorbaed intermediate ls involved,
However, if several intermedlates may be adsorbed at the intere
phase, slightly different results are obialned for different
models. With the {nduced heterogemeity model, the Tafel slopes
derived are independent of the cheml. al nature of the adasrbate.&

% ohis is only the case, however, 1f the adsoried apeties on
the reactant "side" of the ratee~determining step form a malor
part of Oz when the relevant FMaradalec proceass occurs at a
stondy stite under a given set of conditions. T“hls depends,
of course, on the chemical propertios of the adsorbates as
well as on the position of the pez.¢. Wi th respeet to the
roversible potontial,
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The other two modols yleld the same resulis in the limlting
case when the variations of the beats of adsorpiion with
coverzge, or the energles of lateral intarsetion of the
different adsorbed specles, are ¢qual. These modala (l.e.
those associated with intrinsie heterogeneity and lateral
intersction effects allow for the possibility of sliphtly
different Tafel slopee arising, to 2n extent related %o

the chemical properties of the adasorbed speciese In genersl,
the induced heteropenreity model will lead to round wvalues or
sinple fractional values of RT/F for the Tafel slopes if the
symmotry factors are taken as 0.5¢ The other models,
however will lead to such round values only as special casges
for limiting relative values of the r coelficients for the
varioua specles.

Although we have made the sbove deductions for steps
in the oxygen evolution roaction, it 1a cleay that the
conclusions are goneral for any elasctrode roaction involving
asveral steps and more than one adsorbed intermediatej
applieations, for example, to ddcarboxylation resctions have
been considered olsewhere by Conway and Dzleciuch (B) and are
recorded in another thesila (27),
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CHAPTFR IIT

HEM CONTRIBUTIONS TO TRE KINETIC THUOHY OF ADSORPTION
PSEUDOCAPAGITY

1. QENERAL
The dependence of adsorption pseudocapncity on

coverage and potential has been discussed by Rucken and
Weblus (Ii6) and by Doclkrie and Kita (70) assuming limiting
Langmulr conditions, and was briefly reviowed in the
Introduction (ses re. 75) Fucken and Weblus have aliso given
an equation for tho total effective adeorption pseoudoe
capacitance {containing a "Languir” term sz well as a
“"oamkin® term) in terms of coverage, which can bte shown to
be equivalent to the sguation derived in g different way by
Conway and 4leadi (10). The significance of the lorm of
the C«® relationship has besn dlseussed by Conway and
Bourgault (39) and by Conway and “ileadi (10). The latter
authnrs also computed the C-V relationship mmerically for a
general case and discussed 1ts relation to the mrameter r
determining the rate of decreage of free enersy of adsorption
with covora-o.

Here we derive first the expressions for the adsorption
pseudocapacity under Langmuir conditione, using the steady
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state uasumpt&an," in order to develop it further to general
forms involving, in addition, Temkin, or "Temitineliks" torms
(we uge this term here to refer to cases when the frse eneriy
of adsorption is a linear function of @ with n # 1), Ue
shall see bolow that under certain limiting econditions the
steady state treatment glves resulis identical with those
obtained from the quasie-esuilibrium mgsumption. In certainp
cases, notal’'ly when the discharge atep can no longer be
considered at sguilibrium, only the steady ptate treaiment

is applieable and leads to different results to be devsloped

below,

2. PSEUDQCAPALTLY UUDER LANGMUIN ¢ DITIONS

Consider a general seguence of anodle reactions

B + A" o Mp + o VIX
MA +* AT «— ™MB + @ + C VIII
2B — M + B, Ix

? The normal requirement for walidity of a steady state
treatment for deducing concentrations of intermedintes $s that
the concentrations of the intermedintes are small and hence do
not ochange sismificantly during the course of the reaction.

Tais condition does not, however, apply to elesctrochemical
regctions under constant current and potentianl condltlons, since
the rosction is forced to be in a steady state, irrespective

of the concentrations of the various intermediates involved.

The steady state treatment can honce logltimately be ussd for
ealculating the coverage by intermediates and the assocloted

peeoudocapacity.
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¥We shall assume first that the rate conatant for resction IX

is much greater than that of eithsr of the previous steps,

g0 that @, <K 9, and 9, = @, which we shall write for aimpliclty
ag 9. Uith this agsumption, we proseed to caloulate the steady
state coverage by A radlcals, determined hy the condition

d Q&/dt = 0

The rates of the rolevant reaction steps ocan be written in
abbreviated form

v, = lk; (1-8) exp (V/b) = &, (1-8) (82}
V= kg @exp (=V/B) = a8 {83}
vg = kg @ oxp (V/b) = ayé [8k]

uhere ki, 3;7 and ke are the rate constants at unit concentrations
in the double=layer and imeluding the doublee«layer potentinl

torm {(¢f. pe 62) and 8y 8 and a4 are the corresponding
elsetrochomical rate congtants (13)e The parameter b s

defined g3 b = 2RT/F {assuming here thnt sll symmetry Pfactors

are equal to 0.5).
The atoedy statoe requirement lends to

a7(1~0) -8, @-a38 = 0 {86}
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differentiating with respect to V we have

53 - (a7ﬂ_7*a§)&7/b-{a7~a~7-a§)a?/b - 28 _ 0./ (38)

(a..,'l»nm.f‘*aa)ﬁr (n.?m..’ma)i’
The Langmuir pseudocapacity is hence given as
2a b
c, = X (a0/4V) = k' 1%/ - {89}
(a4 _,+ag)

vhurs k' is the charge required to form s complete monolayer
of adaorbed intermediates or the purface, a2z 4efined above.
Substituting for the g values from equations [82-8}]) this

gives
k
= k' _227 «/® e [89a}
[yoxp (V/b)+k_jexp(=V/b)+hgexp(V/b)]

¢y

The maximum in ecapscity will ocowr at a potantial
where the condition dﬁ:r/dv = 0 18 satisfiod, that is when,

st A0 -faf:?-k-‘l & (ata,n)"? = o [90]
hence "
& -8 +tag = 0 {91}
so that

(x; + kg) exp (V/b) = k o exp («V/b) {91a]



oy

exp (avm/h) = k_7/(k7+k3) [91b]
Equation [91b] defines the potentisl V,, 8t whieh ¢, will

reach 1ts maximum value,

Combining equations [89], [91] and [91lal}, we obtain

x' '
C.L(max) = 5;» exp «?\’"fb = -kw x % [92]

-7
Substituting the value of ¥ into this squation we have
LR
G4 (max) ﬂﬁ% X (%) [92a}

Equations [89a) and {928] sre the general exproessions
for the Lengmuir adsorption pseudscapacity end its maxirmum
value wizen a single intermediate 12 adsorbed on the surface
of the electrode, If step VIII 1s rate-determining we have

Ko kg > ky and hence
' k‘l oxp (VF/aT)
Cre e, * 2
-] [1+(k?/k’7)exp(VF7ﬁT)3

[89m]

with
'

Cpimax) = Jyh [920)

o In the above deriveation we assumad 20,5 and defined accord~
ingly b=2R7T/Fe Our final results (equations 89b, 92b) do not
depend on this assumption since the symmetry factor P cancels
out between terms in 8 and (1-f)s This must be go since &, and
consequently its derivative C, are quantities defined by

(quasfeosquilibrium conditions, and cannot therefore depend on
the form of the enorpy barrier, ax dlscussed in the Introduction.
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The constant k' has boen defined above as the charge
assoclated with fomation of a monolaysr of adsorbed intere
mediates per unit real surface arec. Taling the number of
sites per 8g. cme as 1015 (e«zs for admorbed H), we obtain

k' e 1.6 x 30 uc. on2 ¢y (maz) = 1.6 x 103 pFuomTS

The mumerieal value of k' obviously depends on both
the sizc and "valency® of the adsorbate, and the geometry of
tho adsorbent surface involved. We shall arbitrerily use the
value given above for our general calculations, since our
élascussion and conclusions do not depend on this value.

The coverage O, at which C; reaches its maximm
value 4s obtained by gubstituting ecuation [91) into equation
(87] as

o, = 3-7—;.;@5 “ﬂ‘%a-"“ i(&g) {931

Assuming that step VIII 13 rate-determining, we have

Oy

& 05

We note that owr resulting equations in terms of the
ateady state assumption are reduced to those obtained using
the quasi-equilibriun assumption (46,70) when k, > kg. This
1s to be expected since the above inequality epplies when atep
VIII 18 rate-dotermining, and thiz 1s also the requiroment

for the applicabllity of the quasi-equilibrium sasumption,
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In the following development we ghall agsume gquesi-egullibrium
in the initisl discharge step. Casos for which equilibrium in
stepa prior to the rate-~determining step is not maintained
will be dlscussed seoparately.

In the limiting Langmulr case, the coversage can be
expressed 8xpllcitly in terms of potentisl, and the adsorption
pseudocapacity can hence be obtained directly ss a function
of potentials This procedurs cannot be followed when a
general adsorption igotherm 4s considered wich involves both
linoar and exponential torms in @. In the latter case, wo
expross the potential in terms of the coverare and obtain
from 1t the variation of pseudocapucity with coverage.
Combining the date from the C-@ and the Ve8 relationchipa, we
then obtain mmericslly the regulired dependence of C on \,

Wo mhall now derive the varlstlion of pseudocapacity
with coverage under Langmulr conditlions, using the quapie
equilibriunm esgumption. Thus, putting v7 = v*7. we have

a (1-9) = 8, ® {oul
hence
-k oftn e i

wnich 1 another equivalent form of enuation [9], written for
a general anodic process. lguation [9b] can be rewritten as

v~§21n(«1-§-5>+1x., [9%]
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where

1x7 = «(R1/P)in K,

Then differentiating with respect to @, we hawve

& -FR'rd - F wbw (561

8o that

& ¥ wim [96a]

¢y = g;‘-‘- 0(1-9)" (97
From the latter equation, the valuea of Cy(max) = (k'?/hﬂ?) and
6, = 2«5 are obtained directly. e yomark again, in concluding
this introducstory section, that the above regult has been
previously derived by several authors, but the ealeulatione
have been given here to form 2 basis for the oripinel
caloulations which follew for the more general case where
Langmuir conditions do not obteln, and when some degree of
Dpop~equilibrium in the discharge step 1a involved,

# The same regult can obviously be obtained from the steady

state treatment by substituting the value of @ from eguation
[87] intd equation [39] and neglecting &, with respect to

Lo QNG 8,0



3. IHE TOTAL EFFECTIVE ADSORPYION PYSUDROCAPACTTY

(1) Pscudocmpscity Asmocinted with o Sincle Adsorbed
Intermedinte

We now proceed to derlve the equations for a general

anodic reaction (steps VII to IX) in wh'eh the surface coverape
1s due predominantly to spscies A (e.r. 28 would be the case
wvhen step VIII is rate~deteraining, and the final mroduct 32
1s not in equilibriuwm with 'I3). ‘The treatment here will be in
terms of the Boudart indoeed heterogeneity model (72) but it
follows, however, thot any other model giving rise to a lineapr
variation of the frec enerpgy of adsorption with coverase will
lead to the same roewult, provided that only a single intere
mediate is adsorbed on the surface, as already discussed above.
The general funection £(8) in this case takes the simple form
£(0) = r, 9, which we shall write as ré for brovity. For

A
quasi~equilibrium in the initisl discharge step we have

k7 (1=8) exp -[A@¢ * ore - BVr}/RY

= k-7

which has been written for convenilenco at unit corcentration of

¢ exp ~(80%, = (1=0) ré + (1-B)UF)/FT (93]

reactants in the double~layer. IHence

(x%) exp (BFF) = K, exp () [99]

v = B je/a-0) + 5+ I [100]
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where K7 and 1K7 are constants independent of coverags and
potential. Equation [99] is obviously equivalent to ecuntion
{49] above, written here for an ancdle process. 7The pscudoe

capaclty for species A at the wmetel iz then given by

]
%— = %% = %2 & mdégj(l*g)l + p/F [101]

which involves a "Langmuir" term in @/(1l=8) in addition to e
"Temkin" term in r."

Comparison with the equations

' o RT _1
& = F s [96al
and

%-'- = & [sh)

T
defined previocusly for iimiting Langmuiyr and Temkin conditions,
respectively, showe that eguation [101] can be writien in the

form
1 o + & (202}
S 4
.04
ﬁgxg&gw {103}
¢ = 3
p ¥ Gy
L -2

It is irmportant to note here that, while in the rate eq &tigng
terms in @ and l-@ con be lepitimately neglected when 0,2 é @ R
and an exponential term in t%ﬁ) is important, in the pseudocapacit
equation [101) the term & In [§/1~8]/d@ can wormally not be
neglected in comparison with r/Fa
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The fact that wo can write the oversll pssudocapmcity € in
terns of limitlng contributions from a “Langmuir term" Cp
and a "Temkin term" Cp 18 an important conelusion since 1t
implies that the two pseudocapacity contribution combine
affectively in gerics to determine the overall pseudocapacity,
1.0+ vhen one is much larger thaen the other, the gmaller
capacity will determine the overall eapacity. In terms of
potential=dependent coverago, thisz impliea that when two terms
involvs the coverage as in equation [100], the actual coverage
will be determined by the terwm predictin: the lower coversge at
a given potential,

The patentisl dspendence o/ C for various values of
r may be evalusted by caloulsting C as a funetion of @ and @
as a function of V using squations [100] and [101]. ‘e note
that K, << 1, otherwise 8, will be near unity even at low
anodic overpotentialn. We take log K? B wZ as an eaamplaﬂ
and r having values of 0, 5, 10 and 20 Keals molo'l (these
fizuwres are chosen to be approximately within the obaerved
ranpge of mean dependence of heats of adsorntion of variouas
speclies upon coversre when aporoximmtely linenr relations

between © and heat of adsorption arize for 0.1 € 8 € 0.9).

@ Cholce af other values of K7 will only shift ths acale of

values of V and will not change the form of the dependence of
@ or C on Vv (70).
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The calculated velues' of C as 8 function of @ and V are

shown in figures 6 and 7, respectively, and the Langmuiir case,
corresponding to » = 0, is shown for comparison, These cases
will apply to any univelent species predominantly covering the
surface for the velues of k’ and r chogans I¢ will be noted
that for the Langmuir caset (@) ¢ is never puitentiale
independsnt, except as it tends to sero and (b) the pseudoe
capacitance will only have weagurable values, in comparison

with the ionic double«~layer capacity, over & narrow potential
range of gome 240 mV. Introduction of a finite value of p
produces a range of C values which are less potentinledependent
than in the Langmuir case but never strictly potentisleindepanrdent
However, when r = 10 or 20 Keale mole™L,, C is sensibly constant
over 350 and 700 mV, respectively, an has beon previously dedused
qualitatively by a quasi-thermodynamic arpument in the paper by
Conway and Bouwrgault (39). Thie is tho kind of bLehaviour that
13 observed experimentally in some cases (7,39) but potentiale
dependent pseudocapacity 1s found under other conditions e.p.

& In thoese calqulationa. the same constants are used for the
evaluation of ¥ as discussed shove, Thelr exact values are
not of importance here ag we are only interested in the relative
igfzatigg of C with @ or V., Compariszon with experimental deta
require an assignment of the swrface concentration correape
onding to @ = 1 and the charpe tranasferrod per radicsl adsorbed
as well as tho real/apparent aresz ratto for the electrode
surface.
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Pigure b, Variation of the overall adsorption pssudoe
capacity with coverage 6.
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Flpare 7. varistlon of the overall pgeudocapacity
with potential V.
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for the hydrogen evolution reaction at nickel in alkaline
solution (12), and with the nickel ozide electrode (7,39).

When a potential independent psoudocapaclty contylie
bution 1s involved (" emkin® conditionsy r finite) 4t will be
noted that the ﬁaximum rosudocapacity 1s substantlally lover
than the € caloulated (Leb x 103 TR cm‘a} for the
”Lﬁngmuir“ cas@. However, for values of r oven as hWigh as
20 Koale mole™), the maximum capselty should be resdily
diztinpulisghable, over a wide ranpe of potentisl or coverage,
from the ionic double-layer capaciiy, which normally does not
excesd about 100 uF, cm"z at potentinls anodie to tho potentisl
of gerc eharge (17). In all eases at very hiph poientials
C — cé_l.. 1.¢. the measured capacity will tend to the ionle
double«layer capacity. The "Langmuir" cass (equation [97))
is evidently a epecinl case of eguation [100} and in most
cuses will not correspond to experimental conditions, since
heatr of adsorption are rarely independent of coverage. Even
1f r is as low as 1 Keal. mola"l. Ci{maz) will be significantly
less {actually about 1.1 x 103 wFe om'a) than leb x 107 p?.cm‘a
and the pange of the potential depsmdence of U will be substane
tially larger than that for the "Langmuir® case, Some values
of C{max) and C, as 8 function of r have been plotted in
Pigure 83 Cp can have values groater than CL,(ma:) for low r,
but ecombined wﬁth,CL {ogquation 102) must lead $o walues of
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#ioure 8. Variation of the maximum psoudoocapacity
and the “Temkin” contribution with

values of r.
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overall C(max) less than C;(max). The above conclusions

are general and will refer to any single adsorbed species
which arlises from a Faradale process Iin an electrochemical
reaction, using the appropriate valus of r. %We now examine
a more general case for more than one adeorbed species at the

gurface.

The roaction scheme

M + A" — MA + @ (fast) vIX
2B — By {alow) X

is considered with IX rateessontrolling so that 8, and 8,
mey both be significant. The heats of adsorption of A and B
sre assumed to be glven by equations [73] end [7T4] 4nvolving
£{8). For VII and X at equilibrium (ef. oquation 68b)

r8) = v¢r + K, [104])

%/0, = kolk,yo = Ky (205]
The latter ratio {s independsent of total coverage and potentisal,
so that

£(0) = 1,8, *+ r0; = 1,0, *+ Ky, 10, = 'xy00, (1061



where Yo = 1, + Kyorp

Now
) 40, .
¢ = k gv= = kale, + 6, 1/av {107}
but
9 +8; =8 +K,0 = (1 + “‘m’% [108]

How from equations [106] and [68b]
dﬂk/dv = T/lry * Korpl [109]

go that, from equations [107) and [103]
| ] '1+K ¢ ]
¢ = k(1 +K )a&/dV“k(-W-!g—-)kaFr {110]
10 A Ty R o"n /

wvherse we have defined

]

It is thus seen that when more than one intermediate 1s adsgorbed,
a conatant pseudocapacity contribution 1s gtill obtalined and,
mopeover, the apparent value of the rate of change of froe
onargy?:dsorption with coverage is sirply a8 welrhted averaspe
of tho valves for the two individual specles.

flormally the ratio 6,/9, will depend on potantiel,
oithers (a) dus to a chanpe in the number of adsorbod species
caused by an act of the given step (e.rs in a case such as
2 ¥A — MB, vize 2 1OH — MO + H,0 [reaction IV]) with the
previous charge transfer step in quasiesquilibriums or (b)
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when there is a direct potentialedependonce of the equilibeium
constant for X (l.e. for a peaction such as MA + A° — e + MD + C
{(efe reaction VIII)s In either case, 9, and @, will only be
comparubloQ over a asmall range of electrode potentials (whieh
may or may not be accessible practically in an experiment)
30 that we can treat the problem genorally by assuming @, >D'OB
or 9, < @ which implies that £(8) 3 r,9, or r,0,.

The total Temkin pseudocapncity contribution given
by equation [110] will combine with the Langmuir term as in
equntions {101) and [102] to give the overall pseudocapacity
vhich will then have a rotential dependemce aimilar to that
deduced sbove depending now on the value of r' in equation [110].

he ELOCTRODE POTENTIAL ARD COVURAGE

—

It 13 of some interest to owaluate the form of the
variation of surfece ecoverasze with potentisl under various
conditions. In the limiting Langmulr case (r = 0) this
variation is given by equation [9b} or {95], while the general
relationship iz obtained from equation [100].

Thus 1f step X was replaced by VIII, the following squstion
would results Oﬂ/ﬂA = Ko exp VE/RT (ef. equation 77)s 1Ir 8,

1z equal to 9, at a given value of V, then we shall find G&<< oy
oréy <4 8, if the potential is chan-ed by plus or minus 0.06 V

or more, raespectively, so that in practice the total coverare
will be larpely determined by thnt of one specieca or the other
over & wide potentinl range, 7The same conclusions would follow
if step X were of the form 2 MA — MDD + C,
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In the Langmuir case (» = 0), @ variss with potential
as shown in Floure 9. An approximantely linear region occurs
over a range of about 60 mV. Ag »r Increasss, the linear region
of @ yag V 1s extended, but at hipgh or low potentials s short
non=linear region always avises from the linear term In & in
the rate equationa. The coverage is essentially linear with V
over -0 mv. woen r is 10 Keal. mols™ >, 7The dotted lines in
Fige 9 show what the 8-V hehaviour would be if only the Temkin
term (l.e. the linsar term in @ in eguation [100]) determined
the dependence of @ on ¥, Obviously this rmust lead to a
completely linear dependence of @ on ¥ as shown. 7This is e
fietitious case, since In reality at very low or very hipgh 9,
the 8/(1«8) term will always be important and give the curvinge
off reglon of the lines at eanch extremity.

It 1s of interest, howsver, that in the range vwhere
@ 13 linear with V {for appreciable values of r), the mctuel
values of @ at any given potential are slgnificantly different
from those c¢alculated from the exponential {Temkin) term in @
alone. For example, when r = 10 ‘cals., the pre-sxponential
torm ip @ rnover bocomes nepligible compared with the exnonential
one, 80 far as the relationship betwcen @ and V¥ 4s concerned,
Hevertheless, a linear varlstion of 8 with V {constant empacity)
is 8till obtalned, since the deviation of the prow~exponential
term from a llnear @V relationship s neprligible with respect



Piiure e Variation of coverage @ with potential V
for Langmuir (r = 0) and Langmulr + Temkin
conditions (indicated r values).
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to the value of @ arising from the exponential term, except

at very high or very low @

S. THE FORM OF I CeV RELA "IONSHIP WHEM TUi FREF ENERGY
VARIES WITH n ‘

In the previoua sections, we Qerived the form of the
dependence of the total effective sdsorption paseudocapacitance
on coverage and potential assuming that the free eneycy of
adsorption decreased linearly with increseing coverage. lere
we wish to treat the case for shich the fres onercy of adsorption
has the form

aGg = 46, - ro® {111]

with n having velues other than unity. Hore specifically, we
shall discuss cases in whilch n & 0.5 and 1.5, corresponding

to a model involving electiroatatic repulsions in the twoe
dimensional surface phase where the decrease in free enerpy of
adsorption 13 due to loneion or dipole-dipele repulsions,
respectivaly. As pointed out above, it is unlikely that this
model accountas for the variantion of the free energy of adsorption
with coverage in most cases over the whole coverage ranze, dbut
1t may become significant at higher values of @ (7). 3ome
of osur own results are consistent with s dipole~dipole intepre
action effect (meo Conway, Glleadl and Dsleciuch (9) and also
below) and 1t iz therefore relevant to discuss the offeet of
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assuming n ¥ 1 in squation [111] on the form of the CeV plot.
If n = 0.5 (lone=ion repulsion model) and we assume,
ap before, that quasi~squilibrium is maintained in the initisl

dipchmrge ptep, we obtsin

i, (1-0) exp ~[40] + are™? o pvrl/nr =

= k_y0 exp =[ad%, -« (2ea)re™2 + (1ap) vRI/RT  [m12)

when the surface is mainly covered by one species, and the
equations have been written for z2implieity again at unit
concentration of reactants in the double-layer (see p. 62 ).
Hegleocting the pro-ezponential terms in @ for intermediate

values of the eoversze, we obtain

2
¥y = ﬁp—-l/ + Kl [113]

where Kl 18 a constant Iindopondent of @ and V. The Temkin
pueuﬂouapaelty“ is honoe obtained aa

t ]

)4 2k 1/2

&= tyzi oy = Hoe | (214
or, in terms of potentinl,

Vb . UFeK
:1)2 o, = 2KE 1

e = T =x { = {115)

#  Wnhen the free energy of adsorption is not a linear function

of @, we should strictly no longer refer to "Temkin behaviour"
and 8 "Temikin pseudooapacity”. Wwe shall retain the term,
howaver, for convenience,
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8imilarly, if n in equation [11l}) is taken equal
to 1.5 (corresponding to a dipole~dipole raepulsion effect) we

obtaln
3/2
v om e . lzl {113a]
and ecorresponding to equatione [11h]) and [115]
L] 1/2 *
£ =3, o = .2 ot/e [114a]

oz

- ! -

o = ; )%/3 ppa Cp = ﬁ;ﬁ . £ (ﬁ-;h)"’“ [115a])
The overall affsctive adsorption paeudocapacity

will rYe detormined by a series comblnation of the Langmuir and

Temkin terms (equations 102,103) mt owing to the dependence

of C, on coverage and potential uhen n # 1, the resulting

C=¥ and C=8 plots will have an appreciable dogree of skewness,

zs shown in Fige. 10 and Pig, 11, where the case for n = 1

is given for comparison, 1t la aeen that the shape of the

pseudocapacity~potential relationship can indicate, by the

degrec of skewness, the approximate form of the function of @

relating the freoe energzy of adsorption at intermediste coversge

to its value at € = O, In particulsr, 1% would be qualitatively

easy to distinpuish cases for which s < 1 from thoge for which

n 21 (efe equation 111), since a different direction of skeuness

along the potentiazl or coverage axis results., Thus, a dipolee
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The dependence of adsorption paseudow
capecitasnce on potential when the
froe onarpy of adsorption decroases
with @ and n ¥ 1.
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The dependence of adsorption pseudoe
capacitance on coverage when the
Iree onergy of adsorption decroases
with % and n ¥ 1.
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dipole repulsion effect will lead to a C-V plot skewed townrds
lower potentials, while an ioneion repulsion term will tend to
cnuge a akewness towsrds higher values of V,

We maintain that the most satlisfactory model for the
varistion of the free ensrgy of adsorption with coversge 1s
that Snvolving induced heterogenelity in the sonse defined by
Boudart and discussed above, so that any significant latersl
intersction effects should be detectable from the shkewness of
the G«»V plot. It must be pointed out, however, that this
only applies 1f the edsorbed species on the gurface are at
least partially hindered with yrospect to lateral motlon. If
no such bhindrance exiztas, the adsorbate on the purface can
be considered as a twoedimenslonal, ron-ideal gas.” Applying
an equation of state such as the Reichsanstalt (81) equation,
the first ordar correction term for non-ideality due to
lateral interactions (1.6. the second virial coefficlent)
will be linear in 6, snd the contritition ot torms in higher
povwars of & will probably be negligible. It does not seem
probabls, howsver, that in most olectrochemical reactions
{(but the hydrogen evolution reasction may be an exception here)

the adgorbed radicals ean, in fact, move freely on the surface,

* e are indebted to Dr. R. Parsons for bringing this

additional possibllity to our attention during discussion of
this work at the american Chemical Soclety meeting, 1962,
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and consequoently be treated as a froe two~dimenglonal gas.

6. PSEC FACITY REHAVIOUR IN CASES 10B whICH THE ASSUMPIYON
OF QUAST-ERUTLIARIUM IN THE INITIAL DISCHARG': STEP

IS NOT APPLICARLE

Here we consider briefly the form of the CeV relatlionew
shiyp for a ease in which the usual assumption of quasi-equilibrium
in the pre rate~dotermining discharge step is not walld. Ve
recall that when the standard free energy of activation of
a given step in a congecutive reaction ssquence ia much larger
than that of any other sgtep, f.¢. 1ts specific rate conatant
12 rmuch smaller, the rate of the overall reaction will be
governsd by the rate of the slowest step, and all other staps
prior to the ratee-controlling step will effectively be $n
equilibriume The fundamental requirement for the applicability
of the quasi-equilibrium assumption is, hence, that a rate-
detersining step will unambiguously exist. The rates of slectroe
chemlical reactions may, in general, depend on potential in
different ways, so that, as the potential 1g changed, conditions
may change from those where the gquasiesquilibrium assumption is
applicable to those where 1t is not.

For the purpose of discuseins the kinetics of
electrode reactions, we can usually assume that a ratee
deteranining step exists over most of the range of potentials
atudied since (a) a relatively small difference in the standard
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froo energies of activation of the various steps will genepally
be sufficient to make one of them rateedeternining (thus if
AG* for one step is 2.8 Kcal.moléllarger than that for enother,
the ratio of specific rate constants will be 162) and {(b) the
electrochemical rate constants for different steps will ususlly
depend on potential to different sxtents (l.e. the Tafel
slopes assoclated with these steps will be different) and the
region of potential over which two steps can have comparable
rotes is strictly limited ns shown by Parsons (68),; Parsonst's
arguments apnly, however, only tc 1limiting Langmuir conditions,
and we have shown sbove that when & Temkin type isotherm 1s
applicable, several mechanisms may correspond to the same Tafel
slopo, 3.2, the rates of different steps may vary with potential
in the same way. Moreover, we shall show below that, while
for the purpose of dlscussion of slectrods kinetles, s step
may bo considered rate-determining 4f its rate constant is,
say, two orders of ma-mitude smaller than that of any other
consecutive step, the Ldeal shape of the C-¥ curve may not be
observed under certaln clircumstances {(in narticulsyr when the fres
enoryy of activation varles excess!vely with coverape L,e,.
r/RT DD 1) unless the rate constant of the rateedetermining
step is flve to ten orders of mapn'tude gmaller than that of
any other consecutive step Iin a plven preaction semuence,

e shall proceed below to discuss a peneral anodfic

reaction occurring throurh an inltial discharpe step followed
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by an joneatom recombination step, with a possivle final
desorpiion step which 48 very fast, and not at equilibrium with
1ts products (ef. reactions VII to IX). The form of the
dependence of pseudocapacity and coverare on potentisl will be
evaluated first (for non-equilibrium Iin the discharre step)
assuming limitine Langmuly conditlons, and then using a general
adsorption isotherm (including both Temkin and Langmulr Terms)
for varioua pratios of the specific rate conatants of the
initinl discharge step and the following lop=-atom recombination
stepe It 18 clenr that a somewhat different set of equstions
will be obtained 4f a differcnt seguence of consecutive
electraochemical steps is congidered, However, our method of
treating the problem, ae given below, will be applicable in
peneral , and the prosent case serves both to exemplify this
method and %o demonstrate the rather more limited range of
spplicability of the quaaiwequllibrium assumption when caleulatior
of C and 9, end tholr dependence of potential, ars consldered.

(1) Limiting Lenpmuir Conditions

The equations for the adsorption peeudoecapacity in
terme of potontinsl for the Langmulr case have already been
derived above using the steady state trrstment. Thore we
obtalined (sce pe 111}

’ k
Cy, = - - L — 2z -
[ (k) +icgYexp(V/P) + k_, exp(V/b)]
) (k,/k_7) exp ?w;w;

) zw“’z*“?z sxp (VP/RT)]S (59!
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The maximun in the C=V plot waez shown to occcur at
a potential given by

o™

Vp = (RT/F) In (k_/(k, + k)] [9le]

where the value af CL 1a

?
Cptmax) = K& . (E;Z—%) [92a]

We have used equation [8%9e] to caleulate Cp a8 &
funetion of V taking three velues for the ratio k&/kT. which
determines the "extent” of nonesquilibrium ip the diecharype
stopy, Results of these calculations are ahown in Fir. 12.
The quasi~erullibrium sssumption obviously corresponds in the
1imiting case to ka/k? = 0, As thls ratlo 1s inereased, the
peeudoecapacity corresponding to any potential decreanses, mnd
the maximum 1a shifted towards less anodie potentiala (or,
in gensral, to lower walues of the overpotential). The
shapes of the curves remaln, however, unchanpged, This can be
demonstrated by normalieing the curves in Flg. 12 so that
they all have the same maximum {(thls is done by multiplying
sach capacity value by a factor of (k7 + ka)f37 and shifting
the curvea parsllel along the potential axis so that all
maxima will occur srbitrarily at the same potentisl)., The
capacity curves normslized In thls wmanner then become all

1dentical,



Floure 12.

The adsoyption psoudocapacity under limiting
Langmulr conditions as a functlon of
pptential under noneequilibrium conditions
when the specific rate conatamts for the
initial dlscharpe step (k7) and the following
ion=atom desorpiion step (kg) are of

comparable ma,nitudse
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In this case, when limiting Lengmulr conditlons are
aoaumed to prevall, we note that conditions for s given step
to he rate-controlling are similar to those reguired in the
discuanion of the electrode kinetics., Tma for k7fka = lﬂ*g
(1.6 for tho discherge step to be rateedetermining) we have
Cp(max) = 0,01 (k'F/URT) which 1s of the arder of masrmitude
of the ionic double=layer capacity, and In additlion CL will
go from practically szero to its maxlimum and back to zero
in a range of about tmV (ef. eqguation 91l¢e and our argument
above about the symmetrical form of the C-V gurve for any
vailue of ka/k7). Hence, when k?/ka = 1078 {i.e. when the
discharge step 1s rate-determining) practically no adsorpiion
pseudoesp»city will bho observed, a conclusion previcusly
reached {13) for this mechaniasm. Taking the other axtreme
csss, when k?/kﬁ = 102
(k'ﬁ/uﬁ?) and the maximum oceursz at o potential Vm = 119 nv
1f we take k_,/k, = 10% (1.c. the equilibrium constant

’ ﬁL(max) becomes equal to 0,99

for the discharpe step) as in the previous caleulations

(cfe ps 117)e The maximum capaclty thus obtained 1is

99% of the value deduced assuming complote Quasie-equilibdrium,

and the potentisl range over which the pseudocapacity 1s appreciable
18 only some 6 mV less than in the complete equilibrium case,

Thus , when k7/kﬁ = 102, the quesieeq .!librium assumption may be
considered valid for most practical purposea. It is important



- 10 -

to oemphasize, however, that these concluasions will only aprly

under limiting Langmuir conditions, as we now show below,.

{11) A General e (G ned Lanimulr and Temitin
Iagthe Under HoneEoullibr Conditlio

We mroceed now to calculate the total effective
adsorption pseudocapacitance, using the steady state treatment,
de8, without any limiting zssumption reparding quaslieequilibrlium,

We write the rato equations for reactions VII arnd IIJ as

v, =k (1~0)exp (-ar®/nt) exp (PVF/RT) {116]
Vg 2k 9 exp {{(L=a)r@/R7] oxp [=(1-B)VP/RT] {117}
vy = kg @ exp (ar8/R7) exp (BVi/RT) {118]

In tho steady state v7 = v.., + Vas hence

k-, (1=8) exp (~r®/ZRT) exp (V#/ZMT) = k‘_.? 6 exp (r@/2RrT)

exp [=VF/23T) + kg 6 exp (rd/2rT) exp (VF/2RT) (119}

where all symmetry factors have been taken equal to 0.5. This

equation ecan be rearranred to have the form

k_.oxp (=VF/ZRT) + kaexp (VF/2RT)
i, 358) exp (ro/rT) = [Ty ]
S kg ¥ ko, exp (-VB/RT) {120]
o that

[k, (352) oxp («r9/rv)ekgl/k_, = exp(-vr/nz) [120a]



ond

{121}

VA JCE PR S—— ]

: i (E58) oxp (ro/RT) -k,
The total effective adsorption paeudocapnclity will be obtained
by differentiating the above equatlong thus

t

N L

or

' N (wr@/RT)
k. -e)eesar; 7 2 T =

F@ k.,(l'?) oxp(=r8/RT)=ky

1-8 RT 1
= (U=REED x e =Tk, Tors 7o/ BT (122a]

This equation obviously has the correct form, since if we
gegune kg/k7 = 0, 1.0, when the dlscharge step 1z at guasi-
equillibrium in the limiting ease, the sbove relation takes the
simple form

%”%“#"ﬂ%‘:ﬁ [101]
which 15 the expression obtsined previously {(ef. page 114)
in a very simple manner, using the quasieequilidprium assumption.
The total adsorption pseudocapacitorce is hence related to
the coverage ir the most general case (subject only to the
asgumption that the free sneryy of adsorption decresses

linenrly with cnvuragm>by tha equation

2
¢ = (k'2/87) Irpopyar7erep) [ (19)/6 =(kg/kydoxp(ré/RT)  (123)


http://pseudocapacitnr.ee

w 12 e

We cammot eplit this expression intc terms which
can he recogniged as "Langmulr” and "Temkin" contributions
as in the quasie-ejuilibrium case (ofs pe 73 )} Ve may,
however, usefully dlscuss soms limiting conditions, vize.
r = 0 (Langmuir case) or »/RT DV 1 and &/(1«8) % 1 (Temkin
case).

khen we gubstitute r = 0 into egustion {123] above,

we obtain
Cy, = (R'F/R?)[(lwﬁ)ﬁ - Oaka/k?] (12}

The first term in the aqusrs bracket i the usual guartity
obtained using the quesi-eguilibrium assumption (k3/k7=0).
When we take, may, ka = 37. the pseudocapacity becomes

Cp = 2(K'F/RTI0.S - 0)6]

This corresponds to a pasudocapacity varying symmetrically
with coverage between § = 0 and @ = 0,5 with Gy (max) = k' F/6RT,
1.0, half the quasleecullibrium value. This result ls to be
expected since when kg = u7 it {8 ovident that the coverage
carnot rise above 0.5, and the value of OL(max) is exactly half
the value obtained for the case when kg/lc7 = Q as derived
above (cfe equation 92a)e

Our second limiting cese, when r/BY > 1 and
6/(1~9) % 1, leads to the expression

L
Cp = EE (1-(ky/i7) exp (ré/nT)) [225]



This equation is aprlicable only if
1 ka/k7 exp ré/RT

since 1 the rJhess of this inequnlity becomes larger than
unity, the ecalculated pseudocapacity has a negtlve value,
which has no physieal sipgnificance in this case. In fact the

squation
1 = kﬂlk.,, oxp (r&/RT)

defines the limitiny walue of ths coverage which ¢an bde
reached for a given ratio of the rate constantes and some assumed

value of »/T7 as
@ = (RT/r) In {k?/ka) [126}

VWere the pree-oxponertial terme in 9 ip equation [123] entirely
nsgiigible, we would then have @ = 0 for k? = kg. 1.6 the
adsorption of intermediates would be 1&90&5&%13.“ Equation [1l2u]
can honeo only be discussed in relation to casoes where kg/k7 < 1.
At low coverage, when (kﬁ/k7) exp (ro/R7T)<K 1, 4t leads to a
practically constant pacudocapacity, which at hiph coverape
(k&/k7)axp (r8/RT) 2> 1) dscreascs exponentially with coverare.
In the Langmuir case we found (of. ps 139) that C; reached 99%

* nis 18, howsver, a completely hypothetical c¢sse sines, foy

any value of »/ET, swhen @ becomes very small, ths assumptions
leadiny To equation [125] are no lon%er valid, .0, the proe
sxponential terms In @ cannot be nerlectsd,
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of its value calculated using the quasteegulilibrium assumption
when k?/kn &= 102. For c? in eguation [128] to approach its
quasiessuilibeium value R'F/r to the same extent, we nust bhave

(ka/k7) oxp (ré/ri) = 10™2

From this we ¢an calculate the required ratio of k7/k% for any
chosen value of r/RT and @, Takinp for example p/RT = 20

and 6=0.5, ve have kT/kB § 3 x 108. Por »/RT = 10 and @ = 0.5
ve would reguire k7/ka = 105, It 1s thus seen that under
1imiting Temkin conditions the applicabllity of the quasle
equilibrium assumption may be limited to cases for which the
rate constant of the pate~datermining step ls emaller, by

at least several orders of mammmitude, than that of the Initial
discharce step.

EBquation {125] need not be dlscussed in any further
detall, since, as we have obaserved above, the pre-exponential
termz in @ are never completely neglirible with rsapect to
the exponentisl terms Iin equations relating the pseudow
capacity to coverarey equation [125] does not therefore
remescnt a real physlical camse. Wo hence now proceed to
discues the general case (equation 123} where both "Langmuipr®
and "Terkin® terms are Included.

Bguation {123] relatins the total effsctive adeorption

psoudocapaclity to coverage can obviously be applied only over
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the range of coverage for which the resulting pseudocapaclity ls

not negative., Ihis corregpond to

AEQ > ka/k? exp (re/nT)

Hence the highest attainable coverage for piven walues of

k?/ka and r/RT is defined by the equation

%5 « exp (r/RT) = ky/kg [127)

The function on the l.h.s. of ecuation [127) iz plotted in

Fige 13 sgainst @, for values of r/RT equal to 0, 10 and 20.

The values of @ obtained from this graph eonstitute the limiting
coverages approached at very high overpotentiels for glven
valuez of the parameters k7. k& and r. Ag »/RT is2 inereased,
the ratio of kr/ka required for the limiting voverage to reach

a given value increasgses rapldly, i.e. it becomss harder to
realize a state of quasieequilibrium (which obviously corresponds
to & @ value approaching unity at sufficiently high overe
potentials). Thus for the limiting value of the coverare to he
0.9, with r/RT = 20, we require k7/k8 = 6 x 108 soryrasponding

to a difference of about 12 Koal. mole™t in the stendard fres
energies of activation of the two consecutive steps. It is
abvious that in many cases complete quasieequilibrium may,
without perious error, be agsumed for the purpose of dlscussion

of the kineticg of the reactionsj however, the corresponding



Pigure 13.

The higheat limliting coveraze atiainable
under non-equilidrium conditions for a given
valus of the ratio of specific rate constants
of the initianl d4lscharre step (E7) and the
following desorption step (kg),k%/ka z
9/(1-8) exp (ro/n7).
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C=V behaviour will be appreciably different from that arising
under quasieequilibrium conditions for ths samo steps, and

1s therefore a more sensitive indlcation ol the kinetic behaviour
in a gequence of consecutive reactions.

We have used eguation [123] to caleulate the adeorption
pseudacapacity as a function of coverage for different ratee
conatant ratios k3/k7 and two values of r/RT equal to 10 and 20.
These results are shown in Plps. 14 2, be On the low coverage
branch the curves are almost identical with the one obtained
for ka/RT = 0 (the limitin: guasieequilibrium sase), while on
the high coverage side they deviate markedly from the guapie
equllibrium cuwprve to an extent dependent or the values of
r/H7? and the ratio k7/k8'

The corresponding varistion of coveprare with potential
was celeulated for the same walues of »/RY and k7/k5, using
equation [121], and is plotted in Pigs. 15 a.b.“ Combining
eguations {121) ard [123], we obtain rmumarically the derendence
of pseudocapacity on potential, as shown in ga. 16 a,b,

It ie seen that for intermediate values of k7/k8 larpo enough

* We have aasured here, as previously, that k@7/k7 = 193.
Cholce of other valuea for this rotio will only shift the CeV
and ¢v plote in a parsllel manrer aslong the potential axis
and will not affect their forms.



Pigwe 1.

The total effective adsorpiion pseudo=
capacity as a function of coverage under
noneoquilibrium conditions, for different
values of the ratio ol sgpeclfic rate
congtants for the initirl discharpe

step (k7) and the following loneatom
desorption step (kg).

Qe r/RT = 10,
Be */RT = 20,
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Piguare 15,

The coverage as a function of potential
under pone-squilibrium conditions, for
difforent values of the ratio of specific
ratea cengtants for the initial dilscharpe
step (1173 and the following lone-atom
degorption step (ky)

B i‘/ﬁ% = 10.
be !‘mqr 2 20
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Pigure 16,

The total sffective adsorption paseudocapasity
as a funetion of potentisl under none-
equilibrium conditions for different values
of the ratio of speciflic rato conatants for
the initial dlacharge step (k?) and the
following lon-atom desorption step (kg)

a. r/RT = 10,
De 3‘/&? = 20,
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for the diacharge step to be considered practically at quasi-
equilibrium for the purpose of dlscussing the kinetics of

the reaction, the pseudocapacity will resch a maximum value
e¢lose to that obtained for conplete gquaaiesquilibrium, but

the potential range over which the pseuvdocaracity will be
appreciable will be greatly decreased, This effect may lead
to low apparent values of the parsmeter 'r' and the roughness
factor €', which cnn be obtained from an analysis of the
shape of tho C=V curve by a method to be discussed in the
following Chapter.

(£11) cConelusions
We may conclude that the pseudveapacity funetion

appears to be much more sensitive to the various assumptions
made in deriving the rate equnrtions than the resulting overall
currentepotentlal behaviour. Thua we ohserved that while

the pre=exponential terms in 8 c¢an bs neglseted with respect

to the exponential terms when the currentepotential relationship
is considered at intermedlate coverapge, this is hupdly ever
justified for the purposc of caleulating the total effedtive
adeorption pseuvdocapacity and ite dependence on & and v,
Purther, the kinetic behaviour wae ahown to be independent orf
the form of the function £{8) determining the variation of

fres energy of adsorption with coverapge (cf, equations 58, &4, 73
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while tho form of the CeV relationship stronpgly deperds on it
{(soe Figse 10, 11). PFinally, if a prirary charge transfer
step sxists which, without serious error, could be considered
kiretically at quasleequilibrium, 1t 1y nevertheless have

to be considered sipnificantly removed from & state of
equilibrium vhen considerations of itas pseudoearacity behaviour

are involved,
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CHAPTIR XV

PFuICATIONS OF PSEUDOCAPACIIY CALCULS rIOHNS 70 CERTALR
ELECTROCHEMICAL RBEACTIONS

The contents of this Chapter is larpely based on a

paper by Comimy, Gileadl and Dzfeciuch (9) now in vreass in
Electrochimica Acta, The experimental resulte which will bde
examined from a theoretical point of view concern the formate
decarboxylation reaction, and were reported in detsil in a
previous thesis (27) and in several papers by Conway and

Deiesciuch now in press in the Canedian Journal of Chemistry.

i1, IHEORETICAL DA3IS OF MPPHODS USED

() petermination of Pseudocapac’ty and Covepage

The variocus available methods far the determination
of pseudocapacity and coverage have been eritically reviswed
in tho Introduetion. The adsorption passudocapecity arising in
the formate decarboxylation reasction wes evaluated by combining
the currentepotential relationship obtalned durlng steady
state galvanostatic polarization, with open-circuit decay
measurenonts, as discussed in the Introductions Thus, at any
potential, the self«disgchar: e current denalty s in general
1, exp 7ofby, where (7t 1s the overpotential at a time t
after cessation of polarization and b1 is the relevent Haperian
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Tarel slope. This current dems’ty is also zpiven in terma of
capacitance as C duyt/dt at ang time ¢ durin- the s.m.fe
decay when the overpotential has fallen to'7 £ It follows
that the capacity at any potential during the e.m.f's decay
is ~iven by

¢ = - 2370 [128]
It 18 necessary toc assumoe hoers that vhatever process iz ratew
deternmining durin- steady state polar’zation at any poterntial
is also rate~detornmining in the self dlacharrc process at the
same potertial on openwelircult decay. This is usuvally
irmlicit in most previous discussions (36,37,39) of the
mechaniasm of esm.f. doecay on open=circuit at none-ideally
polarizable electrodes, as discussed above. In fact, the
comwnly used mothad of determining the capaclity from the steady
state polarizing current density and the initlial rate of decay
of potential with time immedintely followin- cessation of
polarizgation can be ghown to be a spscial case of our prosent
method sinco, 1f we subastituts ¢ = 0 in equntion [128] above,

we obtaln

1 ( by ) 1
t=0 £=0

whers 1in and qz1n are the valuea of the initial current
dengity and overpotential, resnectively, in the steady atate
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prior to cessation of polarization, and (d?7/dﬁ)tMU is the
initial limlting decay slope at ¢ — 0. A further sssumption
which 18 required is that the pre rate-determining step
involving the entities assoclated with the adsorption pseudo=
capacity roamainsg effectively at equllibrium throughout the e«mels
decay. This 1s a satisfactory asaumption, sinece the relative
rates of the different consecutive stepe in a reaction sequence
depend on potential in the same way on open=gircuit as during
steady state polarizeation. If, therefors, it is Justified to
assune, for exanple, that the primsvy lonic dlacharge step is
at quasie-egquilibrium during polarisation over a given range of
potentials (when a subsequent step 1g rate~determining) the
Same aasumption willl continue to be¢va1id for openecirsult
decay in the same potential pan:se. If sondltions are sueh
toat quasiesquilibrium cannot be assumed to exist during stendye
state polariszation, our method of measurings the capacity will
atill be valid, sincs the deviation from a state of quasle
squilibrium at a glven potential will be the same duwring opune
gircult decey as during steady state polarigation. Our
discussion of the theoretical significance of the resulting
CeV relationship will then have to be modifled, owever, ss
discusgsed in the previous chapter.

Pagt and Jofa (37) have compared, rathser Qualitativaely,
the capscity wvalues obtained fro- inltial decay slopes and
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fronm analysis of the whole of the openeelircult deeay curves in
the ¢ase of the hydrogen evolution resction on iron and nickel,
and found that results Ifrom the two methods were in general
agreemont. Evidence of a mors guantitative nature to the same
effect 12 given in the following section for the case of oxygen
evolution on a charged nickel oxlde elecirode at relatively
high overpotential. We may note that eguation [128] should not
be taken as implying that knowledpe of the Tafel slope bl is
reguired for this method to be applicable. Horeover, it is

not even reguired that a linear Palel relationahip exists in
thoe range of potentials where the capasecity is to be meagured,
In fact, the present method iz beagt sulted to cases where n
transition region (in vhilch the potential varisas very rapidly
with current density) is observed, as is the cape in the
formate decarbozxylation reaction in pure formic aecid (8,9,27)
or during amodic passivation of metals {(86). In general, the
capacity iz ecalculated from

¢ = -1y /(a7 [129a)

vhere 17 s the current density rmeasured during ateady state
polarigation at an overpotential 7’. and ﬁ‘?e/dt is the
potentiasl decay slope at a time ¢, when the overpotenilal

hes reached the same value 37 e In the formate decarboxylation
resction in pure anhydrous formlie acld {the case exsnined

here), there 1is vary'lihnla hyateresis in the currentepotential
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relationship in the transition region, 1l.¢. results obtained
when the eurrent density is graduslly increasesd are almost
fdentical with those obtained during gradusl decrense of the
current densgitye In other cases, when such hysteresis is
found to occur e.g. in the formate decerboxylation in agueous
solutions (8), 1t 12 obvious that the 17 values used in
equation {129a) mhould be thosme obtained duriny measurements
at successively deereasing current densitisse

Another way of determining the capac’ty at the metal
golution interface from open=circuit decay behaviour was
described in the Introduction and in previous papers (7.,i1).
It was shown that the capacity was glven by

iin
C“‘g;-ﬂ {32}

whore P was a parameter (having the dimensions of time) whiech
could be described ag the time reguired for the potentisl to
decay from & value correspondin; to an Infinite rolarising
current density, to that corresponding to 113. The parameter
f# ig determined experimentally as the uar. ty required to
make a plot o ?7 veraus lo; {t+8) lirear for all valuez of
t down to t — 0. It bas been pointed out by ‘orley and
Hetmore (36) and by Conway and Bourgault (61) that open-circuit
decay lines commenced from different »sverpotentials nlotted
logaritimically in (t+8) should all be superimposable 1f the
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correct value of f has been nsed., We shall show below that
this 1s, in fact, observed exparimentally and values of the
capacity obtained from equation [32] are in agreement with
those obtained from equations [128] and {129] above.

The maxirum value of the Langmmir pseudocapacity
was shown sbove, and previously {10,16,70), to be

kP
Oy fmax) = o [92v]
where k' is thoe charge zarociated with the formation of &

monolayer of adsorbed radicale on 1 em? of real surface of

the electrode, It 18 evident, therelore, that if the maxirawm
value of the total pseudocapscity per unit real gurface area
is experimentally available (s.ge if € can be measured as
a function of V over a range whore 1t passes throurh the
maximum) and 4if k' can be satimated, 1t is possible to chtaln
Cqp from equation [103)

¢ = 5—-—;[-5—-%6 2 [203]

T L

and since (:T = 7/pr, the parameter », detormining the rate of
decrease of freo enerp;y of adgorption with coverage, can be
obtainred., formally, this procedure esnnot be used, since the
real to apparent swface area ratlo {i.e. the roughneas factor

£) ia not known sccurately.



- 3‘59 -

In the previous chapter we have derived equations
for the relations between the total adsorption peseudocapacltance
and coverage (equation {101]) and the coverspge and potentisl
{equation [100])3 by combining these equations, weo have
numerically evaluated the total effective pseudoenpacity asgzocie
ated with univalent radicals produced in an lon discharge siep
(when the subsequent step is rate-determining) as a funetion
of slectrode potential (see Fip. 6,7). ¥rom theme calculations
1t was qualitatively evident that the wildth (along the potential
axis) of the C~V curves, at a capacity corresponding to a glven
fraction of tho maximum capacity, was a simple, approximately
linear function of r. We ghall now derive analytically the
relation betwcon the width of the (=Y curve and the parameter
r and proposs a method by which both r an? the roughness
factor £ con be obtained by means of a quantitative analysis
of the curve.

From equation [101}, nawmely

glaﬁil—-a—ﬂ-—ug =9 . § {101}

we have

%-'- = % ‘t&%’ + r] [101a)
¢ = x'r fprlistl [s6a)

henece
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¥e then differentiate with respset to & and make the
differsntiasl coefficlent equal to zero to obtalin C{max). Thus

£ = mralmnge (-0 = o [130]

the maximum hence occurs at 8 # 0.5, as In the 1imiting

Langmulr ¢ass, ond its value g given by substlituting this

value of the coverage into equation [S6a) as
L

Clmax) =y [57a]

We nov e¢alculate the two values of coverare at which the
pseudoe-yacity egusls a8 given fraction p of the mazximum

value C(max), where
po= cu/cfmax) [131}]
Combining equations [S6a, 57a and 131} we obtain
b o= P )/ e - Enmeli=e) [132]
which 4s a quadratic equation in &, namely
o2 [LETer(las)] =0 [WRTH{dm)] + pRY = 0 [132a]

the solution of which is

W
0, = 3 {aw ey (133)

whare GL is now the walue of the coverase at uwhich the
pseudocapacity 18 the fraction p of i1ts maximum value C{max),
as defined by equation [131]. The two solutions of the quadratic
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equation {132a] represent two points on the C=8 dlspram,
symmetrically eituated about C(max), where the capacity has
a value defl-cd by equation [1311.

Por the limiting Langmulr case (r = 0), equation [133]

becoresn

8, = 05 ¥ 05 (V2 {133a]

We next caloulate the potentials ocorresponding to each of
the two values of ﬁ* caloulated above (eguation 133) and
their differonce AV“. which is obviously the quantity sought
in the pres:nt calculation, f.s. the dlatance along the
potential axis botween two points correspondins to the asme
valus of the pseudocapacity C“ defined by equation [131]
on the C=¥ dlaprm.

For the limiting Langmuir cupe we obtain by

combining equations {100] and [133a]
o« Pnfiees e
a%‘-’;m[%l*‘g [134]
SR LR b e I

7 1e(1en) Y2
==z In gl Kool + [1324-“]
%F [1*(1ru)";2] 1K7
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henoca

287 . 1+ (e )V?
AV = VeV, = S5 1n | (1
i 271 1 = (lew) . )

whon r = 0, Ve may now consider the mors penernl case when p

can asgsume any valuee BEquation {131} 1s rewritten for convenisnce

as

o = 12 ¥ 4 1233b]

where g is defined vy

1/2
a = Vo2 {(w) £%}]/ [136]

When the two resulting values of Gu are now substituted into
oquation [100], we obtain

Vo =FF 1o ix)giehyl ¢ § (05 ¢ ) + 1k, [137)

v, = F 1o (x5 + £ (05 - ) + 2, [137a)

henece

w, = vz-vln%-? In (%fgﬁ) + &2 [138)

Prom equation {138], we can ealenlate values of qu for any
value of u and plot them numericaliy ag a funotlon of r with
tihie quantity g calculated frow equatior [136]. The value

of r can then be determined from ths sxperimentally meoasured
potential "width" AV;& at any position up an experirental
(symmetrical) O=V eurve defined by a value of u,
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¥e may note that nv# in squation [138]) is comprised

of two terms, which we denote by

av, = &% 1n (%fé%) and 4V, = Za [139)

Since g varies rather slowly with r (at intermedlate values
of p, say 0.3 {p € 0.7) wa can regard 4V, as almost
indeperdent of r and ava as linesr funetion of r. Thus
equation {138) bocames

Avu = K, ¢ Kﬁr [140]
where Ka and KB are, to a first approximation, independent of

re In Plge 17 18 shown the variation of 6“?' Ava and Avg

with re It 18 clezr then thet over a wide range of values of

r, the quantity AV# is almozt a linear function of re The
deviations of tie mlope of the A%ﬁ-r plot at each extrame

(r/RT = 0 to r/RT = j0) from the mean slope abt r/RT = 20 is

less thar 3%, 3o that the error arisin~ from the use of
equntion [1h0] 1s nerligible with respsct to errors involved

in the determinmation of A%ﬁ, as will be dlscussed below, The
scope of this method is obviously not limited Ly the approximate
nature of equntion [1L0). Were AV“ obtainable experimentally
with a high degrec of accuracy, equation {138} could be used
inatead to evaluate r with an accuracy correspornding to that of
AV &« Such a calculation would be justified ir the assumptions

[
leading to equation [138], in particular that reparding the



Filgure 17. The width pr‘ {and 1ts components
A\fa and Avﬂ) of the CeV plot at a capsecity
Op % o C{max) along the Vv axis (cf.
equation 140) as a function of the parametor
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eaxigtence of a rate~determining step with the previous ion
dlscharge astep at guasi-scuilibrium, were valide.
Humerically eguation [140] 1is

Vo5 = 90 +r/90.3 x 107

for p taken as equal to 0.5, with AVO.S expressed in mV

and r in Je equivalent'l. 3imilar, almost linear expregsions
can be obtained for Avp ez a function of r for other intere
mediate values of pe It is obvious that the r value
ealoulated from a civen experimental CeV cuprve should be
independent of the fyaction p at which it 1s determined and
this requirement can, in faot, serve as a criterion for testiny
whethsr the experimentally obtained =V curve has the theorste
fically predicted shape,

The fundsmental advantage of the method fust
described for the determination of » i3 that it depends only
on reolative values of the measured capacity, and ig therefore
completely free from errors due to rather arbitrarily assignod
values of the roughness factor. Horeover, determinailon of r
by the metrod described above enables us o estimate the
roughness factor, as we now proceed to shawe

The parsmeter r oan, however, only be determined by
this method when the adsorption paoudocapacity is known over
a potential region where it passes thyou~h 2 maximum ond the

shape of the C«V curve 1z symmetrical wlith respoct to this
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maximume It is also required that the initial d!scharge step
be at quasi-equilibrium with a followins step rate-determining,

ag discussed above.

(111) Determination of the Rourhness Factor of Ulectrodes
Lrom Adsorption Pseudoganacity Data

The rates of heterogensous reactlons sre usually
proportional to the area of the interface and gpecific rate
constants must hence be defined per unit surface area. In
electrode kinetics the aoverpotential is pelated in an unambiguous
manner to the current density, deflired 1In terme of the currant
passing acroszs the metalwgolution interface per unit resl
area of the interfaces. It has been realised early in the
atudy of slectrode kinatics that the reometrical apnarent
gurface srea ls not agual to the real swlface ares avallable
for electrochnmical resctions evern on hlrhly polished,
apparently smooth olectrodesg thue a method by which the
roughness factor £ (1.e. the real to aprarent surface ares
retio) could be estimated, 1s regquired. Frumizin and coeworkers
(4) have estimated the real surface araa of solid electrodes
by measuring the caracity associated with cherving of the
ionse double~layer, and comparing it with the lonie doublew
layer capacity at mercury (uwhero obviously £ = 1) at a



- 167 -

rational
campnrnblo/potontial.” praferably somewhat negative to the
potentisl of sero charpe. This method has since besn used
in numerous electrochemical studles and it probably yields
the riy bt order of magrritude of the roughness factor.
However, slrce the doubleelayer capascity behaviour at solid
slectrodes 1s not usually well Imoun, and the position of the
potential of zero echarge usually cannot be determined accurately,
the quantitative comparizon of ionic double-layer capacitics
at 30114 elsctrodes with that at morcury must remain somewhat
dublous.

Ereiter, Knorr and Volkl (2%) have attempted to
estimate the real asurface ares of electrodes by measurin; the
charge required to form an oxide monolayer during anodic
chapging at a constant current density. It has been pointed
out by iockris and Devanathan (21) that this method could not
be regarded as satiasfactory, since the oxide film formed could
hardly be expected to be stolchiometric, particulsrly on the
noble wetals, tho oxides of which are Inown to be none

stoichiometric even whon produced ip the bulll vhaseg

* The term "pational potential” was first introduced by
Grahame, (17) and refers to the potential relative to the
poZDco
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alternatively oxideas in different and unknown valency states
could be formed.

recently (7,48) the B.li.T. method has been used
uith krypton to determine the real surface arsa of porous
elegtrodas. This method invelves drying the electrode material
and measuring the extent of adsorption of the inert gas. The
BeEsTe method oan be expected to ylsld results of the right
order of magnitude only, since the 2 tructure of the porous
slectrode may be altered to a significant extent dwring the
drying procoess and, moreover, the suriac avallable for gas
adsorption may not be equal %o that available for electrochomical
reactions, particularly at porous elecirodes whieh may have an
intricate fine strudture.

Here we proposse a new method for the determination
of the roughness factor, developed by Cormay, Gllesdi and
Deleciuch (9) and apply it to the measurerent of real surface
areas of Pt and Pd electrodes used in the studies of
elactrochemical decarboxylation of formate in pwre anhydrouas
formic acid solutions,

The maximum value of the adsorption pseundocaprcity

has been given above asg

?
C(max) = Eﬁ%-¥1; {57al

We have shown in the previous section how the varameter v,

determining the rate of decresse of the frec emercy of adaorptlon
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with increasing coverage, could be determined by a method which
does not require a knowledpe of the rosl surface area of the
electrode, Hence, if the experimentally determined valus of
the marimum pseudoocapacity per unit apparent (peometrical)
swrfaco area is divided by the guantity caloulated from
equation [57a), the roughness faetor is obtained. In order

to apply this metiod experimentally, we have to know x' s Which
involves assigning a value to the number of admorption sites
per cm.z on the electrode surface. 7This 1s generally achlsved
by estimating the number of gites e.;« on Pt ana H1 electrodes
{(12,21,28) from the lattice parameters for the metals, assuming
for example that one hydrogen atom iz required peyr metal atonm
on the surface to form a complete mwonolayer. In examining the
formate decarboxyl-tion reaction, Conway and Dziecluch (8),
have used Courtauld spacs filling modele to estimate the

mmber of formate radicals per unit real surface area, and

took this number as the reciprocal of the projected surface area
of a single radical. I!‘oth methods are probably rather aprroximsate,
but it must be remembered that the uncertsinty in the velue

of k' eauges a none=random error which ls inherent in the
caleulation of the fractional coverage & from tho swface
concontration even if the real surfuce area were known very
accurately, The proposed method of determining the roushness
factor £ is hence not limited precticslly by the error involved
in k'.



- 170 =

A second method may, under certsin conditions, be
employed for the determination of the roughnens factor. It
depends on the fact that the maximum in the C«V curve will
always cccur at @ = 0.5, provided that ths assumptions leading
to the general esquation [Séa] for the pseudocapacity are walid,.
The charge required to cover half the surflace can be obtainsd
from the eguatlion

V2
aq = J cav {141]
V1
vhere AQ 18 the charge required to change the potential of the
electrode from~ a value Vl to vz. The lower potentinl Vl is
cliogen such that the coverage correpponding to it is mepliglible,
and VZ 1s taken as the potential at which € ig a maxlmm. The
integral in equation [141]) can then be evaluated numerieally,
using the exparimentally determined CeV relat‘onship. Since 4q
caleulated in this manner corresponds to @ = 0,5, the real
surfacse area can be determined once k' has been estimated, as
discussed above, This method wiwuld be —ost satisfactorily
applicable to systems for which r wa« pr-ther small and the
position of the maximum in the C-V plot could be determined
accurately,.
The two methods of daterminins the rouphmeas froter

from capacity measurements deseribed above offer obvious
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advantages over the B.E.T. method, since they mensure the
eleetrochemically accessible arca of the eleectrode under
working conditionsj thus whatever surfoce area s svailable

for adsarption of reaction intermediates ins obviously avallable
alzo for the rslevant eleetrochemical process as a whole,

The pseudocapacity methods are to be preferred to the method
depending on measurement of the Jonic doubleslaver cnpacity,
since they do not depend on the rather dublous extrapolation
from one asystem to nnother (l.e8., from & liculd meroury
electrode to s0l1d motal eleetrodes).

The gare limitations apply here as in the case of the
mathod for the determination of the parameter r, discussed
aboves namely, that the pssudocapacity must be lmown
axperimentally as a function of poterntial over a2 range where
1t passss throurh 1ts maximume. The form of the Ce¥ curves must
be symmetrical (confirming that the free enspry of adsorption
decreases linearly with coverape), and the initial dlscharpe
step must 0o at equilibrium with a following step ratee

determining, as discuased above.

2. APPLICATION TO Tiii FORMATH DICAR:0XYIA FION REACTION”

We now apply the above analysls to e.mef. docay and

The experimental basis of the work discussed in this section
has been p ted in a recently presented thesle in thils
Department %27), tn 2 series of papers Ly Comway and Dziecluch (B)
and in a joint theoretical paper by Conway, Gileadli and
Duzleciuch (9).
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polarization curves obtained in a previous study (8) in this
laboratory, of the mechanism of decarboxylztion of formate

fons in 1008 formic acid examined as & model resction for studies
of the Xolbe synthesis. In this resetion, s sharp transition

in the current-poiential curve is observed (8) whiech e

analogovs to th~at found when snodie paseivation of metals

oecurs. The trans’tion behaviour fs not associated with a
diffusion-conirolled limiting current and must be ascribed

to some chanre of condition of the muofaco at 2 eritical

current density. The results obtained by apalysis of the

e.m.fs decay ancé polarization dats for this transition rerion
enable an eovaluation to be made o the peeudoecanneity changes
which occur in this reglon., oxamlnation of tho eapacity-potentis]
eurve thsn allows caleulation of surface covernge by the reaction
intermediates and estimation of the parameter r relating the

free enerpy of adsorption of the intermediates to surface
coverage in a Temkin type adsorption lsotherm (10,30,50,53).

(1) Experimental
(a) gGenepal

Current-potantial curves, obtained fyom constant
current anndic polarization runas, were vaed with complemontary
s.nsfe decay measurements, to axamine the dependence of coverage
and pseudocapacity en potential. The current noteniiasl curves

are in course of publication elaevhare () in a paper on the
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kinetics of formate decarboxylation (and have been presented in
the thesls mentlioned above, 27) and only a typical plot will

be reproduced hare {(rFig. 18)e¢ 5Similarly, only a single typical
o maefe docay curve (Fig. 19) is glven which 1lluztrstes the
arreat of potential normally observed in this system on openw
circult decay, and associnted with an appreciable adaornption
pasudocapacity. UWhen time~variation of the clectrode potential
ogccurred nesr the observed transition ewrrent reglon during
polarisation (Fig. 18), the steady values obtained after waiting
5«10 mimites were taken, 1In the linear Tafel reglons above and
below the limitinc currentedansity for transition in the currente
potential behaviour, 1little time-varistion of potential was
encountaered,

Decay of cemefs was followed by interrupting the
polarizing current by meana of a fast {2-3 .szec.) mercurye
wetted vacuum relay, after a steady potential had bsen reached.
The c.m.fs measured with respect to elthey of a palr of hydrogen
elasctroces in the same golution, was fed to a calibrated
Howlett=Paclard oscilloscope through a Kelthley electrometer
{input impedance 101” ohma). The docay curves wore photographed
and enlarged some ten times for quantitative measurement. Slopes
d’?e/dt were obtained by the prism and setesquare mobthod
to & 21,
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Currentepotential cwrves soowings typicel
trangition behaviour for anodic polarisation
of Pd, Pt and Au in 100:% formic sc'd + 1M
potassium formate at 5°c. A typical populgtion
of noints for several electrodes In the case

of Au is shown. The Tefel lines for P4 and

Pt are the mean lines for elght e¢loctrodes

in two solutions.
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Pigure 19.
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Typleal eamef's decay curve following
anoGie polarization to the trange
passive reglon in formnte desarhoxylation
in pure anhydrous formie acid at a Pt

slectrodo.
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(b) Preparation of ilsctrodes and Solutionsj
Instrunentation

High purity methods were used as deseribed previously

(87)e ALl solutions were pre-slectrolysed (2hh.s 10'2Amp.cm72)

and electrodes wers prepared in protective glass bulbg (57)
and maintained tins in the solution during electrolytie
purification of the electrolyte. ¥lectrode metals were
Johnson Matthey spectroscopically pure rold, palladium and
high purity platinum,

batsile of sclution prepsration, olsetrical circult
and inatrumentation have been described in detall previously
(3,27)e Pure formic acid was prepared by dehydrating the
reagent grade material over anhydrous boric oxide and snhydrous
copper sulphate followed by distillation in vacuc. One molar
solutions of anhydrous potagssium formate as the elsetrolyts
were made up in the 1004 formic acld. Puriflied medical grade
carbon dloxide was bubi:led throurh the solutions during the
pre=electrolysis and initial polariszationy puriffed hydroren (87)
was bubbled throuprh the geparate raferonce slectrode compartment
at tho time of the run.

A1l runs were conducted at 5°C in order to minimlse
anodic atteck of the palladium oeleetrodes which occurs

significantly at room temperature in this system.



(1) Remultsg
(a) General

Typle:l stesdy-state currentepotentlisl surves are
showm in Plg. 18 for Pd, Au and Pt. It 1z ssen that at Pt
and Au, two Tafel reopgione are well defined and separasted Ly ao
tranos tion reosdon associated with an sctivationecontrolled
limiting current. The transition behaviour i+ not associated
with a diffusion=controlled oxldation of impurities since 1t
remains unchanged even in the most risorously purified formate/
formie acid solutions. AJualitatively similar behaviour is
obasrved in theo trifluoroacetate decarboxylation (8) and in
the gqueous formate decarboxylation reasctions.

At P4 two transition replons are obgerved with an
intermediate linear Tafel reglon which Lz, howavar, less
raproducible. 7The aipnificance of the two frensltion regions
obaerved will be discuseed below, In renaral, the behavioup
in the linear Tafol regions sbove and below the tyansition
roglon are quite reproducible and the data shown are based on
runs conducted with ten electrodes of each metsl In at least
twn separately preparcd snlutionss The potentlials in the
tranpgition reglon, at a gilven curvent denslty, vary with time and
ecannot, therefors, be determined qguito as accuentely as in the

lirear Pafol reglons (more precise result. ean be obtained in
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this reglon potentiostatically). However, as we have shown
above, we require only the current-density which is approximately
constant in this transition region, so that ths capacity is
mainly determined Ly d;7/dt (equation 12%a), which is the
principal variable over thils range of potentisl, The signifiecant
uncertainty in the potentisl as & function of current density

in the transition reoglon hence does not seriously limit the
accuracy of the capacities ealoulated for this region. Delow
and sbove the transition regisn, vwhere the current varies more
wisch potential than in the middle reglon, ths current-potential
ralation can bLe defined experimentally with norwmal preecisiong
hence the capascities can be esvaluated again with satisfactory
acouracy.

In the present anhydrous formic acld system, there is
1ittle hysteresis in the currentepotential relationship for
increasing and decreasing current densitless the observed
currentepotential relqtionship for steady d.c. polarization st
successively ineroeasing constant current demsities may hence be
used i{n conjunction with the opams¢ircult decay cuwrves for
the ecaleculation of the pseudocapacity as a function of potential,.
When hystervoin is obaerved (c.ce durlny formate decarboxylntion
in aqueous solutions (f)) the currente-potential relation for
deoreasing current-densities would have to be used, as discussed

above,
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A typleal e.mef. decay curve for the anodic

decarboxylation of formate (1M HCOOK) in 1004 formic acid at
5°C 1s shown in “ig. 19 for the palladium electrode.

A peneral dilscussion of the mechanism of decarbonyle
ation of formate in formic acld haeg heon piven by Conway and
Pzieciuch (7). It has been shown that the reasction 1z

HC00™ — HT o+ co, + 2o X1

[or HOOOH - 2H' + co, + 2el

and that the intermediate stops at n site ¥ on the metal

surface are probably

HCO0”T + M — MHGOO + e ) 43 1
MHCOO - ME + GO, XTII
MHE — M + H + o X1V

or
MHCOO — M 4 €O, + H + o xv

Reaction XIV will be very fast at ths hiysh anodle potentials
involved (kg D+ 1,5 V) g0 that significant coverage by H® s
unlikely. The ionisation stepe XIV or XV are thus prefsrred

to H recombination to give H,, a step which 1s not observed (B).
Thia s presumably why a "Kolbe" resction (to give Ea) doen
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ot oceur in formate decarboxylation. 4ny psoudacapacity

will hence be mainly assocliated with adsoprbed HCOO in XII and
XIII end tho coverags will be appreciabla 1f the rate constants
for the forward and backward directions of XII tend to he much
greater than those for XIII or XV,

(¢) Lvsluation of Pssudosapacity in the

Transition Repion
The electrode capacity in evaluated using equation

{128] 4in which the self-discharse euwrrent lo oxp ?7t/b passing
at the potential ?7t on the e.m.f. Gocay plot, is ldentified
with the sctual current passing at the same potentiasl determined
from the steady~state currentepotsntial relations (Pig. 18).
In the transition repgion itsalf, which 1z of gpecial interest
hore, the current (which we Zenote by iT) is almoet independent
of electrode potential over about 0.5 « 1.0 V. Hemce, at any
point in the e.m.f. docay curve over this ranpe of potentisl,
the selfedigcharge current passing will be approximately constant
and equal to iT and 1te exact depsndence onty will not be of
eritical importance in the evaluation of C,

The values of C as a function of ovarpotentiai“ for

Here we have used the overpotentiasl roferred to a theorotical
potentisl, with respect to  the hydrvopen electrode in the same
solution, for tho reaction HCOOH—CO,+H, at 259C, An estimate

of the standard entropy change (89) for this resction Indicates
that the revergible potentinl will be approximately 17 mV,
different at 5°C, This will not significantly change the
caleulated values of capacity or swisce coverage deduced below
for the transition rerilon but will only shift the potential scals
for the potontial dependence ol these quantitleas,
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the resction (baged on a theoretical reversible potential (8)
for XI of By ® =0.230 V [Buropean convention] standard state
unit mole fraction of HCOOH, 25%) are stown in Flgures 20,
€1l and 22. It is evident that the values of C are mueh lapprer
than those (ca. 40=100 uF, cmfa) corresponding to an anodic
ion double-layer capacity (17) and henee muct be identified
with an adsorption pseudocapacity « The curves of C as a
function cf:7 alsoc have the correct (10,70) form, viz. &
maxirum with C deereasing towarde szoro at potentials aporeclably
higher or lower than that of the maximum. We sucrest that this
pasudocapacity is assocliated with production of HC00® radicals
at the purface, since the steady state concentration of H®
will tend to be very small under the eonditions of high
anodic polarisation,

In the case of P4, a region of appreciable pseudoe-
capacity  arises at the first transition region (Fig. 18)
and is then succesded by another pssudoeapacliy repion at a
highear potentinl. The magnitude and range of potentiel
dependence of this second pseudocapacity {Pige 22) tndicates
that it approeches ldeal Langmuir beheviour the most closely
in the present series of results. An 1deal Langmulr pseudo-
capasity (10,30) will have a msximum value of k'F/&RT F.cmfa
where ¥ e the charge assoclated with formtion of a monolayer

of adsorbed radicals on one am? renl surface area. PFor HCOO®,
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The variation of capacity with overpotential
in the transition region for the formate
decsarboxylation reaction at a Pt snode in
pure anhydrous formic scid. The capacity
was obtained from open~circuit decsy and

steady=-gtate polarizatlion messurements,
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The variation of capacity with overpoiential
in the transition reglon for the farmate
decarboxylation reaction on a ~old anode in
pure anhydrous formic acids ‘he capascity
was obtained from openecircuit decay and

stoady=astnte polarization measurorenta.
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Flgure 2.
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The variation of capacity with overpotential
in the transition region for the formate
descarbvoxylation reaction at a Pd anode in
pure anhydrous formie acide The ¢apacity
was obtalred from open-circuit decsy and

stoeady-gtate polarization measuromentse.



CAPACITY « F.cm-?

O
[
O
o]
600 /
O O
500 © \
/ 3
400} O \
(o]
HIGH
C.D.
300~
(@]
/O
200 (0] \
9-0-0-0-9
./. ® A / o)
// LOW C.D. o
/ o\ /
100~ o o
‘e / \
AN o \
* /
LT /
.\.N.o’oro
1 ! | | | | | | | | | | |
04 05 06 07 08 09 1.0 Il 1.2 1.3 1.4 1.5 16 \.7

OVERPOTENTIAL (V)



- 186 =

the molecular area is aprroximately 1L 22 (from space«{illing
Courtsuld models) so that k' 1s 113 pe. eme® and tho maximum
Lengmulyr pseudocapacity will be 1.1 x 107 p?.em"z. The
pseudocapacity found at Pt and Au, and at lower current
densities at Pd, 1s less dependent on potentisl and has loweyr
values. This is as expected theoretically, as we have ghoun
above and elsovhere (10), since the mors the overall pseudo=
capacity originates from a Temkin term ivnvolving a linear
dependence of coverage upon potential {corresponding to a
constant Temkin pseudocapacity contribution) the lower will
bte the maximum value of the overall capacity and the widsr will
be 1ts range of potentlial depondence.

(d) Determination of the Par
Pd Electrodes in the Formate Decarboxylation Reaction
The method described above and previously (9) was ussd

to determine r for HCO0® adsorption in the formate dscasrboxyle
ation reaction in pure avhydrous formic aclid on Pt and Pd
elsctrodes, The caloulations wero based on an equation such
as [140). Data were alsc available for yold electrodes (8)
but the resulting experimental C-V curve wns skewed and the
analysis developed above could not, therefore, bhe applied,
This case will, however, be discussed further below, [from the
known value of » and the sxperimental valve of tho maximum
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psesudoecapacity, the rouchness factor was calculated using o
valus of k' = 113 pc/cm? for the charge reguired to form a
monolayer of formate radicals on the slasctrode surface. 7These
results are summarised iﬁ Toble 1 below. The r values obtained
ars appreciable (though considerably less than these obtained
in the intermedlate coverage reglon in chemisorotion of spacies
such as H} O3 ¥ from the gas phase (80)) and indicate significant
deviations from Langmir behaviour.

At current densities appreciably above the critieal
current at the transition reglon, anodic films thicker than a
monolayer are eventuslly built up during extended perliods
of anodic electrolysis (8), particularly at palladium, Under
such conditionz, the analysis discussed above will be
inapplicable., However, it iz important to note that the
elsctrode passeg from an active to & pasasive repglon as a
bonolayer of adsorbed intermedintes is formed on the swfsce
and further formation of a thicker layer is to be consldered
& secondary effect, not fundamental In reaching 2n initial

passive gtate,

(111) Discusgion of the Capseity Caleulstions
(a)

ad L

Ir this section we shinll discuss the sources and

approximate magnitudes of orrors involved In the experimontally



Values of the parameters r and £ in the forrats
decarboxylation regetion at Pt anc g

Elsctrode material Kual.rg. equﬁvfl ﬁgizizﬁzs
(mee note ) factoplt
pat 7e3 1.5
pa? 2.6 0.9
pa® 1.8 0.3
pa® 2.8 3.9
pe? 5.9 1.0
pt3 7.2 1.0
2% 5.5 1.8

Rotes on Table 1

b Data giver here are for the first transition reglon
odbaerved in the current potential curve (cf.
pefaorence 8).

2e Data given here are for the second transition reglon
obgerved at higher current densities (ef,
reference 3).

3. Only one transition ragion iz observed at Pt.

Le The data given in each ease are for several runs on
separate electrodes.
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deternined quantities (l.e¢. in C,q,r, and £).

The pseudocapacity 1s obtained from a current measured
to £ 0455 (8) and a rate of deocay of potentisl (equation 128)
estimated to ¥ 24, hence C itsell can be cbtained to
sprroximitely & 2f. The capacity per unit apparent surface
area can, however, only be obtsined to & 5%, with emall wire
elesctrodes, owing to the usual uncertainties of determining
the exposed length of wire originally sealed in a bulb.

The charrge q iz obtained by integration of the
capacity=potential relationship. The potentials are
reproducible to 210 mwve in the upper and lower Tafel reglons
and determined to £ 20 mV. in the transition region. This
congtitutes an arror of 5% -« 10¥ over the range «f potentials
moeasured. The error 4q in g is of the order ol the sum of the

errors in C and V§ more aceurately
2 AV, 2 2
8 - @2+ gAY

80 that the error in the total charge will be ¥ ga. 10% and
tho error in the charge per unlt apparent surface area will be
3 2. 15%0

The error in r deperds ont

(a) fThe ascouracy in the values of C and V which are
used to plot the CeV cwrvej

(f) posaible deviations of this curve from the form
vhich can be predicted according to equations [100] and {101].



« 190 =

Empirioal graphical eatimates of the sryror in r arising
in {(a) lead to a value of ¥ 20=307 which 1s consistent with the
obsorved deviations between results obtained in “identieal"
duplicate runa, In this estimate we are only invoived with the
&% error in ths actual value of C (end not that per unit area)
since only relative values of C {e.g. 00.5/cmax) are used in
determining r.

Deviations of the CeV plot from the theoretical form
(equation 101) are obvious if ths curve is not symmetrical,
Nevertheless, such a curve msey be symmetrical, yeot different in
shape from that expected theoretically. This 12 revealed by
an apparent dependsnce of r on the value of the parameter u at
whieh AV“ is measured (cf. equation [140]). 7This effect was
observed in ons or two cases but the variation of » with u for
a given C~Y curve waz rather small and well within the estimated
1limits of error ivon above.

The error in the roughness factor f dependas on the
measured maximum capacity (per unit epparent surface araea),
the calculated value of r and the mumerleal value assipned
to k'. the charpe per unit real sw fnce area required to form
a monolayere The maximum pseudocapaclty ean be meagured to
about ¥ 8% and coloulated {from eguation [57al) with a relative
srror of the order of magnitude of the sum of the relative

L]
orrorg in k' ard r. However, since the errvor in k is a
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systematic one (the same value of k' being used throughout)
we may disrepgerd it and conclude that the roughness factor
can be ealculated to about ¥ 30%, with a possible bias due
to the uncertainty in k'.

Experimentally much lavger fluctustions in f are
observed (cfe Table 1), and we believe this correaponds to
sipgnificant variations in the real surface ares of 4iiferent
electrodes used in otherwise identical runs, rather than to

random errorz in the measurement of thoese areas and £ factors.

(v) The Quasi-Equilibrium Assumption

It is clear, as we havs pointed out above, thnt our
calculations of ¢ and L are only ¢orroct 1f the pseudooapacity
depends on potential in the theoretical way predicted by
equations [100] and [101), uwhich were derived assuming
(a) a linear deerscase of fraee enarpy of adsorption with coverage
and (b) that a rato-determining step exisiz with a previous
discharge stop effectively in equilibrium. We have shoun above
thst a nonelinear relationehip betwoen ths fyree energy of
adsorption and coverage should be esslly detectable axperimens
tally from tho skowness in the C-V relationships (Fis. 10)}
tho assumption of quasieeoullibrium, however, requires
furthor consideration. It can beo apprecintsd thnt, sinecc the
formate decarboxylstion reaction involven ateps other than those
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to uhich our discussion of noneequilibrium conditions refers,
a differsnt relatlionship between potentisl and coverage results.
Moreover, it can be easily shown' that in the present case
(.00 formate decarboxylation) we comnot derive an explieit
snalytical relationship to express the pseudoespacity zs a
function of elther potential or coverare under nonwequilibrium
conditiong, and the guantitiea @ and € can only be caleulated
numerically as a function of V. The gpeneral conclusions in
our proevious discussion of cages for which guagieeguilibrium
cannat be assumed to exist are neverthelesc probebly validq,
and in particulsr it must be borne in mind thet the pssudoe
capacity bshaviour mauy be much more sonaltive to slight
deviations from equilibrium conditions in the initisl
discharyge step than other kinotic parnmeters (e.g. Tafel
slopes). Thisc may 1limit the usefulness of our mathods of
dotermining r and £, deascribed in the proevious section,

unless the ratio of specific rate constants of the initinl
discharge step nnd the following atep ig knmowm to be very
larre. This effect 18 expected to be parblcularly manifest

at high values of v (say, »/RT ) 20). Since,

however, relatively small values of r were observed

A detailed discussion by Comway and Gllendi of the pasudoe
capacity behaviour under steady stote corditlons Loy dlfferent
resction mechanisms iz now in cowrse of publication, mnd is
baged in part on the eslculations presented in Chapter IIT.
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in the present case, (of. Tabls 1) the quasiesguilibrium
assumption can probably be considerad an adequate aprroximntion

here.

(¢} The significance of the Tuo Psoudoeapscity Regions

st Pd

The currentepotentisl plot in Pig. 18 shows two
transition ragions in the case of P4 (while only one suech
roesion s obgerved at Pt and Au electrodes), and correspondingly
two re;lons of aprreciable paeudocapacity are obseyved in the
C=V plot (Plg. 22). Formally this behaviour could arise for
one of several reasonat (a) by Paradaic depos!tion of another
entity on a surface already occupied by a firgt intermediatep
(b) on account of the exlstsnce of two separate populations
of sites at the surface having dlfferent and noneoverlapping
ranges of adsorption enerpies for a riven single intormediate
[this 18 possibly the case for adsorption of H at some matnla
(31,46)]3 (c) by oxlcation, to a highor valemce state, of the
specles alrecdy asdsorbed more or less to the extent of a
complete monolayer. If the potentinls associnted with a gz-slectron
oxidation of a previously deposited species obey a Nernst relation
with respect to the activitios of oxidised and reduced formsof
the adespecioes, or 1f the oxldised and reduced species bohave

ideally we can wrilte
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2 ) (2]

o RD
E = BY «# i In [°m. -
where 6, #nd e, are the surface concentrations of axidised
speclies at any degree of oxidation, and at complete oxidation,
respectively (am - ¢, is then the concentration of the specles
in the reduced form). Since the formation of the oxidised
gpecies from the reduces wlll be associcted with a Paradale

process at the surfaco, the ¢, snd o can be expressed in

)
terms of corresponding charge 9 and q, 80 that a pseudo=

capacity € given by

c = Ey (a,~q) a9, (143]
will arise (39) and has a maximum when 9 = Qe %Y = Yeduced’

given by
Craxe ° 'ﬁ§§ . 9,

$s8¢ a result exactly similor to that for the normsl maximum
adsorption pseudocapacitance for Langmuir conditions {(cf,
equation 92b)s It is of interest to note that the maxirum
pseudocapacity in this case will occur at the standard
potential for the surface redox process.

In the present case for Pd, it ig difficult to
snvisage for (o), above, any radieals which asre different
from HCO0® which could be deposited, althourh deposition of a
pecond layer of the aame apecies is feasible} for (b), the
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behaviour obaerved is nelther found for the other metals
studied, nor for P4 when 5 HCOOK solutions are used, and is
therefare probably not associated with s general yroperty of
the metals; explanation {(¢) 4is hence most plausible and would
tend to give & more idezl Langmuiir type pseudocapacity relation,
since the specific coverage effects, irvolvinc an apprecisble

r value at the metal have already been effective 1n determining
the potenti~l variation of the pseudcompacity in the lowsy
curront demsity repion as GHGQO' incrensed and tanded to its
initisl maximum value, Some confirmetion of this supposition
i3 afforded by comparison of the value of r for the lower
tranalition region at Pd with that for the single transition
reglon at Pt (Table 1)3 the two valuss are ~ulte comparable

but appreciably greater than that for the upper transition
rogion at Pde

3. APPLICA?_IOE! 0 THE OXYOEW BEVOLUTION RBACTION AP A GEARGEQ
CKEL OXIDE ELECTRODE
(1) Gen

The electrochemistry of the nickel oxide slectrode
and the mechanism of oxygen evolution on a fully charped
nickel oxide electrode have been oxtensively studled in this
laboratory. 4 detalled account of technigues used and

exporimental results, as well as & dlscusaion of these results
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have been given in a previous thesis (1) and in geveral
papers by Conway and Bourgault (7,39,47,61). This work is
clossly related to the discussion of the role of adsorbed
intarmediates in eleotrode kinetics prasented in the previous
chapters since muach of tho sxpsrimental dsta ecan best dbe
interpreted in terms of the theories proposed here and, in
fact, the need for g proper explamtion for these results
initiated partially the theoreftical worl presented in this
thesis,

In this section we shall &1 scuss some results
obtained for the oxyren evolution rsaction at a fully charged
nickel oxlde alectrode at relatively high current dengities
(up to 2 Amp.gm‘lﬁ) in relation to the comparison of three
different metiods for the determination of tho adsorption
passudocapscity. In the next chapter, a study of the reversible

potential for the WA Y = mgi'tl

syatem as a function of degree
of charge of tho electrode will be presented, where again
surface effects are shoun to be of importance in determining

tha thermodynamic behaviour,

® It has been found (7) most convenient to express the current
dengitios at these slectrodes per unit wolpght of active material
(N1(0H),) rather than per unit surface area, since the latter

can only be estimated froam B.E. . measuremeonts on the dry
material and may not be equal to the real suwrfsce areas avallable
for electrochemical reaction, as discusapd ajjove., The area
measured by tho B.E.T. method was 4 x 10° cm§ gmtl for the fully
charged eleotrode.
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(11) Experimental

Nickel hydroxide electrodes were prepsred in sintersd
nickel placues as described previously (7,90). Fach elsctrode
was charged and discharged thwree times before use at approximmtely
a five hour charging rate in order to stabiliss 1tz elenirge
chanmical behaviour (7,39)e 4All solutions were prepared as
deseribed previously” (7,41). Helatively small electrodes were
used in this series of experiments (tho appavent surface area
was about 9 emg es compared to ashout 4O em? in previous
work (7,39,41) and in the study of reversible potentisls
discugsed in the mext e¢haptar) and the electrodes were
impregmated only once, so that the ammwrd of elactrochemically
actlve meterial (f.e. ﬁi(ﬂﬂ}ai in ench elsctrode was only about
105 of thet in previous studies. This enabled the mezsurements
to be extended to higher current denglties and potentials than
those used previously {up to sbout 2 x 103 ma por gram of
active material, caloulated as the grin in welight of the
slectrode upon impregmation). A fast recorder (Brush, Mark
IT) operated from the ocutput of a high impedence Keithly
eloctrometer was used with n raximum chart speed of 125 mmesecss
The change of potential with time on opmnecircult could bas

—

* High purity techniques are mot required hers owing tg the, .

isrge real surfoce area of the oleo es (about § x 10~ em.agm:
of El(oﬁ)a as discussed previously (li1).



observed from about 0,01 ssc. after cessation of polarization.
The actual potentinls were moasursed on a Radlomoter iype My
high stability eloctronic potentiometer (input impedence 1032
ohms) and results obtzined on the fast recorder were checked
against a hirh impedence Philips recorder, type FPR2Z12«A/0G,
whenever theo rate of change of potential wns sueh that 1t could
be neasured on both instruments {ths maxionum spoed of the
Philips recorder [l.2 mm.aae?ll wag almost equal to the lowest
speed [1 mm.saofll available on the fast recorder).

The steady state currentepotentisl bshaviour was
studlied over 2«3 orders of marnitude of the current densities,
and open~circult decay was followed after the steady state

hae been recched at sach current denaliy.

{111) Results

We have shown in the Introduction (of. page Ll ,
ecquations [2:] to [32]) that the adsorpiion paeudocapaelty“ ean
be obtalnrned from tho equation

¢ = giﬁﬂ [32]

where 11n is the steady state polarizing current density
pesesing at an overpotential ?71n' by is the Naperian Tafel

* That 18, when the adsorption pseudocapacity ia large

compared with the ionic double~layer capacity, as previocusly
diascuased,
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slope for the relevent electrochemicnl process, @ is an
experimental parameter obtained empirically from a plot of
V against log (t ¢ §), vhere § 12 chosen such that the above
relationship will remain linear down t0 ¢ = O (8se. pe L4l ).
¥We have used eguation [32] to determine € as a
function of potential, by determining @ for different values
of 1, .+ Results ere given in Pige. 23 a and b (for 1% and
108 KOH solutions, respectively), where we have included
also the pseudocapacity values obtained from initisl decay
slopes (dv/dt)tao ard in Pig. 23a also from slopes in
continuous decajéuns {v. equations 128,12%9). The agreement
between the varisus methods used to deternmine the ocapacity is
soen to be satisfactory. 8ince the fast recorder used in most
of these experiments was not rectilineal, the initisl decay
plopes eoulé not be determined directly from the recorder trace,
and values had to be replotted or squared graph paper. AS
a rosult, the estimates of (dv/dt)gao tend to be asomewhat too
gmall, leading to velues for the caleulated pssudoocspacity (ef.
equation 128) which are rather too hiprhe. This, we beliave,
can account for the somewhat hirher values of C obtained from
initial decay msasurements shown in Flpe 23a and b than {rom

the other methods. We note, however, tht the pseudoocapncity
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The variation of capacity with potentinl
during oxygen evolution st a nickel oxide
electrode in the “"overcharged” atate.
Capacity ocaleculated from

XXX 4nitial decay slopes
000 decay slopes and Tafel narameters
844  from the parameter # in 4av/d log(t+s)

ae 1¥ solution of XOH
he 10H solution of XOH,
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calculated by all three methods depends on potential in the
game way and, in fact, the difference betwoon values of C
obtained by different methods at various iven potentials is
a constant, within sxperimental error.

It was pointed out by Morley and Wetmore (36) that
it 1s possible to superimpose openecircult e.m.f'. decay
1lines plotted logarithmically in (t + §) and initiated at
different overpotential values, if the correct value of 8 is
used, Conway and Bowrgault (41,61) have rivon some experimental
evidence to this effect, and have also shown that a plot of @
againet 1/4 18 a straipght line passing through the origin, as
pradicted from equation [32] if the capacity were conatant.
Their conclusions were, howevor, based on rather few experimental
results, and we accordingly present here further experimentsl
evidence that openecirocult decay plots tnken after polarigation
to widely different current densities can be superimposed
(Pig. 2) and the plot of ¥ over a range of values of 1/i is lineny,
ag expected (Pig. 25), thus validating the method of evaluating

the capacity C.

(iv) Discuesion of the Capacity Measuroments at the
Hickel Jxide Eleetrods
e have given direct experimentsl proof that the
threo methods (dee. from initial values of d4v/dty from
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4 plot of V as a function of log (t+8) for
open=¢ircult decay following gtesdy-state
oxypen evolution at an "overcharged" nickel
oxide electrode in 10N KOH solution,

Results of twelve expeariments on the same
electrode are gilven (the steady-state

current prior to cessation of polarization
ranging from 6.6 mA.gmet £ 1.97 x 10°mi.gmsl).
The lirnes in the actual experiments ars based
on 15«25 points, but are pepresented here

by three pointes only for clarity, since

the points form Indistinpulshable populations.
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Pirure 25. A plot of the parameter @ against 1/%
for oxygen evolution on an "overcharged®
nickel oxlde slectrode in 1N KOH solution,
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analysis of the whole of the decay curve combined with the
known steady state V « 1 relationship and from the parameter
# in semi-logarithmic decay curves) discussed in the

Introduc tion amd used in owr experimental work all give
values of C in agrooment, within ~xpcrimental error. The
values of P are obtainsd by & trial and orror method which
may not soen accuwrate enoughj however, since all deosy curves
are secn to be almost 1dentical (Fig. 2li) vhen the vnlues of
# used to calculate the pseudoenpscity are also used in
plotting V against log (t + @), the @ values should be considered
reliable. Exparimentslly we ostimate the error in J to be
within & 10% in these series of experiments.

The "overcharged® nickel oxide electrode iz seen to
be prathor unsuitable for the study of pseoudocapacity behaviour,
compared with the "formate" electrode. A relatively low Tafel
tlope 1a obgerved and since at low current densitles a stesdy

1 or loaas

state 1a roached extremely slowly (for 1 = 10 mA.mm
it may be more than several hours before & steady state is
reached), the electrode rsaction can only be studied over s
rather limited range of potentials (about 0.12 wvolte)s as a
result onl)y a srmall portion of the CeV curve can be obinlned,
Ag pointed out above, the &iacusalon regardiing the pseudo-

eapacity-potontial behaviour of electrochemicnl systems can
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best be tested in cases where a sharp transition repion is
obsorved (5,%6)§ that 1s, where the currente-potentisl
reolationship, as well as the openwcircuit decay behaviour,
can be studlied over s larpe potential ranpe of the ordepr
of 0.5 = 1.0 volt.

Work is now in progress in our laboratory to study
further, from the point of view of paseudocapscelity behaviour,
ssversl othor systems where a transition reglon in the l1eV
relationship 1s obscrved and is associated with transition
phenomena such as the £1llinr up of the swwrface with adsorbded
radicals formed in & prior discharpge stepe.

The main purpose of the work which has been
degerived in this thesis has been to provide a theoretical
basis for such stadlies and to discuss applications of the
theory to two aystems for which experimental data could be
obtained.
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CHAPLTER V

THE ROLE OF SURFACE EFFECTS 1! LRTERMINING THE REVERSISLE
PoTEYPIAL oF THE N11T o veITY svsipw

1., IHTRUDUCTION

In the previous chapters we have discussed in
detall the importance of adsorbed intermediates in determining
the mechanlem and kinetics of electrode roactions. Here we
describe some work on the behaviowr of the nlekel oxide
electrode during chargzing and discharging and with regard to
the dependence of the reversible potential for the N11% - 111
system on the degree of charge of the electrode. Thls work
forms a logieal continuation of previous studles of the
chemistry of the nickel oxide electrods carriled out in this
department (7, 41,61) in particuler, the study of the

reversible potsntial of the NiII - WirII

couple at a comstant
state of oxidation of the electrode, as a function of KOH
activity in the golution, The work described in this chapter
is related to our discussion of swfrce effecta In the previous
chaptere in that 1t will be shown that the compositlon of the
gurface phase can play a major role in determining the thermo-
dynamic as well as the kinetic behaviour of the nlckel oxide

electrode.
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The real reversible potential of the nic.ol oxide
(ﬁirx - inII) electrode has been the sublect of controversy
for some years and previously reported values are misleading
since they have not been based on welledefined eguilibrium
conditions or a welledefined state of the system. Dotermination
of the revoraible potential is complicated by the self-discharge
processes which occur at the eleetrode in the oxidised form and
also because the electrode may exist in a range of chemical
states corresponding to the extent of conversion of %i;I to
HiIII(and possibly WiIV under certain conditions) in the hyérated
oxide,

The true reversible potentiasl of partially sharzed
nickel oxide electrodes 2t a single controlled state of oxidation
"3101.25" vas examined (by Conway and Eourgault;?) sa a funetion
of potassiwn hydroxide and water activitiesz In aquecus alkall
solutions, and distingulshed from the mixed potential assumed
erroneously in previous work {91,95,96) to be the reversible
potential. A polarization decay method was employed, in which
the revarsible potential was approached both from the anodic
and the cathodie dirvetions and has beon desoribed and dlecuased
in detail previously (7,39,il1).

In the part of the worls to be described in the present
chapter, the sames method has row been applied to the study of
the potentlal of partially charged nickel oxide elsctrodes aa
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a function of the degree of charpe, at constart electrolyte
composition. This method was found to be appliesble only
over a limited range of degree of oxidation of the slectrode
(“3101.10" -"Niol.so") owing to problems of extrapolation to
the reversible potoential to be discussed below. Stationary
potentials taken at very long times on openeeireult, were
therefors also measured as a fumction of the degres of charae
over a much wider range of depree of oxidation (“Niol.oas" -
"NL0) ") e

The role of the surface and bulk phases in determining
the measured potential was deduced. It will be ghown that
threo well defined weglons in the charging proeess ¢an be
distinguished experimentally. In the first, the surface phase
alone 1s beins charpedy in the intermedlate reglon, the Faradaic
current is used to eharge both phages, until the surface phase
is fully charged, after which oxidatlion of the bulk lsz the main
Feradalic process. (Most of the charping process occurs at a
potential anodic to the reversible oxygon electrode, mo that
oxygen evolution must occur to a certain extent as a parallel
proceas ip all three reglons described above. It does not,

however, become appreciable until mest of the bulk material

has been charged)
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20 m‘ ?ﬂlﬁm’}ih
(1) gGeneral

Nickel hydroxide slectrodes were preparsd by
irprernating aintered nickel plagues with reeryatalliged
Ri(HQB)z rollowed by cowversion to ﬂi(o&)a by cathodie
polarization in 20% ¥0H, as described previously (7,90). Fach
elaectrode was charged and discharged three times dbefore use
at a five=hour char;ing rats in order to gtabllise its electro=-
chemical behaviour (7,39,41). Electrodes were used at least
one week after preparation in order to minimize changes in
behaviour due to aging effects (93,99} during the experiments,

All solutions warse prepared from reagent grade (sse
footnote on p. 197 ) materials as deseribed previously (7,il).
Most experiments were tsrried out in 1N Ko at 25°C. Some
comparative runs were also performed in 7.2¥ KOH,

($2) Reversible Potentials

The reversible potential of the Nt'% - wyTII

system
wag obtalined by extrapolating anodie and ecathodlc e.m.f. decay
1ines, plotted logaritmmically in time, to the potentisl of
their intersection, as described previously by Conway and
Bourgault (7,4l).

The "discharged” slectrodea still cortained a small
amount of the higher oxide of nickel .whleh, at the apparent
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end of discharcing is evidently inaccessible, probably due

to ingsulation by the less condusting g1(oH), (92)e The
electrodes were reduced completely by prolonged cathodic
volarization until a totsl of 3P, equive® had been passed.

The electrodes were then transferred to another cell containing
freshly prepared electrolyte and reference alectrodes, and
left on open=circult overnipht with purified oxygen bubbling
through the cell.

The following sequence of operations was then
performed at a current corresponding to a two-hour charging
rate 1.e. at 143 ma. g:l of active material calculated as
m(~;;za)2.

a., The slectrode was charged for 24 min. to an extant
of oxidation of 20% (ﬁiol.lo) based on the oxidntion change
3111 — ﬁiIII in the oxide. The current was then interrupted
and open=circuit deeay of potential followed for about an
hour,

be Charging was continued for 2i min., followed imme=
diately by discherze for the same length of tilme. The eurreont
wag then Interrupted and buildeup (l.0. recovery of potential
on open~circuit to mora anodic values) was followed for an
hour, the degree of charpe again being 208 as in (a).
Anodic and cathodic opeon«circult decay end recovery of potential

were followed in a similar manner at the LO%, 60 and 809
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charged slectrodes corresponding to formal degress of
oxidation of ﬁiﬁl.ag, 3101.30, “‘01.uo respectively. Charging
and dlscharsing curves for one of these experiments are shown
ir Plge 264 Similor charging and discharging cycles were
carried out to obtain data for slectrodes in 255, 507 end 75%
degrees of oxidation {ses Table 2).

(111) Stationary Potentials

In this series of experiments, the elestrodes were
charged to a given degrees of oxidation and decay of e.m.f.
on open=circuit was followed by means of a high lmpedance
rocorder for about a week, at which time the e.m.f., varied at

a rate of 1. per day or lease.

(1v) Sparin-ly Charged tlectrodes
A series of experiments was conducted on electrodes
chaprged to a very smuall extent (0.33% to 5< of their total
charge capacity). In this part of the work, only opsnecircult
decay measurerents followings anodic polarization could be

studied.

3« RESULTS
Plote of dscay of e.m.f, after anodle and cathodic

polarization yg. log (t + @) are shown in "ig. 27. The aimi-
ficance of this type of plot, of e.m.f. decay slopes and of the
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Anodle and cathodlie polarization curves
for the nickel oxide electrode in

10 XOH, 2 hour charring rate.s Veortical
brokon lines corresgpond to openwcircult
a.mefs docay or recovery. Solid lines
corregpond to changes of potenti-l
associated with changes of degreo of
charpe botween successive opun=cireuit

neasuroments.



o]

CATHODIC

l
75

DEGREE OF OXIDATION Q PERCENT

50

|
25

600

_
o
Te)
Te)

500

400—

3501

300o



- 213 -

Table &

Roversible potential for the H;;I-N;;II gystem ne n funetion
of the derres of charge of the electrode; and open clrcutt
decay and buildeup slopes

‘ Anodie decay slope Cathodie %@E Humber
Degree KOB Initial Lower build=up reve of

charge ration Py(mie)  bplmv.) ﬁ;?ﬁign M) e

20 18 ~12.8 «1842 +11.0 L23 1

254 15  =9,5%0.6 -18.3%3.5 +13.1%2.1 y248, 5

404 18 =12.0 «15.2 4940 527 1

&0 18 =20.8281.5 «19.885,0 +104931.6 L2385 9

605 18 =353 «17.8 +11.h 8 1

75% 18 -32813 222,33 wpf12 e s

505 1% =60 «21.0 *te3 @ 1
"Z;'z;a» 135 4oz - - # ¢

Seo comment in text with regard to these degrees of
oxidation.

** The peversible potentials are given va. that of e Hg/Hgd
reference electrode in the samoe ®lution,



Figure 27.

Decay and yecovery of e.m.fs of the
nicrel~ozide electrode in log [time]
at varioua degrevs of chargs alter
anodic and cathodie polarization,
raspectively {Data for 1Y KOH)js
compare rels T
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parameter @ have been discussed above (ef. p. 1) and previously
(7035,36,39).

All eumefs decay lines from anodic polarization ave
geen to have two dlatinet regiona. For elesctrodes charged
to S0% (”ﬁiol.ag”) or less, an Initisl low slope (about =10mV)
1s followed by a higher slope (about =20mV), ihen the
electrods 1s charged to 75%, a high initial slope {(about =32mV)
18 followed by the same slope (=20mV) mentioned above in the
lower potential rec-ion, Eeme.{. recovery lines from cathodie
polarisation have o slope of about +11 mV, indeperdent of
degree of charge, Repults for a typilenl individual experiment
are gziven in Flg. 27 Some slight increase of recovery slape
is aprarent as the ¢harpe iz reducedy however, this trend doen
not appear to be very significant stetistically (e.g. see Table

In Table 2, the reversible potentials for the
11 o 1 TIT gogtom, obtained by extrapolating eathodlie and
(1nitial) anodic o.m.f. decay lineg (7) are given for different
degrees of charge (botween 20 and t0. formal degree of
oxidation) of the olectrode at 2§°G, torethor with otheyr kineti
parameterss An important result obtained here 1s thst the
reversible potontial 1s seen to be independent of formal
degree of charge over the above range of eharge, Similar

conclusions were arrived at from two comparative runs in

Te2 X KOHe
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For reasons to be discussed, 1t 1s not posmible to
obtain the true reversible potentisls by extrapolation of
cathodic and anodic e.mefe deacay lines above degress of
oxidation of about 50°s In order, however, furthsr to study
the potentials of the nickel oxide electrode, the "stationary®
potentisls were examined at higher statos of oxidation.

In Tabls 3, the "stationary” potontials mensured
after I} x 10S gec. and 6 x 105 gec. on opensg¢ircult are given
for various degroes of charge of the electrods between 5%
and 1004 ("overchargzed" olectrode). These results were obtalines
by reducing the electrode completsly, polarizing 1t anodically
to the appropriate degree of charge, and then leaving it on
opan=gcireult for 6 x 105 sec. or longer. It is sean that the
"stationary potentisl" measured after a long period of standing
on open-circult 1z still independent of the degree of charge
sbove L0: extent of oxidation ("ﬂiol.os"). and in this respoct
axhibite a behaviour similar to that of the true reversible
potontials,

Results of experiments on sparingly charged alectrode:
(0e33: to Si depree of oxldation) are showm in Vip. 28, vwhere
the eamefe ~ time relation i3 plotted for deecay on open=circuit
after anodie charping for various deproes of charge, It is
soen that the decay process changes quslltatively ornce quite

low degrees of charpre are resched. Theso results ¢an, for the



Stationary rotentials of the mnigkel oxide
electrode in 1IN Ko, 25°,

Fotential peached after Fotentlial rgached aft

Degree of charge x 10° sec, 6 x 107 sec.
mV. Hg/Hg0) (mv. Hg/HgO)
“avercharge® 126.5 1226
5 0% L26.5 42l.0
205 2o 417.2
104 L2e.6 119.9
7% 106.0 Lok.B

5% 501.5 3993
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Plgures 28. Plots of e.m.f. decay at sparingly charged

olectrodes, for various degrees of charye.
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purpose of interpretation, be best reprosented graphiceally

a8 plote of the degree of charge, @, held by the olectrode yg.
the time required for the electrode potential to decay to a
given value (Fir. 29) or in terms of the charpe held ys. the
potentinl reached after a glven time (¥ige. 30)s These plots
are equivalent to taking outs at a glver vaslue of the abscissa
or ordinate in Pip, 28,

It 48 seen from both these derived plots that two
linear rerlons are observed for each of the tw famillies of
iines, which intersect at o depree of charpe of 1.8 T 0.1%.
This obgerwation leads to the important conclusion that
slectrodes charged to 1.5 or less are in a fundamentally
differont state than slectyodes charged to a greater extent.
This point is further demonsirsted by ezamining the decay
slodpes listed in Tabls l below. It was shown previously (7)
thet the Initial low slope (ca. =10 mV) 1s characteristic of
i oxidation of the bulk nickel oxide. In the present work,
this slope was only observed for electrodes charged to 2% or
more. Lelow the letter extont of charge, no oxidation of the
bulk material appears to ocour, and the patential on openw

¢circulit drops much more replidly.

L. DISCUSSION
The reveraible potential for the 1'% = H17T gyetem

in the electyrochemlcally formed nickel oxide has besn shown to



Figure 29,

The length of time neceasary for the

elagtirode to reach a ceortain potential on
open~circult, vg. the degres of charge of
the electrodes (Lines show inflection at

common degree of charge @ = 1.6 & 0.,15).
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Plgure 30.

w 22) -

The potential reachsad after 2 given longth
of time on openeeircuit, yg. the degree

of charge (lines show I1nfloetion at

coron degrese of charge of

Q= 1,35 £ 0.1%).
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Eelele and Aetiefls = decay beheviour at sparincly

gharpod nickel oxide aleclrodes.

Decay slopeos Eomefs” Time of last
Degree bl(mv.),bz(mv.) {(rV.) at measurement, AV/At
of (ag in Table 1) time of last (sec.) after for the last
Charge neasuremant cessation of dn V.dn -l
polarization Vo WY sliBY
7% - - 140l o8 6 x 10° 0.2
B wl2e3 =232 98,3 7 x 10° 048
3% =15.5 =3l 16645 2.8 x 10° g
2% e12,6 =2 156,.1 6 =x10° 2
1% =33 Dlr00| 186,6 9.5 x 105 8
Y2t 40 >|100] 11 bel x 10° 1
¥ 48 >|300] 18 0.7 x 10° 1

Measured against the Hp/Hg0 electrode in the same solutlion.
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be independent of the degres of charge of the electrode over

an apprecieble ranpe of degrees of oxidation. EBetween 204

and 50% degres of charpge, it was measured by extrapolsting
anodic and eathodic e.m.ls docay lines, plotted logar!thmically
in time, as destribed and dlscussed earlier (7). Values of the
reversible potentizl eould only be obtained over a limited
ranre of degrees of oxldation (204 « 50¢ of total charpge)

since at a higher degree of charge the initial low anodle slope,
characteristic of the oxidation of the bulk materilial, was not
ohsorved (see “ire Z27) and at a very low degree of charge,
cathodle e.m«fe recovery lines were irroguler and difficult

to reprodute,

It 48 of interost to discuass why the reversible
potential cannot be obtalned by extranolation of anndlie and
eathnéic polarization decay lines above s degres of echarpe of
about 50, In Fig, 27 1t i3 evident that the e.m.f. decey
1ine, ®.rs for 75% degree of charpe shows two limear regions
in "concave” rslaticonship to one another as also found for the
fovorcharged” elsctrode (7), whereas at lower degrees of charpe,
a "convex" relstion s obgerved between two linear regions. It
hae been shown previoualy (68,7,16) how such relations arise
from two processes in an overall mechanism which are
conpecutive or alte mative (i.e. in parallel) respectively.

Abovo 504 degree of chaprge (for example, with the 75+ charged
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eloctrode), it 18 clear that the former type of process is
operative, as it ie in oxygen evolution at overcharged niclel
oxide electrodes (7)j woreover, the Talel slopes are similar
to those obt.ined for the oxygen evolution proceses at the
overcharged electrode, We cannot hence identify ths initial

process as invelving the mu - HIIH

oxidation reaction a8 has
been done for the S0 charged electrode and so cannot obtain

the true reversible potentizl by the extrapolation procedure

under these conditions. We can bave, in effect, two pathways

for the anodie reaction which could be written, for example, as

¥ + O -~ MOH + @ 1
MOE ¢+ OH -~ HO + H,0 + @ II
y
oxide oxidation 0, evolution by further steps {see p. 85)
in bulk of

material.
Belle HO + MOH e Mﬂﬂa XIX

MHOZ*MOH — 02-0-326*2!‘! VI
or
MO + OHC — MHO, + @ v
mva + MOH - 02 + nao + 2M Vi
or
2M0 s 02 + 2¥ I
At the higher degrees of charge [ ca. 50%), the
pathway is evidently one inwlving gonsecutive rate-determining
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stepa and 1g therefore probably associated with the scheme I,
II with pathway B to oxygen evolution with, for exasmple, II
or III (cfe 61) rate-determining.

At low degrees of charge, S04 or lemas, the course of
the e.mefs docay corresponds to alternative reactions, one or
the other of which becomss predominant am ths potential changes,
as ashown provicusly (7). The pathwsy 4z thus probably I, II
and A at short times after deecay (hicher anodic potentials)
and I, II and B ¢o oxygen evolution at longer times when the
pathway which is faster at lower anodie potentials dominates
the kinetles of the deecay process.

The above discusaion is intended only as a aqualitstive,
plausible explanation of the effects assoclated with the e.m.ls
decay behaviour ss a function of charge. The evidence for
asasigmment of some of the mechanismsinvolved in the oxygen
evoluticn process in the scheme shown above has been dlscussed
in detail by Conway and Fourgault (7,41,6)).

In order to supplement the above dats on true
reversible potentiale, steady or “stationary"” potentials were
measurod over s wider range of degrees of oxidation (5Y - 100},
The significance of these potentials as kinetically determined
mixed potentials has been discussed previously (7). They
cannot be related directly to the revercsibvle potential of the

systenm at different degreea of charge, since the exchange
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current for the NiII — Nixrl

oxidation process may strictly
depend on the degree of charge. Nevertheloss, the constancy

of these potentlials over a large ranre of formal degree of
oxidation of the electrode (“ﬁiol.gg” to “ﬁial.go”), comhined
with the fact that the true reversible potential has been shown
above to be Iindeprendent of degree of charpge in the range vhere
1t is directly sceessible, makes 1t mort probable that the
revsrsible potontial i3, ipn fact, constent over the whole

range of dsgrees of oxildation where the stesady potential ls
found to be constant, This is contrary to conclusions reported
by Lukovtsev and Temerin (33) who claimed that the appsrent
reversible poilential of this system follows a Hermnst type
equation with a slope of 0,050 volt:e The observed variation

of actual potential during charging and dischar;ing on which

the latter conclusion was based is vrobably dus to a econcentratio
polarization in the solild pbase (33,92) or a change in effective
current density due % a change in avallable surface area, and
not due to a variation of the true reversible potential of the
systom, as claimed by Lukovtsev and Temerin,

Our present findings are not in confliet with the
equation

E = a + bz' log (23§Ei~§?g§)
8

discussed by Lukovisev and Temerin and examined snd evaluated



- 227 =

by Conway and Bourpault (39,41) since that equation refers to
the variation of electroce potential with degree of oxidation
ol the gurface phase Iin the overcharge rezion, and in faet the
potential of the electrode was shown (7) to involve a term
corresponding to uptake of adsorbed X0H,

For olectrodes charged to less than 105, the opens
circult steady potential was found to depend on the degree
of charge to a large extent. FKleotrodes charged to 17 or leas
behaved quite differently from those charged to a greater extent,
The results suggest that up to a degree of charpge @ = 1.5 ¥ 0.1%
(Le8., the average value of Q at the points of interasction of
the lines in Pig. 29 and Piz. 30} only a surface phase 1s being
charged. Above that, and up to a degrse of oxidation of about
10¢ both surface and bulk phases are being charged. W¥hen the
electrode has been charged to 104 of its total charge capaclity,
it appears that the surface phase 1z completely charged, and
any further charging can then only affect the bulk material.

The variation of the observed true reversible and
stationary or quasi-euilibrium potentials se a function of
charge in 1M KOH 4z shown in Fig. 3. The electrochemical
behaviour of the electrode is evidently determined by the
purface phase, since the reveraible {or mteady) roiential is
indesendent of the degyree of charre so lonr as the surface

phase is apparently completely charged, l.e., above 10%4 formal
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Pigurs 31. True reversible potentisls and "stationary"
potentialas of the nickel oxide as a
furction of degree of oxidation, Une=-
eleotron theoretical RNermat slope is
shown for comparisone
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degree of oxidation. The theoraticsl Nernst plot for a one-
electron transfer process (in terms of formal degree of charge)
utich would be observed for 1deal solidesolution behaviour
with the bulk wmaterial potentialedeterminin- 1z shown in

Fige 31 for comparison.

The independence of reversible (or steady) potential
demonstrated above & degree of oxidation of 10§ could formally
arise for either of the following reasons: (a) If the slectrods
wore a two=phase mixture of lower and higher oxide, the potential
would be independent of apparent degree of oxidatlion so long as
both oxides were presenty (b) If the potential were determined
by a surface bphase of constant composition, superimposed on a
bulk-phass of varying degree of oxldation but not potentiale
deternmining, the obgerved potential wuld be independent of
composition of the bulk,

The latter asituation (b) 1s consiztont with previous
kinetic conclusions (7) on the mechsnism of charging of the
bulk material via a surface phass, and the obsarvation of o
large adsorption pseudocapscity associated with the (overe
charged) nickeleoxide electrode. The former possibility (a) is
rendered unlikely by the Xepray diffyaction pattern of niekosle
oxide at various degrees of charge (93,9) whers it wss shoun
that there was a contiruous variation of the pattern consistent

with a complete range of solié solutions of Wi II and III oxide
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states. The observed variation of notential betweern 27 and 10%
degree of oxidation copfirme that a two~phase mixture cennct be
present and potentialedetermining since such a mixture should
give a constant potential except at & astzte of complete
exidation or complete reduction. We rmust eonslude that the
surface~phase s potentialedetsrminivs and above a degree of
oxidation of 104 of the whole material in the oxide electrode,
a more or less constant potential 4z reached,

We may conclude by summarising the ressons why
previous assignments of reversible potentials {91,95,96) are
of 1limited wvalldity:

a) in most cases, kinetically determined mixed potentials
wers Involved which differ from the true reversibls vslues by
0 « 30 mV., depending on concentyation of KiH.

b) the species e.n. "Ni0,", (97) to which the potentlals
wore assumed to refer have not been ldentified or characterised
and their existenco is doubtful (such aspecles probably correapond
only to the surface phase at the overcharged electrodej.

¢) the phage to which the potentlals refer is evidently not
the bulk phase oxide but the slectrochemically active
surfacoe phase.

d) potentiasls attained during charging or discharping of
the slectrode diffep substantially and neither can be ldentifled
witl a thermodynamically sipgnificant reversible potential,
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CLAIMS T0 ORIGINAL RISl

ls The role of coverage-dependent free erergies of adsorption
8,4 ©f intermediates in electrochemical reactions has been
exanined particularly for reactiona involving more than two
consecutive steps and hence several simultaneously adsorbed
intermodlates, Models which can lead to a linear dependence
of 85,44 OD cOverage (Tomkin ifsothemm) have been discusgsed

for casgsez of adasorption both of single and several spocies at
the surface. It has been concluded that Roudart's postulate

of an "indused heterogeneity” effect 1s the moat appropriate
for examination of coverape eflfectn on Asnda and hence on
electrochemical free~onergles of activation.

2e Kinetic equations have been derived for resctions involving
more than two steps and Tafel slopes have been deduced for
varicus conditions of coverage by adsorbed intermediates; cases
for which adaorption of the product gases is elther activated
or non=activated have been distingulashed. Ceneralligations
regarding the eolectrochemical kinetic behaviour have been
proposed for conditions of intermediate coverage, and the
rosults are distingulshed from those which arise under limiting
Langmuir condltions,

3. The adsorption pseudocapacity behaviour asszociated with
the potentiale=dependence of coverage by intermedlates has been
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deduced in the genoral case where significent coverage arises
and the adsorption isotherm passes from s Langmuir type to a
Temkin type and back to a Langmuir typs as the coverage 8

roes from zoro to unity. The caleulations show that the overe
all pseudocapacity e¢nn be expraesaed as a peries combinatlion of
two capacity terms, one associated with pre-sxponentiasl terms
(Langmuir) and the other with exponentiasl terms (Temkin) in @
in the rate squations.

lie The potential and coverage dependence of the pseudoe
capacity has beon evaluated explicltly for various values of
the parameter r which detormines the varilation of fres enersgy
of adsorption with coverage. Values of paseudocapacity which
are constant with potentlial are only predicted with rather
unreasonably hipgh values of r.

S« When the free energy of adsorption varies with coverage
on account of lateral intersction effects and hence depends on
o1/@ op @3/ (rathar then on a linear function of € as
postulnted by Temkin) characteristic, nonesymmetrical relstione
ships betweon pseudocapacity and coverage or poiential have
been shown to result.

6« The psoudocapacity behaviour 1s shown to be dete . mined to
an important extent by the degree of equilibrium sxisting in
the primary ion discharge step (in which the adsorbed interme

diante is formed), This effect becomes -ore pronounced the
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larger is the wvalue of the parameter r. It is shown in
general that cases may arise for which the initisl dischmrpe
step onn legitirmmtely be considered at eguilibrium for the
purpone of diacusasing the kinetics of the reaction sequence,
while the pseudocapaclty behaviour is pipnificantly 4ifferent
from that obtalned aseuming complete ecquilibrium in the
initial discharpe step.

7« Under noneeuilibrium conditions in ths initial discharce
-aten, limiting values of the coverage, less then unity, are
predicted a2t hirh overpotentiasls and havs been svalusted for
various ratios of the rate constants for the primury diacharge
step and an assumed potential dependent radiceleion desorption
stepe The 1limiting values of @ are also dependent on the value
of r involved for the intermedlate concorned. These eonclusions
depend, however, on thoe mechanism asaumed.

8, A method has been developed which allows the parameter »
to be evaluated from the width of the obaserved pseudooapacitye
potential curves when they are symmetriczl., It is alaso showm
how the surface roughnegs factor can he dsduced under
econditions which are specifically relevant to the electrode
process occurring, Applications have been made to the pssudoe
capacity behaviour anssociated with the anodle formate

deearboxylation reactlion,



- 23 -

9« Experimental studies on the nickel oxide slectrode have
enabled the pseudocapacity assosiated with asdsorbed O=containing
specles to be evelunted over a small range of potentislas.
Several methods of determination of the capeacity have bsen
shown to lead to conalstent results,

10, Studiss on the roversgible potential of nickel oxide
electrodes have demonstrated that this potential is independent
of the degree of charpe held by the tulk oxide except below
ca. 105 degree of charges These observations indicate the
important result that for this electrode system, the reversible
potential is deternined largely by processes at the surface.
1l. The charzing charaeteristics of & completely discharged
nickal oxide electrode have been evaluated. Three reglons are
distinguished, corresponding to the cherging of the surlace
phase alone, then both surface and bulk phases and finslly the
bulk phase alone.
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