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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., thos>e 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 !-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 usually 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 8 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 Bourgault8- » 
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 H2—D2 production reactions has been treated by Conway.10 

Parsons n 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> " and, in a recent paper, 
Thomas 14 has shown that linear Tafel plots can arise for intermediate coverage 
conditions (O-2<0<O-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 

2493 



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 + H2 II 

or MH+HM->2M + H2 III 

the velocity of I can be written as 

»i = fciCH«(l-0H) exp [-(AG? +ar0) /* r ] exp [-pVF/RT] (1) 

and for its reverse 

»_! = fc-xflnexp [ -{AG* 1 - ( l -a ) r0 / /?T}] exp [(l-fiVFIRT] (2) 

where the heat of adsorption AHe of H per g atom, has been assumed 4- n>14 to 
be given by a linear function of coverage 8 as 

AHe = AHc-r6H (3) 

where r is a coefficient determining the variation of heat A.H° of adsorption * with 
coverage, AHo is the initial heat of adsorption, a and ft are symmetry factors and Vis 
the metal-solution potential difference. For significant surface coverage by H atoms, 
the variation of the pre-exponential term in 9 can be neglected with respect to the 
variation of the exponential term in 9 (cf. ref. 11, 14). The latter term will then 
predominantly determine vi and v-i, and lead to the same Tafel slopes (cf. ref. 14) 
for rate-determining II or III 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 9 is a linear function 
of potential (cf. ref. 14) 

AG*!-AG? = r9+VF + K1 (4) 

where K\ is a constant at constant temperature and composition of the solution, 
and the rd 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 H2 have been shown 14 

to lead to a Tafel slope of 2-3 RT/F for II or III, 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-conflgurational 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 n or (b) slow diffusion of H atoms to recombination sites.1' 
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CONSECUTIVE ANODIC REACTIONS 

(i) REACTION SCHEMES 

We consider a typical8 anodic series of consecutive electrochemical reactions 
involving more than two steps such as: 

M+OH--»MOH+e IV 

MOH+OH-->MO+H 2 0+e V Scheme A 

MO+MO->2M + 0 2 VI 
or 

M+OH--»MOH+e IV 

MOH+MOH->MO + H 2 0 + M VII Scheme B 

MO+MO->2M+0 2 VI 
involved in oxygen evolution. Other more complex sequences have been formu­
lated i> 8 sucn as 

M + OH-->MOH + e IV 
MOH+OH-->MO+H 2 0+e V 

MO+OH-->MH0 2 +e VIII Scheme C 

MH0 2 + MOH->2M + H 2 0 + 0 2 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 2 0 or from O H - 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 
(Z>) is one in which " induced heterogeneity ", in the sense of Boudart,19 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 2» 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 total, coverage 6T in a manner given approximately by 

AHA = AH°A-rA9T (5) 
and for B 

AHB = AHZ-rB9T (6) 
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since the sites remaining beyond the total coverage 6T determine, through the re­
spective /• 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 9, cannot lead to a linear variation of AH with 9. 
Dipole-dipole repulsion leads to a repulsive energy term in 9%, ion-ion interaction 
at the surface to a term in 9^ and London dispersion forces to an attractive term 
proportional approximately to 03. Two-dimensional interactions are generally 
regarded 19> 24 as being too small to explain the observed fall of AH with 9 in H, O 
or N chemisorption in the range of intermediate coverages (e.g. O-l<0<O-9) to be 
considered here. We hence adopt the induced heterogeneity model19 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 

AffA = AffA - rA0A - rB0B (7) 

AHB = AffB - rA0A - rB0B (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 
/"A0A will involve the dipole moment of A and that in ^B^B 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 / ,A0A+''B0B by f(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 i i . 1 4 we now write the rate of reaction IV (schemes A, B or C), using equa­
tions similar to (7) and (8) referring to coverage 9 of the electrode by " MOH " 
and " MO " species, as 

»* = k^C0H.(l - 0 T ) exp I-{AG* + af(0)}/*T] exp (pVF/RT), (9) 

where we shall write in general in the above and following equations kn exp [— AG*/ 
RT] as the rate constant for a reaction " n " at zero coverage. The rate of the 
back reaction in IV is given by 

o_4 = /c_40MOH exp [-{AG* 4-( l -a)f(0)}/RT] exp [ - ( l - f l K F / K r ] . (10) 

Reaction V is a radical-ion recombination with charge transfer (cf. MH + H+ + e-> 
M + H2) 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 

»S = kS0MOHCOH- exp [-{AG* +7W-(\-YW)-PVF}IRT} (11) 

= ^ M O H O M - exp (pVF/RT) for y = p = 0-5* (1 la) 

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 O-2<0MOH<O-8 (cf. 11, 14) IV can 
be regarded as in quasi-equilibrium, so that 

f(9)=VF+K4 (12) 

where R\ is a constant at constant composition of the solution. In this case 0MO 
will be negligible with respect to 0MOH and hence 

f(0)- rMoH0MOH= rMoH0r» 

where 9T is now the total coverage by radicals on the surface. The coverage by 
OH 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 
will be b = 2-3 x 2RT/F with /? = 0-5, which is identical with the result for the Lang­
muir case at 0M OH = 1. It will be noted that reaction V, with coverage-dependent 
free energy of activation, does not lead to a slope of RT/(l +P)F (i.e., 2RT/3F with 
P = 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 

»7= M M O H exp [ - {AG7*-2yf(0) + (l -y)f(0)}/KT]. (13) 

Substituting f(0) from eqn. (12) and neglecting the variation of the pre-exponential 
term with 0 gives 

u7 = fc7 exp (2VF/RT) and b = 2-3 2RTJF (y = 0-5), 

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- + C0 2 

or CF3COO—>C02 + CF3-
following discharge of the corresponding ions, will not involve exponential terms 
in f(0) 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 Tafel slopes would be d V/d In i = RT/F. 

* The assumption that y — $ 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(0) can then involve 
significant terms in both 0MOH and 0MO, determined by 

0MO/0MOH = K5 exp (VFjRT) (14) 
for reaction V and by 

0MO/0&OH = *7 exp [f(0)/RT] = X7 exp (VF/RT) (15) 

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

v6 = /C60MO exp [-{AG* -2f(0)}/KT] (16) 

for non-activated adsorption of 0 2 (cf. ref. 14) and 

»6 = M M O exp [ - {AG* - 2<5f(0)}/KT] (16a) 

for activated adsorption of 0 2 , where 6 is a symmetry factor (probably different from 
P 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 0MO as 
relatively invariant with potential compared with the term exp [2f(0)/RT] if 0MO is 
comparable with 0MOH, 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 (12), and (16a) and (12), the Tafel slopes for reaction VI 
are then 

dF/d In i = RT/2F or RT/25F, respectively. (17) 

The corresponding slope for the terminal step under Langmuir conditions (0MOH 
and0 M o« l ) i s RT/4F. 

Under conditions where A'5 or K7 are <̂  1 (and at low anodic potentials), 0MO 
can be much less than 0MOH ; 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 0M o must be taken into account, i.e., 
eqn. (16) becomes 

v6 = k6K59
2
MOH exp (2VF/RT) exp [-{AG* -2f(0)}/RT] 

and with eqn. (12) and 0^OH of the order 0-5, the Tafel slope for reaction VI is 
RT/4F; similarly using eqn. (16a), the slope is RT/2F(l+8) or RT/3F if 5 = 0-5. 
The same results for the Tafel slopes follow if reaction VII is the equilibrium step 
preceding rate-determining VI. In general, 0Mo 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 for reaction VIII rate-controlling will be 

»s = MMOCOH- exp [ - {AG* -yf(0) + (l -y)f(0)-j3FF}/.RT] (18) 
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where f(0) involves 0MO, 0MOH and 0MHO2. Again the same f(0) will be related to 
VF by eqn. (12) with IV in equilibrium giving the Tafel slope for reaction VIII as 
dF/dln i = 2RT/F (/? = y = 0-5). Similarly the recombination step IX in scheme 
C will give 

H = fc9<WW>2 exp [ - {AG* -25f(0)}/KT] (19) 
or 

v9 = MMOIAIHO, exp [ - {AG* -2f(0)}/KT] (20) 

for activated and non-activated adsorption of 0 2 , respectively, as when reaction VI 
is rate-determining. The Tafel slopes are then RT/25F or RT/2F as for reaction 
VIII, with the same assumptions made above (and previously 14) about the mag­
nitude of the pre-exponential 0 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+P)F where n is an integer>1 while formal bimolecular " chemical " 
recombination steps will have a slope of RTjmF 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 RT/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 0MO< 1 when 0MOH~O-5 leading to the lower slopes 
RT/4F or RT/2F(l +6), are actually unlikely in anodic oxygen evolution since, on 
chemical grounds as pointed out above, K5 or Ky will not be expected to be -41 
and in addition the potential Kin 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(0), since 
f(0) can always be expressed in terms of VF and constants in an equation of the form 
of (12) for quasi-equilibrium in the ion-discharge step (when a subsequent step is 
rate-controlling), 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,i-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 



2500 PSEUDO-CAPACITANCE AND ELECTRODE REACTIONS 

we have made the above deductions for steps in the oxygen evolution reaction, 
it is 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 in oxygen evolution has been discussed in an earher paper 9 in relation to 
extent of surface coverage of the electrode by intermediates, and to the type of iso­
therm applying to the adsorption of the electromotively active intermediate During 
pubhcation of the latter work Bockns and Kita 26 have presented a general mathem­
atical treatment of transients for cases of potential-dependent pseudo-capacitance 
based implicitly on the Langmuir isotherm 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 is experimentally observed over an appreciable range 
of potentials for the oxygen evolution process at the nickel electrode8 9 and is 
implicit in the e m f decay at a placmized-platinum hydrogen cathode where the 
e m f decay slope in log [time] has the same numerical slope 2 3RT/2F as that 
of the Tafel relationship 28 viz, - 2 3RT/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 3RT/2F depending on the sign of the coefficient of the 
potential term in the argument of the exponential relating capacitance to potential 

The steady-state " kinetic tieatmeiit or a treatment in which equilibrium in pre-
rate-determining steps is consideied leads, 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 21 this pseudo-capacity has a maximum value at a certain 
potential determined by the relative values of the rate constants involved and the 
concentration of reacting ions, and vanes symmetncally about this potential, falling 
to practically zero within about ±0 12 V of the potential of the maximum, so that 
the actual electrode capacity is then simply the ionic double-layer capacity The 
value of the maximum capacity 26 cm„x is k'Fj4RT where k is the charge associated 
with the formation of a monolayer of the intermediates For 1015 univalent radicals 
per cm2, Cm ax^l600 nF cm"2 26 

The direct observation * cf a potential-independent pseudo-capacitance for 
adsorbed H over an appreciable range of potentials at platinum electrodes was, in 
fact, originally discussed ^ I I team of an isotherm involving a free energy of adsorption 
linearly dependent on coverage While, in principle, such an isotherm leads m the 
limiting case to a potential independent contribution to the overall pseudo-capacit­
ance, a result which reah\ a uses from the conditions assumed to derive eqn 
(12), we now show that, in g^noal die pseudo-capacitance can never be completely 
independent of potential and the extent of the potential dependence and the mag­
nitude of the capacity maximum depenas on the values of the coefficients of the 
0 terms in eqn (7) and (8) 

* The normal requirement for validity of > steady-state tieatment for deducing concentrations 
of intermediates is 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 potentnl conditions since the reaction is forced to be in a 
steady state irrespectne of the coi <,e itrannns of the \arious intermediates involved The steady 
state treatment can hence legitimately oe used foi calculating the coverage by intermediates and the 
associated pseudo-capacity 

file:///arious
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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 k^kn, k-4 
and &6, and VI is not in equilibrium. The surface is then significantly covered only 
by MOH species (and the solvent) and f(0) becomes simply /"OH^OH which we shall 
designate as r\8 for brevity. 

If IV is in quasi-equilibrium 

fc4(l-0)COH- exp (PVFIRT) exp ( - a r ^ / K T ) 
= fc_40 exp [ - ( 1 -P)VFIRT] exp [(1 - a^fl /Jfr] , (21) 

then 
R-T 

K= — I n [0 /1 -0 ]+ r10/F+K', (22) 
r 

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

^ d i ^ g r d i n p / i - q 
C d0 F d0 " ' K J 

which involves a " Langmuir " term in 0/1 —0 in addition to a " Temkin " term in 
ri* For tke purpose only of defining the terms for limiting cases-, we see that 
eqn. (23) gives 

k' r 
- = J: (which we shall call fc'/CT), (24a) 
C F 

when 
! RTd In [0/1-0] 

and 
F F d0 

fc'_KTdln[0/l 
C~~ F d0-

(which we shall call /t'/CL) if 

0] = K T / l 1 \ 
F \d 1 - 0 / V 

r , RTdln [0 /1-0] 
F F d9 v ' 

where we have called the capacities C-" Temkin " for (24a) and C-" Langmuir " 
for (24fe). It is clear that eqn. (23) can be written in the form: 

1 1 1 

- = — + — (26) 

so that 

C = - ^ ^ . (27) 
CT + GL 

* It is important to note here that, while in the rate equations terms in 6 and 1—0 can be 
legitimately neglected when 0-2< 6< 0-8 and an exponential term in f(0) is important, in the pseudo-
capacity eqn. (23) the term d In [0/1— 0]/d0 can normally not be neglected in comparison with 
niF. 
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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 rx may be evaluated in the 
general case by calculating C as a function of 0 and 0 as a function of V using eqn. 
(22) and (23). We note that AT4<̂  1, otherwise 0MOH 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 V and will not change the form of the de­
pendence of 0 or C on V) and r\ having values of 0, 5, 10 and 20 kcal mole-1 (these 

FIG. 1.—Variation of the overall adsorption pseudo-capacity with coverage 0. 

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 0 and heat of adsorption arise for 0-1 <0<O-9). The cal­
culated values of C * as a function of 0 and V are shown in fig. 1 and 2, respectively, 
and the Langmuir case, corresponding to n = 0, is shown for comparison. These 
cases will apply to any univalent species predominantly covering the surface for 
the values of k' and rx 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 0 or V. Comparison with experimental data will require an assignment of the surface 
concentration corresponding to 0 = 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.9 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,7 

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 

i60Qr 

1 4 0 0 -

I 2 O 0 -

a. 

400 

200 

CT(r*5) 

-IA > 
0 . 100 200 300 400 500 600 700 800 900 1000 1100 1200 

potential V, mV 

FIG. 2.—Variation of the overall pseudo-capacity with potential V. 

(1600 fiF cm"2) for the " Langmuir " case. However, for values of r even as high 
as 20 kcal mole-i, 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 /JF cm -2 at potentials anodic to the potential 
of zero charge.29 In all cases at very high potentials C->Gj.i., i.e., the measured 
capacity will tend to the ionic double-layer capacity. The " Langmuir" case 
(eqn. (24o)) is evidently a special case of eqn. (22) and in most cases will not corre­
spond to experimental conditions, since heats of adsorption are rarely independent of 
coverage. Even if r is as low as 1 kcal mole_i, Cmax. will be significantly less (actually 
1100/iFcm-2) than 1600//Fcm~2 and the range of the potential dependence of C 
will be substantially larger than that for the " Langmuir " case. Some values of 
Cmax. and CT as a function of r have been plotted in fig. 3 ; CT can have values greater 
than Climax, for l ° w i", but combined with CL (eqn. 26) must lead to values of overall 
C less than Cx.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 - ^ M A + e (fast) (X) 

MAJ:MB (fast) (XI) 

2MB->-B2 (slow) (XII) 

is considered with XII rate controlling so that 0A and 0B may both be significant. 
The heats of adsorption of A and B are assumed to be given by eqn. (7) and (8) 
involving f(0). For X and XI at equilibrium (cf. eqn. (12)) 

f ( 0 ) = 7 F + X l o (28) 
and 

0B/0A=fcu/k-ii = .Kn- (29) 

I J_ 
w 6 • 10 15 20 

r, kcal mole-1 

FIG. 3.—Variation of the maximum pseudo-capacity and the " Temkin " contribution with values 
of r\. 

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

f(<?) = rA0A + >-B0B = rA0A + K n r B 0 A = K\,9A, (30) 

whe re in = rA + A:iirB. 
Now 

C = ^ / = fc'd[0A+0B]/dF 

but 

0A+0B = 0A+-K! A = (1 + KU)0A . 

Now from eqn. (30) and an eqn. similar to (12) referring to reaction X 

d0 A /dF=F/[ r A +K 1 1 r B ] 

(31) 

(32) 

(34) 
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so that, from eqn. (31) and (32) 

C = fc'(l +K u )d0 A / dF= k' ( l+*" )F = k'F/r', (35) 
V"A + ^ H > V 

where we have defined 
r^i^ + K^rMl+K,,). 

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 0B/0A will depend on potential, either: (a) due to a change 
in the number of adsorbed species caused by an act of the given step (e.g. 2MA->MB,* 
viz., 2MOH->MO + H 2 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 XI (i.e., for a reaction such as MA + A~->e + MB; 
cf. reaction V). In either case 0A and 0B will only be comparable f 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 0 A > 0 B or 
0 A « 0 B SO that f(9)~rA9A or rB0B. 

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 r' 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 0 on V except as C-*Ca.i. when 0->O 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 a d s . Ill 

is in quasi-equilibrium at low coverage by MHa<is. (high coverage leads to a recom­
bination-controlled limiting current observed experimentally 30) so that 

0H = Kexp(-FF/ JRT) (38) 

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

CH = - fc'(d0H/dK) = K(k'F/RT) exp ( - VF/RT) (39) 

t Thus, if XI were of the form 2MA :̂MB, rather than MA^MB 

fc»4A exp [(3y-l)f(0)//m = Ar_„0Bexp [-(2-3y)f(0)/*r] (37) 

and with (28), 0B/0A = kn exp (VF/RT). If 0A = 0B at a given value of V, 0A«0B or 0B«^0A 
within ±0-06 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 

- CH(dV/dt) = i0 exp [-2VF/RT] (40) 

for continuing recombination as the rate-controlling process in self-discharge on 
open-circuit. 

Thus 
-Kk'(F/RT) exp \_-VF/RTjdV/dt) = i0 exp [-2VF/RTI 

or 

- exp [VF/RT~]dV = (i0RT/Kk'F)dt. (41) 

After integrating, this gives the e.m.f. decay slope as 

dV/d In (t+</>) = -RT/F, 
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., 

v3 = k3 exp [ - (AG* - 2r9)/RT}, 

so that witneqn. (4) 
d F / d l n i = -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 r significant, as is slso 
evident from the directly observed galvanostatic discharge transients.4 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.9 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 0 on V for the Langmuir case can be obtained from the 
equation given previously 26 and for the combined Langmuir-Temkin case from eqn. 
(22) or (27) assuming the same arbitrary values for K4 and C 0 H - taken previously. 

In the Langmuir case (/(0) = 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 0 against V increases, but at high or low 



B. E. CONWAY AND E. GILEADI 2507 

potentials a short non-linear region arises from the non-exponential term in 0 in 
the rate equations. The coverage is essentially linear with V over 450 mV when 
ri is 10 kcal mole-1. The dotted lines in fig. 4 show what the 0(V) behaviour would 
be if only the exponential term in 0 in eqn. (22) determined the dependence of 0 on 
V. Obviously this must lead to a completely linear dependence of 0 on V as shown. 
This is a fictitious case, since in reality at very low or very high 0, the 0/1—0 
term will always be important and give the curving-off region of the lines at each 
extremity. 

potential V, mV 
FIG. 4.—Variation of coverage 9 with potential Ffor Langmuir (r\ = 0) and Langmuir+ Temkin 

conditions (indicated r\ values). 

It is of interest, however, that in the range where 0 is linear with K(for appreciable 
values of r\), the actual values of 9 at any given potential are significantly different 
from those calculated from the exponential (Temkin) term in 0 alone. For example, 
when r = 10 kcal, the pre-exponential term in 0 never becomes negligible compared 
with the exponential one, so far as the relationship between 0 and V is concerned. 
Nevertheless, an almost linear variation of 0 with V (constant capacity) is still obtained, 
since the deviation of the pre-exponential term from a linear 0— V relationship is 
negligible with respect to the value of 0 arising from the exponential term, except 
at very high or very low 0. 

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 0r 
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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 

AHA = AH°A-rA9T; AHB = AHB-rB9T (1A) 

since the energy of adsorption of a given species will depend on the sites remaining just 
beyond the total coverage 0 r and the /• values define the distribution (assumed linear) of 
energies of adsorption with total coverage. It is not necessary that rA = rB, 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 rAo±rB 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 

AHA = AHA - rA9A; AHB = AH°B - rA0B. 

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 
IV is in quasi-equilibrium followed by rate-determining V or VII. We obtain 

rOH9T=VF + KA (2A) 

as in eqn. (12), and for rate-determining V, 

v5 = M M O H C Q H - exp \_-{AGt-yrOH8T-pVF + (l-y)r09T}/RTl 

which gives the Tafel slope for V for intermediate coverage by MOH as 

dV 2RT rn 

d l n i F 2rOH-
when y = 0-5 = /? 

which obviously gives a slope of 2RT/F when >"OH = r0. Similarly, for rate-determining 
VII, which does not involve a direct potential term in the rate equation, we obtain the same 
result 

dV 2RT r0H 2RT 
d h T i = - p - 2 ^ ^ = : r w h e n r 0 H = r 0 . 

These equations give the same limiting result when ron = r0 as the general treatment in 
terms of/(0) for the induction model given in the main part of the paper. We may note 
also, as with/(0), that the exact form of the function of 6T in equation 1A is immaterial as 
it will always be eliminated when equation 2A is used to substitute for this function of 0 r 

in the rate equations in terms of VF. Any arbitrariness in assuming a linear function in 
0 r 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 RTrOH RT 
. = - ^ = ~ when ?v,H = r„ d l n i _ 2 F r 0 ~ 2 F W U C n r o H = r ° 

for non-activated adsorption (cf. ref. 14) of the O species from 0 2 . 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 the 
r values need not, in principle, be quite identical, the heterogeneity model allows of the pos­
sibility of some variation of Tafel slopes from the above limiting values derived assuming 
equal r values. 
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ABSTRACT 
Electrochemical kinetic studies have been carried out at the nickel oxide electrode showing 

that the reversible potential for the N i u - N i l n system is independent of the state of oxidation 
of the bulk oxide in 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 is completely charged 
when the bulk oxide material in the electrode has been charged to 10% 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 is charged to about 1 5 % Con­
secutive electrochemical reactions possibly involved in the charging process are discussed 

INTRODUCTION 

The real reversible potential of the nickel oxide (N^-Ni 1 1 1 ) electrode has been the 
subject of controversy for some years and previously reported values are misleading 
since they have not been based on well-defined equilibrium conditions or a well-defined 
state of the system Determination of the reversible potential is 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 in a range of chemical states corresponding to the 
extent of conversion of Ni2+ to Ni3+ (and possibly Ni4+ under certain conditions) in the 
hydrated oxide 

In an earlier paper (1), the true reversible potential of partially charged nickel oxide 
electrodes at a single controlled state of oxidation "NiOi 25" was examined as a function 
of potassium hydroxide and water activities in aqueous alkali 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 partiall) 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 ("N1O1 iu"-"NiOi 30") 
owing to problems of extrapolation to the reversible potential to be discussed below. 
Stationary potentials, taken at very long times on open circuit, were therefore also 
measured as a function of the degree of charge over a much wider range of degree of 
oxidation ("INiOi 02B"-"NIOI 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 is being charged, 
in the intermediate region, the Faradaic current is used to charge both phases, until 
the surface phase is 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 in all three regions described above It does not, however, become appreciable 
until most of the bulk material has been charged ) 
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E X P E R I M E N T A L 

(1) Elect/odes 
Nickel hydroxide electrodes were prepared in sintered-mckel plaques by methods described in detail 

previously (1, 3, 5) Each electrode was charged and discharged three times before use, a t a 5-hour charging 
rate, m order to stabilize its electrochemical behavior (3, 4) 

(B) Solutions 
All solutions and reagents were prepared as described previously (1, 3), and most experiments were 

carried out in 1 N aqueous KOH at 25° C Some comparative runs were carried out in 7 2 N KOH 

(3) Revei sible Potentials 
The reversible potential of the N i ^ - N i 1 1 1 system was obtained by extrapolating anodic and cathodic 

e m f decay lines, plotted logarithmically in time, to the potential of their intersection, as described in a 
previous paper (1). 

The "discharged" electrodes still contained a small amount of the higher oxide of nickel, which a t the 
apparent end of discharging is evidently inaccessible, probably due to insulation by the less conducting 
Ni(OH) s (6) 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, l e at 143 ma g"1 of a c tne material calculated as Ni(OH)2 (cf ref 1) 

(a) The electrode was charged for 24 minutes to an extent of oxidation of 20% (NiOi io) based on the 
oxidation change Ni 1 1 -* Ni 1 1 1 in 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 interrupted and buildup (i e recovery of potential on open circuit to more 
anodic values) was followed for an hour, the degree of charge again being 20%, as in (a) 

Anodic and cathodic open-circuit decay and recover} of potential were followed in a similar manner at 
the 40%, 60% and 80% charged electrodes, corresponding to formal degrees of oxidation of NiOi 20 N1O1 30, 
N1O1 40 respectively Charging and discharging curves for one of these experiments are shown m Fig 1 
Similar charging and discharging cycles were carried out to obtain data for electrodes in 25%, 50%, and 
7 5 % degrees of oxidation (see Table I) 

Degree of 
charge 

(%) 

20 
25 
40 
50 
60 
75 
80 

"Overcharge" 

KOH 
concn 

w 
1 
1 
1 
1 
1 
1 
1 
1 

TABLE I 

Anodic decay slope 

Initial, 
61 (mv) 

- 1 2 7 
- 9 5 ± 0 6 
- 1 2 0 
- 1 0 8 ± 1 5 
- 3 5 3 
- 3 2 ± 1 3 
- 6 0 
- 4 5 ± 2 6 

Lower, 
bi (mv) 

- 1 8 2 
- 1 8 3 ± 3 5 
- 1 5 2 
- 1 9 8 ± 5 0 
- 1 7 8 
- 2 2 ± 2 3 
- 2 1 0 

— 

Cathodic 
buildup 

slope 
b3 (mv) 

+ 11 0 
+ 13 1 ± 2 1 
+ 9 0 
+ 10 9 ± 1 6 
+ 11 4 
+ 9 4 ± 1 2 
+ 14 3 

— 

•Erevt 
(mv) 

423 
424 ± 4 
427 
423 ± 5 

* 
* 
* 
* 

Number of 
experiments 

1 
5 
1 
9 
1 
5 
1 
6 

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

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

e m f on open circuit was followed by means of a high impedance recorder for about a week, a t which time 
the e m f \ aried at a rate of 1 mv/day or less 

(5) Sparingly Charged Electrodes 
A series of experiments was conducted on electrodes charged to a very small extent (0 3 3 % to 5 % of 

total charge capacity) 

RESULTS 

Plots of decay of e m f after anodic and cathodic polarization vs log (t+8) are shown 
in Fig 2 The significance of this t \pe of plot, o f e m f decay slopes, and of the para-
n eter 6 have been discussed previously (1, 3, 4, 7, 8) 
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6 0 0 
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450 

350 

300 

CATHODIC 

25 50 75 

DEGREE OF OXIDATION Q (PERCENT) 

100 

F I G 1 \nodic and cathodic polarization curves for the nickel oxide electrode in 1 N KOH, 2 hour charging 
rate \ ertical broken lines correspond to open circuit e m f decay or recovery Solid lines correspond to 
changes of potential associated with changes of degree of charge between successive open-circuit measure­
ments 
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FIG 2 Decay and recovery o f e m f of the nickel oxide electrode in log [time] at various degrees of charge 
after anodic and cathodic polarization, respectively (data for 1 N KOH) compare ref 1 
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All e m f deca\ lines from anodic polarization are seen to have two dist inct regions 
For electrodes charged to 5 0 % ("NiOi 26 ') or less, an initial low slope (about - 1 0 mv) 
is followed by a higher slope (about —20 mv) When the electrode is charged to 7 5 % , a 
high initial slope (about - 32 mv) is followed by the same slope ( - 2 0 mv) mentioned 
above, in the lower-potential region Electromotive force recovery lines from cathodic 
polarization have a slope of about + 1 1 mv, independent of degree of charge Results 
for a t\ pical individual experiment are given in Fig 2 and some slight increase of recovery 
slope is apparent as the charge is reduced, however, this trend does not appear to be 
ver\ significant stat ist icalh (e g see Table I) . 

In Table I, the reversible potentials lor the W - N i 1 1 1 system, obtained by extra­
polating cathodic and (initial) anodic e ni f decay lines (1), are given for different 
degrees of charge (between 20% and 5 0 % formal degree of oxidation) of the electrode 
a t 25° C, together with other kinetic parameters An impor tan t result obtained here is 
t ha t the reversible potential is seen to be independent of formal degree of charge over the 
above range of charge Similar conclusions were arrived a t from two comparat ive runs 
m 7 2 A7 KOH 

For reasons to be discussed, it is not possible to obtain the t rue reversible potentials 
b \ extrapolation of cathodic and anodic e m f deca\ lines above degrees of oxidation 
of about 5 0 % In order, however, to stud} further the potentials of the nickel oxide 
electrode, the "stationary " or quasi equilibrium potentials were examined a t higher 
s tates of oxidation 

In Table II , the 'stationary " potentials measured after 4 X 1 0 5 and 6 X 1 0 ' seconds on 

1 \ B L E II 

Stationary potentials of the nickel oxide electrode m 1 JV KOH 25° C 

Degree of ch lrge 
('- ) 

0 \ ere harge 
50 
20 
10 
/ 
5 

Potent la 
4X105sec 

1 reached after 
• (m\ ,Hg/HgO) 

42b 5 
426 5 
420 4 
422 6 
406 0 
401 5 

Potential reached ifter 
6X105 bee (mv, Hg/HgO) 

422 6 
424 0 
417 1 
414 i) 
404 8 
WQ 3 

open circuit are given for various degrees of charge of the electrode between 5% and 
100% (overcharged electrode) These results were obtained b), reducing the electrode 
completeh , polarizing it anodicalh to the appropriate degree of charge and then lea\ ing 
it on open circuit for 6X10 5 seconds or longer I t is seen t ha t the "stat ionaix potent ia l 
measured after a long period of s tanding on open circuit is still independent ot the degree 
of charge above 10% extent of oxidation ("NiOi 05"), and in this respect exhibits a 
behavior simil tr to tha t of the true reversible potentials 

Results of experiments on s p a n n g h charged electrodes (0 3 3 % to 5 % degree of 
oxidation) are shown in Fig 3, where the e m f time relation is plotted for deca^ on 
open circuit at ter anodic charging tor various degrees ot charge I t is seen t ha t the decay 
piocess changes q u a h t a t n e h once quite low degrees of charge are reached These results 
can, lor the purpose ot interpretation, be best represented giaphicalh as plots of the 
degree of charge, Q, held b \ the electrode vs the t ime required tor the electrode potent ia l 
to deca's to a given \ due (Fig 4) or in terms of the charge held vs the potent i il reached 
atter a given time (Fig 5) These plots are equivalent to taking cuts a t a given value 
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F I G 3 Plots of e m f decay at sparingly charged electrodes, for various degrees of charge 

10 

O 

100 103 104 105 

Time (sec) 

F I G 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 — 1 6 ± 0 1% ) 

of the abscissa or ordinate in Fig 3 
It is 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 1 5 ± 0 1% This 
observation leads to the important conclusion that electrodes charged to 1 5% or less 
are in a fundamentally different state than electrodes charged to a greater extent of 
oxidation This point is further demonstrated by examining the decay slopes listed in 
Table III below It was shown previously (1) that the initial low slope (ca —10 mv) is 
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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ioxio3
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FIG 5 The potential reached after a gi\en length of time on open circuit \ s the degree of charge (Lines 
show inflection at common degree of charge Q = 1 3 5 ± 0 1' , ) 

T \ B L E III 

E m f md e m f -deca\ beha\ lor a t sparingly charged electrodes 

Degree of 
change 

7 
5 
, 
> 
1 
i 

T 

Deci\ slop 
( a i 

Si (m\ ) 

„ 

- 1 2 3 
- 1 5 5 
- 1 2 0 
- 3 4 , 
- 4 0 
- 4 8 

in 
es 

Table I) 

b (nn ) 

- 2 3 2 
- 3 4 1 
- 3 4 2 
>100 
>100 
>300 

E m f I 
(mv) at 

time of last 
meaburement 

404 S 
398 3 
366 5 
356 1 
188 6 
41 
18 

Time of last 
measurement 
(105 sec) after 
interruption 

of polarization 

6 
7 
2 8 
6 
9 5 
4 1 
0 7 

A V/\t 
for the last 

da\ (m\ / d a \ ) 

0 2 
0 8 
5 
2 
S 
1 
1 

DISCUSSION 

The reversible potential for the \ i u - N i i n s \ s tem in the electrochemicalh formed 
nickel oxide has been shown to be independent of the degree of charge of the electrode 
Between 20% and 5 0 % degree of charge, it was measured b \ ext rapola t ing anodic and 
cathodic e in f deca\ lines, plotted loganthmicalh in t ime, as described earlier (1). 
\ alues of the reversible potential could onh be obtained over a limited range ot degrees 
of oxidation (20-50% ot total charge) since a t a higher degree of charge the initial low 
anodic slope, characteristic of the oxidation of the bulk material (1), was not observed 
(see Fig 2), and a t a ver\ low degree of charge, cathodic e m t r ecoven lines were 
irregular and difficult to reproduce 

I t is ot interest to discuss wh\ the reversible potential cannot be obtained by extra­
polation ot anodic and cathodic polarization deca\ lines above a degree ot charge of 
about 31% In Fig 2 it is evident tha t the e m f. dec i\, line, e g for 7 5 % degree ot charge, 
shows two linear regions in concave" relationship to one another as also found tor the 
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"overcharged" electrode (3), whereas (1) at lower degrees of charge, a "convex" relation 
is 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 50% 
degree of charge (for example, with the 75% charged electrode), it is clear that the 
former txpe of process is operative, as it is in 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 N i n - N i i n oxidation reaction as we have done for the 50% 
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 

M + O H - - • MOH + e (I) 

MOH + O H - -> MO + H 2 0 + e (II) 

( \ ) oxide oxidation in (B) Oo evolution by further steps (cf refs 1 3 15) 
bulk of material 

MO + MOH -> M H 0 2 (III) 

MHO, + MOH - • 0 2 + H 2 0 + M (IV) 
or 

MO + OH" —• M H 0 2 + e (V) 

M H 0 2 + MOH -> 0 2 + H 2 0 + M (IV) 
or 

2MO -» 0 2 (VI) 

At the higher degrees of charge (> ~ 5 0 % ) , the pathway is evidently one involving 
consecutive rate-determining steps and is therefore probably associated with the scheme 
(I), (II) with pathway (B) to ox\gen evolution with, for example, (II) or (VI) (cf ref 
16) rate determining 

At low degrees of charge 50% 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 is thus probably (I), (II), 
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 is faster at lower anodic 
potentials dominates the kinetics of the decay process 

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

In order to supplement the above data on true reversible potentials, steady or quasi-
equihbrium potentials were measured over a wider range of degrees of oxidation (5-
100%) The significance of these potentials as kinetically determined mixed potentials 
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has been discussed previoush (1) T h e \ cannot be related directly to the reversible 
potential of the s \ s t em a t 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 constanc\ of these potentials over a large range of formal degree of 
oxidation ot the electrode ("NiOi OB" to "NiOi 5o"), combined with the fact t ha t the 
true re\ersible potential has been shown above to be independent of degree of charge 
in the range where it is directly accessible, makes it most probable t h a t the reversible 
potential is, in fact, constant over the whole range of degrees of oxidation where the 
stead\ potential is found to be constant This is contrary to conclusions reported by 
Lukovtsev and Temerin (9) (using electrodes with a graphi te matr ix) , who claimed tha t 
the apparent reversible potential of this system follows a \ e r n s t - t y pe equation with 
a slope of 0 050 v The observed variation of actual potential during charging and 
discharging, on which the lat ter conclusion was based, ma's be due to a concentrat ion 
polarization in the solid phase (b, 9), or a change in effective current density due to a 
change in available surface area, and not due to a variation of the true reversible 
potential of the s \ s tem, as claimed bv Lukovtsev and Temerin 

Our present findings are not in conflict with the equat ion 

E = a-\-bi' log 

discussed by Lukovtsev and Temerin and examined and evaluated b \ Conwav and 
Bourgault (4), since tha t equation refers to the variation ot electrode potential with 
degree ot oxidation ot the smface phase in the overcharge region, and in fact the potential 
of the electrode was shown (1) to involve a term corresponding to up take of adsorbed 
KOH 

For electrodes charged to less than 10%, the open circuit s teady potential was found 
to depend on the degree ot charge to a large extent Electrodes charged to 1% or less 
behaved quite differently from those charged to a greater extent The results suggest 
tha t up to a degree ot charge Q = 1 5 ± 0 1% (I e , the average value of Q a t the points 
of intersection of the lines in Figs 4 and 5) only a surface phase is being charged Above 
tha t , and up to a degree ot oxidation ot about 10%, both surface and bulk phases are 
being charged \ \ hen the electrode has been charged to 10% of its total charge capacit \ , 
it appears tha t the surface phase is completeh charged, and any further charging can 
then onh aftect the bulk material 

The van ition ot the observed true reversible, and stationary or quasi-equilibrium 
potentials as a function ot charge in 1 M KOH is shown in Fig b The electrochemical 
behavior ot the electrode is evidenth determined by the surface phase, since the rever­
sible (or steady) potential is independent of the degiee of charge so long as the surface 
phase is apparen th completeh charged, l e , above 10% formal degree ot oxidation The 
theoretical \ e r n s t plot tor a one-electron transter process (in terms ot formal degrees 
ot charge) which would be observed tor ideal solid-solution behavior, with the bulk 
material potential determining, is shown in Fig 6 for comparison 

The independence of re\ersible (or stead's) potential demonstra ted, above a degree 
ot oxidation ot 10' c , could tormalh arise for either of the following reasons (a) It the 
electrode were a two-phase mixture ot lower and higher oxide, the potential would be 
independent ot apparent degree of oxidation so long as both oxides were present (b) If 
the potential were determined b\ a surface phase ot constant composition, superimposed 
on a bulk phase ot \ ar\ ing degree of oxidation bu t not potential determining, the observed 
potential would be independent ot composition ot the bulk 

(go-, — gred | 
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DEGREE OF OXIDATION Q 
0 2 0 0 5 0 0 80 
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F I G 6 True reversible potentials and quasi equilibrium 'stationary potentials of the nickel oxide as 
a function of degree of oxidation One electron theoretical Nernst slope is shown for comparison 

The latter situation, (&), is consistent with our previous kinetic conclusions (1) on the 
mechanism ot charging of the bulk material via a surface phase, and our observation 
of a large adsorption pseudocapacitance associated with the (overcharged) nickel oxide 
electrode The former possibiht\ , (a), is rendered unlikely by the X-ray diffraction pattern 
of nickel oxide at various degrees of charge (10, 11) where it was shown that there was 
a continuous variation of the pattern consistent with a complete range of solid solutions 
of \ i II and III oxide states The observed variation of potential between 2% and 10% 
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 is potential determining, and that above a degree of oxidation of 10% of 
the whole material in the oxide electrode, a more or less constant potential is reached 

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

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

(b) The species (14), e g " \ T i0 2 " , to which the potentials were assumed to refer have 
not been identified or characterized and their existence is doubtful (such species may 
correspond onh to the surface phase at the overcharged electrode) 

(c) The phase to which the potentials refer is 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 neither can be identified with a thermodynamically significant reversible 
potential 
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I. INTRODUCTION 

In recent years, current distribution problems in 

electrolysis processes have become of renewed importance in certain 

applications involving high current drains in batteries, 

palladium 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 9k-) • 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 (S?) where film resistance and solution 

conductance effects have been simultaneously considered as a 

special problem. Co-conduction effects longitudinally through 

the solution (6) and through the double-layer (7) parallel to a 

thin wire 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). 
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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 endj 

relations are also obtained for the true and apparent Tafel slope 

for an electrode process occurring at the wire under such con­

ditions. 

II. CALCULATION OF POTENTIAL AND CURRENT PROFILES 

1. Model 

We consider the model for a cylindrical electrode of 

length L radius r and specific resistance p „ 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 2trrdx 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 overjvoltage 

which would determine the rate of the electrode reaction if /o 

were negligible is expressed as V0. The normal current density 

i passing in the absence of ohmic effects is related to the exchange 

current density by the Tafel equation in exponential form as 

i = i0 exp [a V0F/RT] = iQ exp [V^bJ 



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 V (arising 

from an impressed voltage, or from a etalvanic potential difference 

in the case of a battery or fue"1 cell' le^s the ohmic irop /i'.' 

existing at the position x down the electrode from the too, This 

potential ~rop will be determine- by the current passing in the 

cylincer f^om the tot) to x and by the soecific resistance of 

the electrode- The current passing will not be uniform and will 

decrease -?own t,he electrode- At anv given point, the current 

density will be exponentially related to the overpotential and 

hence the metal-solution p.d. existing at that point- i.e. to 

P- Formulation of equations 

/»t x, the element of actual anodic current pacing 

across an area n<? equal to 2wv,?x is 

dix - if> ,>.rp, id(
,r

0 - AVx.'r/RTI .2Tfr.rx 111 

wVero i is the usual exchange current density for the electroae 

process concerned and a the transier coefficient characteristic 

of the rate-ofttermining process, 

The potential drop £ u
x in the conductor is a function 

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

For convenience, we write the kinetic expression for an anodic 
reaction involving a one-electron transfer as in the H-ionJsation 
case. 
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current in the conductor is not uniform but decreases down the 

cylinder. The quantity AVX will hence increase with x but as 

some function x n where 0 < n < 1. 

In the element of the electrode surface of area 2rrr.dxp 

at the position x, the potential drop dV down the element is given 

b7 

dV = lO dx/trr2 

where i_ is 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 tile representative position x = x. 

The total potential drop AV_ from the top of the electrode 

to x is then 

x x 

o o 

But 1 is already the integral of dix over the length x = L to a 

position x which involves AV from equation [1], i.e.* 

aV^F r aAV^F 

*x -
o C x 

iQ exp. [-££-]o2trr j exp. - [ RT- ].dx [3] 

In this and other related equations, the term /Virr will become 

l /rr(r «=[r=a] ) for the case of a tubular electrode of radius 
r and annular thickness a. 
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and AVX in equation [3] is given by the integral equation [2] 

which itself involves i . 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 iQ (the condition for linear current -

potential behaviour in the basic rate expression), or 

b) if AV_ < RT/aFj 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 

aVQF
 L aAVxF 

i x = iQ exp [ ftip ] 2trr 1 [1 ^—]dx [i*.] 
x 

aVQF 
and the equation then becomes with [2] and i = i Q exp [ R_, ] 

i x • 2 f f r i \ ta - 2 f f r i 1 Tar- ta c* ] 

X X 

which can be written 

L x 

*x = % * K2X " h \ C \ **talta [63 

X o 

where K,, K~ and K- are constants , the signif icance of which 

follows by reference to equation [f>]. We may wr i t e equation [6] 
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conveniently in differential form as 

x 
d t / d x = - K2 - K3 J ixdx [7] 

and 

d V * * 2 = - ^ - - ^ i , 18] 

k. Evaluation of AV as a function of x and determination of the 

profile of i as a function of x. 
JL 

The f i n a l second-order d i f f e r en t i a l equation [8] i s of 

the forms 

d2Y/dX2 = - kY 

and i t s solut ion i s 

Y = A cosVk.X 

so tha t 
,1/2 

* * 
= Acosf^Sj x t9] 

where A is a constant. 

When x = 0, at the top of the electrode, i = I, the 

total measured current corresponding to the overpotential V . 

Therefore 

x—o 
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so that 

11/2 
*, = * - [%&*]*• I"l 

from which the current density distribution can be obtained as 

a function of x as 

jV2 n -,l/2 
E = _ T!2J/> OP| 

2-rrr dx ds 

r i V 2 r - i1/2 

The evaluation of AV as f(x) then proceeds as followss 

from [1], substituting for i (linear approximation) 

x _l/2 

-,1/2 r -.1/2 

In considering these distributions of i and AV. it must be recalled 

that i is the total current passing in the conductor from the bottom 

up to a position x, i.e. where the potential drop is AV measured 

from the top of the electrode. Hence, as AV increases down the 

electrode, the current density decreases, as expected and indicated 

by the negative sign in equation [11] 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^ , as 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 Ai. is taken as 
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the actual current passing from a representative j'th segment into 

the solution. 

2) Formulation of Equations 

For convenience in the mathematical development, we treat 

the problem now in terms of summations. From the definitions above, 

we may write 
n 

2^Ai3 = I [13] 

j=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 j'th segment depends on the potential V- applied to 

the electrode less the ohmic potential drop down the J-l preceding 

segments, as in the previous calculation. At the middle of the first 

segment the current passing is taken as 

Aix = iQ2irrAx exp [V^b] [Ik] 

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. 

Ai-, = iQ2irrAx exp £ [VQ - -£« Ax (I - Aix) ] 
1Tr 

= iQ2TrrAx exp ^ [ 1 - - / ^ | ^ ( I - A i ^ ] [1^3 
rrr o 
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S i m i l a r l y 

Ai0 = i 2trrAx exp i [V - -A* Ax ( I - Ai-.) - - £ 5 Ax(I-Ai, - A i p ) ] 
Trr~ trr 

= i 2irrAx exp T ^ [1 - •£* & (21 - 2Aix - Aip) 3 [16] 
0 trr o 

and 

Aii, = i„2rrrAx exp k [ V o " ~^2 A x ( 2 1 " 2 A i l " A i 2 } " "^2 Ax ( I - Ai, Ll — J. £ 
4- O ~ .JJ.J,- - - t r p -

- Ai 2 - A i 3 ) ] 

i 2irrAx exp ^ [1 - - A | = (31 - 3Ai, - 2Ai - A i 3 ) ] [173 
irr" 'o 

and, i n g e n e r a l , f o r t he cu r r en t a t the 3 ' t h element 

Aij = i02trrAx exp £ [VQ - ^ j i A x f ( J - l ) I - ( j - D A ^ - ( J - 2 ) A i 2 

- (3-3)Ai 3 - ( j - k ) A i k \ l 

V 3°°1 
= iQ2irrAx exp ^ exp- [ - /^ ^ ( 3 - 1 ) 1 ] , exp - ^ ^ [ 7 ^ ( j - k ) A i k 3 

trr trr k = 1 

[18] 

From [ 1 3 ] , t h e t o t a l c u r r e n t i s 

1 = zz^ 
n 

3 
J= l 
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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 

i C Ai3 = (JAI,)^ [19] 

3=1 

and hence 

I = ndrAi^ 1 1 [20] 

Taking logarithms of the terms in equation [18] for 

M. gives 

InAi, = l n ( i 2irrAx) + r^ + r [ - -*-p Ax(j- l )I 
J Trr 

+ 2 AX H (3-*)Aik3 [21] 
rrr k = 1 

then since 

3 
lnEffAij] = 7 T l n U 1 j ] [22^ 

3 = 1 
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we obtain 

n n V n 
T T l n A i j = nln(i02trrAx) + ^ - 2 - I ^ 2 - Axl )~[ ($-1) 

1 i r r 3=1 

n 3-1 

3=1 k=l 
+ 

itr" 

or 

n V 

i Z l n A i 3 = i^o2*1**) + IT ' HE A AxI ^ ^ 
3=1 W P 

n j - l 

m 3=1 k=l 

Now 
. n 

l n ( | ) = l n ^ A i ^ 1 1 = | ] T InCAij] 
3=1 

so tha t 

l n ( l / n ) = r . h . s . of [2k] 

or 

| = i 0 2 ^ e*p£] exp[- ̂ i S | i l ] exp [££ . f^ f \ J-̂ Ai, 
trr D trr no ._, /_ , 

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

arbitrarily large, and with nAx = L, we have 

n 3-1 
[26] 

3= 

= i02irrL exp[^] . e x p C - f t ^ ] exp[-£ | . - | - Y^ V (3-k)Aik] 
Trr̂  trr n b . s l k = 1 

Since the resistance of the whole electrode is given by 

R = P Jj/xrrr and its total surface area is S = 2trrL, we can 

rewrite equation [26] as 

n 3-1 
I = iQS expfV/b) exp(- Rl/2b) exp[-|- ^ ^ (3-k)Aik] [26a] 

n b 3=1 k=l 

We shall now examine the physical significance of the 

various terms in equation [26/1. The equation 

I/S = iQ exp [V/b] [273 

is obviously the value of I/S when P = 0, i.e. when no finite re­

sistance of the electrode is considered. The term i exp [V /b] 

is the theoretically significant quantity since its value and, 

in particular, its variation with V 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 

"ideal" current density to the mean overall value which would be 

experimentally measured, viz. i/S. 
4, 

The second term in equation [2fr], exp[- Rl/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 [26/1 is a second order 

correction factor which takes into account the departure from 

linearity of this potential drop arising from the exponential 

variation of reaction resistance with electrode potential. The 

double sura in the last term can be represented in tabular form 

as shown belowt 

Terms in the double sum in Equation [26] 

5 3 

l 

2 

3 

k 

5 

0 

0 

0 

0 

0 

A i l 

0 

0 

0 

0 

2 ^ 

A i 2 

0 

0 

0 

3 A i 1 

2 A i 2 

Ai 3 

0 

0 

kAi1.......(3-l)Ai1 

3Ai2 (3-2 )Ai2 

2Ai3 (3-3)Ai3 

Aik (3-il-)Aik 

0 (3-5)Ai 

0 0 0 (3-k)Aik 

Since the term involving the summation in equation [2&] 

constitutes a second order correction, we may make the approxima­

tion 

Aik = Ai k + 1 = 1/n [28] 
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so that the last term in equation [2&] becomes 

n 3-1 n 3-1 

n 3=1 k=l ^ 3=1 k=l 

l i m 
n—+oO 

I t can be shown that 

= 1/6 
n 3-1 

3=1 k=l 

so that, combining equations [26a] and [29]p 

I/S = i exp[- fg] exp[g§] = i exp [- |£] 

[29] 

[30] 

or 

i = (l/s)exp[Rl/3b] [31] 

Equation [31] has been derived for convenience for an 

anodic process! i t i s obviously applicable generally for any 

electrode process since i/b ) 0 in a l l cases. 

Apparent Tafel Slope 

The observed Tafel slope dV/dlnl wil l be related to the 

mechanistically significant Tafel slope dV/dlni through the equa­

tion 

dV/dlni = (dV/dlnI)(dlnl/dlni) [32] 
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•-rom equation \ 31 1 

(dlni/dlnr = ^ * fb f'331 

Hence 

dV/dlnl = dV/alnT (1 + RT/^V,"1 H»i 1 

y»e note, therefor*, that a finite electrode resistance will cause 

a -so<-r»e«se in the overall current density from that predicted by 

the corresponding Tpfel enuation; also the observed apparent Tafel 

slope will be larger than the real one (b- in equation 3k) and will 

tend to increase with current density. 

oince eauation [3kl was derived assuming that RI0 

ii.though not negligible, was relativelv small, the true Tafel 

slope can be obt^ine^ from a measured value of dV/dlnT and the 

known specific resistance of the electrode at a given total 

current T, The result can be further improved, if require^, by 

a series of successive aoproximations» Tt 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 affected by electrode resistance effects 

that that for reactions associated with low Tafel slopes. 

The ahove calculations have been made in order that, 

at electrodes of significant resistance where internal ohmic 

potential drops are not negligible at high current densities, 
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the true, mechanistically significant, Tafel slopes can never­

theless be evaluated from the observed current-potential relation 

for high load conditions, and the current-density distribution 

can also be calculatede 
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PREFACE 

In the development of th© subject of the kinetics 

of electrode processes, studies of the double-layer and the 

adsorption of reactants, together with charaeterisatlow and 

Interpretation of the current-potential relationships, 

hair® played a predominant role* Although such work has been 

supported by numerous theoretical approaches for many electro­

chemical processes, the principal contributions have been 

directed to applications to the hydrogen and oxygen evolution 

reactions* 

fh® related problem of the behaviour of the 

ehemieorbed intermediates In such gae-producing reactions has. 

on the whole* been studied In lees detail* Thus* the basic 

theoretical problems have not hitherto been developed fully* 

although the importance of such studies was recognised early 

by Butler (1934) # £h& Russian workers and others, and Important 

experimental work has been contributed* ©*g* on the behaviour 

of cheifiisorbed hydrogen and oxygon at electrode®, by worker a 

of the German school. In particular Breiter, Knorr, and Vetter* 

Provloua experimental work in this Department on 

the electrochemistry of the nickel oxide electrode and on 

anodic decarboxylation, had densonatrated the need for further 

development of theoretical approaches for interpretation of 
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the kinetic and adsorption pseudocapaeity behaviour which had 

been observed* 

In the work described in the present thesis, particular 

attention has accordingly been focussed on three aspects of the 

behaviour of adsorbed reaction intermediatest 

(a) the pseudocapaeity associated with the potential 

dependence of coverage bj Intermediatesi 

{©) the Isotherm for adsorption of such intermediates 

and 

(c) the corresponding kittetles of reactions in which 

chemisorbed Intermediates arise at intermediate values of the 

steady-state coverage ©, (l*e* for 0*2 K 9 K, 0*8)• 

Host of th© original work described In this thesis Is 

theoretical in nature, but supporting experimental studies 

have been made vilth the nickel oxide electrode and other 

applications have &®©n mad® to the behaviour of th® interme­

diates Involved In the anodic electrochemical decarboxylation 

of formate Ion© in pure anhydrous formic acid* 

The principal original contributions involve th© 

deduction of the dependence of adsorption pasowdocapaelty on 

potential and coverage for Temkin isotherms involving different 

values of a parameter r determining th© variation of th® free 

energy of adsorption of intermediates with coverage* Itie 

consequences of usln^ other isotherms Involving electrostatic 
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Interaction energy terms, which are non-linear in 9, have 

also been examined* 

The degree to which the primary ion discharge step 

is not in "equilibrium", when a subsequent step is "rate-

determining*, is shown to be a factor of great importance 

when the pseudocapaeity behaviour is deduced, particularly 

when the Temkin isotherm applies at intermediate coverage and 

the parameter r is appreciable* A more detailed summary of 

the original contributions is given in the section on "Claims 

to Original Research"• 

Most of the work described in this thesis has been 

either published or is in press, as indicated in the following 

list of paperss 

1} Kinetic Theory of Pseudoeapaeltiaaee and Electrode 

Reactions at Appreciable Surface Coverages, 

B*E* Conway and B. Gileadi, Trans* Faraday See*, 

£8, 21*93 <1%2). 

2) Electrochemistry of the Hickel Oxide Electrode* 

Part IV* Electrochemical Kinetic Studies of 

Reversible Potentials as a Function of Degree of 

Oxidation, B*E* Conway and g. eileadi. Can, J* 

Chem., !&, 1933 (1962)* 
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3) Calculation and Analysis of Adsorption Pseudo-

capacity and Surface Coverage from E*M*P* Decay 

and Polarisation Curvest Application to a 

Decarboxylation Reaction, B*̂ .* Conway, '&, cileadl 

and M* Daiecluch, £lectx»ochim* Acta* Accepted 

for publication* 

The work on non-equlllbrium pseudocapaeity is in course of 

publication and a further theoretical contribution on 

potential and current distribution at electrodes of finite 

ohmic resistance has been prepared and Is submitted together 

with the other papers* Xhl® work is, however, not described 

in th® thesis as th© problems involved were very different 

from those considered in tfoe main body of the work described* 
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ABSTRACT 

The role of adsorbed intermediates in electrode 

kinetics is examined In relation to the form of the adsorption 

isotherm applying to the system. The various sod ©Is which may 

give rise to a linear variation of the free energy of adsorption 

with coverage (Temkin isotherm) are discussed. The Beu&art 

"induced heterogeneity8 model is adopted as the most plausible 

model. Kinetic equations are derived for eomplex reaction 

sequences involving three or more consecutive steps and two 

or more adsorbed Intermediates (e.p. as in the oxygen evolution 

reaction) for conditions of intermediate coverage where a Temkin 

adsorption isotherm applies* The results are shown to be 

significantly different from those derived previously for 

limiting Langmuir conditions or for Temkin conditions when only 

two consecutive steps are involved (e.g. the hydrogen evolution 

reaction)* 

The variation of the adsorption pseudocapaeity with 

coverage and potential Is evaluated for the case of a single 

adsorbed Intermediate, or for a case when two or Tsore species 

are adsorbed simultaneously on the surface. It Is shows that 

a Langmuir term and a Temkin term (depending on the pre-

exponential and exponential term© In w, respectively) combine 

In series to determine the total effective adsorption 



- xxli -

psefudocapaclty* Cases for which the free energy of adsorption 

is a linear function of fT* or *P' and a case when the 

assumption of quasi-equilibrium in the initial Ion discharge 

step Is not ô iite valid are examined quantitatively* 

Methods are proposed for the determination of the 

parameter r (related to th® rate of change of the free energy 

of adsorption with coverage) and the surface roughness factor 

f from the shape of the C-V plot obtained experimentally. 

These methods are applied to the observed pseudocapaeity 

behaviour in the anodic decarboxylation of formate Ions in 

pure anhydrous formic acid* 

Surface effects in determining the reversible 
II III 

potential ot the Ni** - NI couple In a nickel oxide electrode 

have been examined* it Is shown experimentally that this 

potential is independent of the degree of oxidation of the bulk 

phase, and hence depends on the state of the surface phase 

only* Related adsorption pseudocapaeity measurements at an 

"overcharged" nickel oxide electrode are also reported and 

three independent methods for the determination of C are shown 

to yield the same results, within experimental error* 



QH^rTO , I 

INTRODUCTION 

1* THE. ORIGIN ANi* ROLE J>- AJ;SORi>K3> yi'fWRKgDIATKS IN 

KL13CTBODE REACTIONS 

Early investigations of the mechanism of cathodic 

hydrogen evolution (1*2,3*4) have revealed that the overall 

reaction Involving transfer of two electronsdoes not occur 

In a single step* Two types cf steps are regarded as 

occurring, one of which is the dlseharre of a proton at the 

electrode surface with formation of an adsorbed atom and the 

second, its desorption by one of several possible mechanisms* 

Since these early studies of the hydrogen evolution reaction 

(h*e*r.), the evaluation of the role of adsorbed Intermediates 

has played a major part in discussions of the mechanisms of 

electrode reactions of various kinds, and in particular those 

leading to a gaseous product e.g. Ug, Qg$ C0£ and hydro­

carbons* This is hardly surprising since the field of 

electrode kinetics constitutes an important port of the broader 

field of the kinetics of heterogeneous reactions, the rates 

of which are usually controlled by the concentrations and 

properties of species adsorbed at the relevant interface. 

The discharge of an Ion adsorbed at one of the 

regions of the ionic double-layer at an electrode and Its 

further desolvation to form an adsorbed atom or radical at 
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the surface, may be considered the fundamental step in any 

electrode reaction producing a non-ionic product (w© thus 

exclude from this discussion ionic electrochemical redox 

reactions)* The adsorbed atom or radical may then migrate 

on the surface to a point where its energy will be the lowest 

(as can be the case in metal deposition (5)) or it may 

combine with a similar adsorbed species to form the final 

product ••?• H(ftda) • a ( a d 0 ) » *2i$m) i» « * case of the 

h*e*r., or form a second Intermediate, e.p* 

0S(ads) * m(&&8) "•"* °(ada) * ̂ 2° *B **** c a 8 e o f *teo oxygen 

evolution reaction (6,7)I alternatively. It may decompose in 

a unlmoleeular manner as In decarboxylation reactions, e.g* 

0S,300O(««t.) - CP3(«*.> * C02(a4.) ( M ) ' " l 8 OTlamt tha* 
the rate of the initial discharge step, as well as that of 

the subsequent step(a) of removal of the adsorbed Intermediate, 

will depend, apart from the usual activation energy term®, on 

the chemical potentials of all intermediates adsorbed at the 

surface of the electrode (in more complex electrode reactions, 

such as oxygen or nitrogen evolution (6,7*10,11), several kinds 

of intermediates may be adsorbed simultaneously at the inter* 

face), and these chemical potentials will themselves depend 

on the surface concentrations, the mobilities o** anecles on 

the sttrface, the heats of adsorption and the kind of adsorption 

isotherm applicable to the system* 
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2* A PBFimflON Qb' APsaBPTXOS FRKOPOOAPACITAflCK ASP .ITS 

PHYSICAL SIGNIFICANCE 

A characteristic feature of electrode reactions, la 

comparison with heterogeneous reactions in general, is that 

formation of adsorbed Intermediates usually requires the 

pasaage of electric charge across the interphase* The 

oharge q required is obviously proportional to the surface 

concentration of the adsorbed intermediate, or the* partial 

coverage w* which would arise by production of this inter­

mediate on account of the passage of the charge q, I.e. 

q * U9 {13 

where k is a proportionality constant, determined by the 

oharge required to form a complete monolayer of adsorbed 

Intermediates of a given kind* 

In order to show the origin of equations defining 

the electrochemical behaviour of adsorbed intermediates we 

shall consider as an example the h.e.r. proeeedlnf through 

an initial discharge step in acid media represented by 

B-O* • • • H -* WH • H-0 CA) 

Here we use the term "Interphase" and distinguish it from 
the term "interface* which we define as the physical two-
dimensional boundary of the metal-electrolyte system. The 
"interphase" is regarded as a three-dimensional region of 
intermediates, adsorbed ions and solvent mlecules residing 
at the interface* 
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where M I s an ava i lab le s i t e on the electrode surface , m 

represents an adsorbed hydrogen atom and nji the source of 

protons In solut ion , followed e i the r by the so-cal led 

"electrochemical" desorption step or the " c a t a l y t i c " atom 

recombination desorption Which can be represented by 

H-0* • e • MS —* n * HgO * Mg CBj 

or 

m * mi -* m «• Hg fcj 

r e spec t ive ly . I f we assume tha t the r a t e of th© I n i t i a l 

discharge s tep i s r e l a t i v e l y hlggh* both in the forward and 

the reverse d i rec t ions compared with t h a t of e i the r of the 

desorption s teps (B) or (C] , i t I s c lear tha t the desorption 

s tep w i l l then become rate-determining (r*d«) and the 

discharge s tep may be assumed to be In quasi-equilibrium* 

**mm*mmmmm*mmm MM I I — » — — — » » I I I I I wmmmm»tmmmmmmmmmmmmmmmmmmmmmmmmm<mmtm\»iiimMa\im, I i — » — « 

* We s h a l l use the symbols H.O and OH* to represent the 
source of protons and hydroxy! r ad i ca l s In so lu t ion . Our 
argument w i l l be bas ica l ly the same whether the source of 
p ro tons , say , i s £L0 or H^O. 

Some authors (53) prefer to use the t e ra s "Ion-atom 
recombination** and "atom-atom* recombination"* respec t ive ly , 
to describe these steps In the h*e«r* 

*** The term "quasi-equilibrium" I s used because a react ion 
cannot s t r i c t l y be a t equilibrium and yet proceed a t a f i n i t e 
ne t r a t e in any one d i r e c t i o n . I t may be assumed, however, 
TEvTt the equilibrium l a disturbed only to a nejrlipible ex ten t , 
so tha t th© pr««rat®-determlsing s tep can be t rea ted aa thouph 
i t were a t equil ibrium. Cases where th© quasl-equillbrlum 
assumption i s not appl icable are examined In o r ig ina l 
calculation® to be presented subsequently* 
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The r a t e of t h i s s t ep in the forward and reverse d i rec t ions 

can be wr i t ten (neglecting here the var ia t ion of the f ree 

energy of adsorption of intermediates with coverage, a factor 

which, however, w i l l be examined In d e t a i l subsequently) as 

follows (of* ref . 12): 

1 « *0<*-«) «3CP - flf P/RT 12} 

i w i Q 9 exp U*p) ?»/FT [3] 

where 1 and 1 are the current dens i t i e s associated with the 

forward and reverse d i rec t ions of the r e a c t i o n , 0 i s a symmetry 

factor depending on the form of the energy ba r r i e r for charge 

t rans fe r across the interphase (13,14*15,16), V i s the over-

p o t e n t i a l , and other symbols have t h e i r usual significance* 

The cur ren ts 1 and I 0 are r e l a t ed to the exchange current 

densi ty I 0 through the equation (cf* ref . 12) 

JUL 

where © i s the coverage a t to® reve r s ib le po t en t i a l ( V « 0 ) . 

Since the dlseharre s tep i s assumed to be a t quasi-equilibrium 

we can a lso wri te 

1 « 1 £53 

so tha t combining s t a t i o n s [2,3 and 51 we obtain 

Y?5 » | £ ©*P - fv/HT [6) 
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We note that the symmetry factor 0 cancels out when the 

forward and reverse currents are equated* This Is a necessary 

requirement, of course, since $ is a strictly kinetic 

parameter, depending on the shape of the energy barrier for 

charge transfer at the interphase and cannot therefore affect 

the equilibrium behaviour of a system* 

We shall use equation [bj* or Its equivalent for an 

anodic process, again In the subsequent discussion. The only 

conclusion we wish to draw frcra It at present Is that the 

fractional surface coverage 9 by intermediates involved In the 

discharge step is an exponential function of the overpotential, 

whenever the rate-determining step in a series of consecutive 

reactions is preceded by a relatively fast charge transfer 

step at quasi-equilibrium* The definition of the "adsorption 

pseudoeapacltanee" then follows directly from these consider* 

atIons, since* from equation £1} It is apparent that we can 

write a quantity 

|S » k' || » * C* [73 

where C is recognised as a differential capacity, which may 

or may not itself be a function of potential, and 3a usually 

referred to as th© "adsorption pseMdoca»acitanoe,,• 

The differential capacity defined by equation [73 

The plus or minus signs refer to anodic and cathodic 
processes, respectively* 
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originates physically from the dependence of extent of 

adsorption of intermediates at the electrode surfaee on 

potential, w^ore these intermediates have arisen as a result 

of charge transfer across the metal-eolutSon interphase* 

The value of c and its variation with overpotential will 

therefore be expected to depend on the type of adsorption 

isotherm obeyed by the system, as we shall discuss in detail 

below* While formally defined, and experimentally measured 

as a capacity, the adsorption pseudocapaeity differs 

qualitatively from its electrical analojcue (and the Ionic 

double-layer capacity at an Ideal polarised electrode) in 

that it arises on account of actual transfer of charge 

across the interphase (analoguous to a ieakare current across 

a real electric capacitor) rather tbsn from accumulation of 

charge on one side and th® resulting Induction of charges on 

the other side, to an extent dependent on potential difference 

across the capacitor* 

Two other kinds of capacitances can arise at a metal-

solution Interphase! the ionic double-lay^r capacitance and the 

dlffuaional peeudocaracJt wee. The former has been treated in 

detail by Grahams (17) and by Parsons (1 ) and a mathematical 

treatment of the latter type of capacitance has been presented 

by Grahams (19) and by Ershler (20), In this thesis we shall 

restrict our discussion to th** case o-r adsorption pseudo-
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capacitance, assuming that our reactions are purely activation 

controlled so that no diffusion offacte arise* The ionic 

double-layer capacitance will lie in parallel with the 

adsorption pseudocaraeltance and the normally measured 

capacity will be the sum of these quant?ties. However, as 

shown below, we shall be mainly Interested in a region of the 

overpotential where the adsorption pseudocapaeity Is 

appreciably larger than the ionic double-layer capacity, and 

any variations In the latter may therefore be assumed 

relatively negligible* 

3* BXPKRIMK8TAL METHODS FOB THK P*?TBRWIHA'.I'IOW OP 9 AHD C 

It Is evident from the above discussion that the 

fractional surface coverage 9 and the adsorption pseudo-

capacitance C are directly related (equation 7)* The 

experimental methods available to determine these quantities 

can therefore be classified into two groupsi (1) those in 

which the coverage Is determined experimentally as a function 

of overpotential, and the capacity is obtained by differenti­

ation, and (11) those In which the directly measured quantity 

is the capacity, and the coverap-e is obtained from it by 

integration with respect to potential* In the latter method, 

it is possible to evaluate only the change of coverage 

corresponding to a given change in potential, unless an 

Integration constant (the absolute value of the coverage at 
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some reference po ten t i a l ) i s known from an independent 

measurement* 

In t h i s sect ion we s h a l l discuss b r i e f ly the various 

experimental mothode avai lable for the determination of 9 and 

C and. In the following sec t ion , some of the r e s u l t s recorded 

in the l i t e r a t u r e wi l l be reviewed and the i r t heo re t i ca l 

s ignif icance wi l l be discussed* 

<»> jjlow pffftroaoffotle, C h a r ^ . , Method, 

This method or iginated with Bowden and ^Ideal (15) 

and was developed by the Russian school of electrochemistry, 

In p a r t i c u l a r by Frumkin and co-workers (3*22). The procedure 

Involves slow charging of a r eve r s ib le hydrogen electrode by 

means of a small anodic current and determination of the 

number of coulombs required to ionise a l l the adsorbed hydrogen 

on the surface ( the termination of t h i s ionizat ion process Is 

indicated by a sudden r i s e of p o t e n t i a l towards tha t corresponding 

to oxide formation and oxygen evolution)* In the work of 

Frumkin e t a l* i t was r ea l i s ed tha t i f the charging process 

continued for more than about 10 m.sec*, re-adsorption of 

hydrogen from the solut ion (normally containing molecular 

hydrogen dissolved to sa tura t ion) to the electrode surface might 

occur, r e s u l t i n g in a very high apparent surface concentration 

of hydrogen* To overcome t h i s complication, they bubbled 
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hydrogen through the solution until the electrode reached its 

equilibrium potential (i*e* became reversible with respect to 

hydrogen) and then eliminated th© dissolved hydrogen by 

bubbling nitrogen* In doing so, th© potential of the 

electrode changed by some 0*1 V*» but it was assumed to 

remain reversible with respect to hydrogen at a correspondingly 

reduced partial pressure* 

This method can furnish result© of qualitative value 

only, since the true variation of the surface coverage of the 

reversible hydrogen electrode with partial pressure of hydrogen 

is not known* Moreover, assuming (with Frumkin at. al.) that 

the electrode remains reversible with respect to hydrogen when 

nitrogen is passed through the solution, the observed change 

of potential of 0*1 volts would correspond to a change of 

partial pressure of hydrogen or about three orders of magnitude, 

so that re-adsorption ray therefore not have been completely 

eliminated* 

The major limitation of the slow charging method is 

that it cannot be applied to electrodes which are polarised 

cathodleally and upon which hydrogen is beinf? evolved. The 

solution close to such an electrode will always be saturated 

with hydrogen and re-adsorption could be appreciable* 

Additionally, If th© anodic current density applied is quit>& 

small, so th^t the potential remain© cathodic to the hydrogen 
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reversible potential for an appreciable length of time, some 

removal of adsorbed hydrogen atoms may continue through 

catalytic recombination on the surface, (similar to that 

occurring during steady state cathodic polarisation)* This 

is not exactly compensated by the amount of re-adsorbed 

hydrogen (it is only at the reversible potential that these 

two processes occur at the same rate) and an error of unknown 

magnitude can therefore be introduced* 

The rapid charging rasthod was first suggested by 

Bowden in 1929 (23), further developed by Pearson as*d Butler 

In 1936 (2k) &?& Breiter* Knorr and V8lkl In 1955 (2$)* In 

general, this method is similar to the slow galvanostatle 

charging method, except that a much shorter (about 1 m.sec* 

or less) and much larger anodic pulse is used to Ionise the 

adsorbed hydrogen atoms* This eliminates, to a large extent, 

errors arising from re-adsorptlon of hydrogen and continued 

hydrogen evolution on the electrode surfnee* It is not 

necessary in this method to bubble nitrogen throurjh the 

solution and the uncertainty regarding the effective partial 

pressure of hydrogen with which th® electrode is in equlllbrltn, 

as well as the dependence of 9 on this quantity, ia largely 

eliminated* Moreover• measurements ©an be extended to electrodes 

polarised cathodlcally, while the alow ffilvanoet«tlc method 
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is only applicable to viectrotlos at t.io reversille potential, 

as discussed shove* 

Bowden (23) used an anodic pulse of intermediate 

length (about 1 sec) and measured the total number of coulombs 

required to change the potential of the electrode from 

that of the hydro,"en reversible electrode to that corresponding 

to "oxygen evolution"• while Bowden opened the way for a new 

and improved technique for th® determination of surface 

coverage, his own experiments were of a rather crude and 

qualitative nature* In fact, the current densities used by 

Bowden were not high enough, so that the errors Inherent 

In the slow galvanostatio charging method were only partially 

eliminated* 

Pearson and Butler (24) used anodic current densities 
-2 

of the order of 1 Amguem. and their pulse duration was 

consequently reduced to about 0*1 msec* In this way the errors 

due to re-adsorptlon of hydrogen from solution were largely 

eliminated and the amount of adsorbed hydrogen lost on account 

of continuation of the cathodic process during the anodic 

pulse (tiiile the potential was still negative to the hydrogen 

reversible potential) became negligible* These **easur events 

may be considered the first quantitative determinations of the 

surface concentration of hydrogen atarae. The same technique 

was used by Hlckllng (26) In 1945 and his results were in 
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general agreement with those of Pearson and Butler. 

In Pig* 1 is shown a typical potential (V)-time 

(t) curve obtained during anodic charging. Two arrests 

(regions where the change of potential with time is relatively 

slow) are observed, the first correspondJnr to lenisatlon of 

hydrogen and the second to the formation of an oxide or 

adsorbed oxygen layer. The two arrests are separated by a 

region of much greater rat© of change of potential with Utne, 

corresponding to change of charge in the Ionic double-layer* 

The rapid galvanostat!c method was further developed 

and refined by Breiter, Knorr and Vdlkl (25) in 1955* These 

authors were the first to rasaaure the amount of adsorbed 

hydrogen on electrodes which were polarised cathodlcally and 

upon which hydrogen evolution was occurring at a steady rate* 

In this method, a cathodic polarisation was changed to u;i 

anodic polarization at a much higher current density by use 

of two separate polarising circuits* The procedure involved 

switching the anodic current on, without switching the 

cathodic current off, and since the anodic circuit was set to 

pass a current l&rper by about two orders of ma^ltude than 

the cathodic circuit, a net anodic current was caused to pass. 

The fast galvanostatie nathod of breiter et al* (25) 

has been used by several workers (3, 27) for the determination 

of surface coverage by adsorbed Intermediates on the platinum 
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Figure 1* Galvanostatlc eharginr; curve for Pt In 

1:"I H»jSO|,. Anodic current density 

1 » 0*61 Am* cmZ* (diagram taken from 

ref. 28). 



2.0 

a) 1.5 

1 
0J 

«> 1.0 

0.5 

0.0 

hydrogen ionization 

_ < r y 

i 

-""'^ oxide formation 

d.l. charging 

i i i 

2 

msec. 



15 -

group metals* The exact method of determining the charge 

corresponding to the amount of adsorbed intermediates is 

illustrated in Fig* 2 taken from ref* (27)* Breiter et al* (25) 

assumed that the second arrest In the charging curve was due 

to th© formation of an oxide film one layer thick. Prom the 

charge corresponding to this arrest they calculated th© real 

surface area of the electrode* This procedure is, however, 

not fully justified, as we shall show below* It provides, 

nevertheless, a reasonable approximation| when combined with 

results on the amount of adsorbed hydrogen on the surface 

obtained from the first arrest in the anodic charging curve, 

the method can lead to the evaluation of the fractional 

coverage w™ of the surface with hydrogen atoms* 

There are two factors which restrict the use of the 

rapid galvanostatlc methods mainly to noble metal electrodes* 

If the surface of the alectrod© is covered to a very small 

extent (w K 0*01), the adsorption pseudocapaeity will be small 

and comparable with or less than the ionic double-layer capacity* 

In this oase, the part of the anodic current used to change 

the charge in the ionic double-layer will be comparable with 

The dependence of adsorption pseudocapaeity on coverage 
under various conditions Is discussed In detail below In the 
section on original theoretical work* 
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Figure 2* Schematic representation of th© method of 

calculating the amount of charge associated 

with adsorbed hydrogen by th© fast charging 

method* Hydrogen ionization occurs for a 

length of time represented by AB , font the 

charge associated witii adsorbed hydrogen Is 

only that passed in thcs time AB, the remainder 

(P:> ) being used to chance the potential 

of the ionic double-layer* Th© charge 

associated with formation of a surface oxide 

(or a film of adsorbed oxygen) is taken as 

that pasaed during the time DF;« 
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the part involved in removal of the adsorbed hydrogen atoms 

from the surface* The typical arrest in potential (Fig* 2) 

will then not be observed, and It will not generally be 

possible to calculate the amount of hydrogen adsorbed on the 

surface of the electrode. At slightly higher coverages 

(0*01 < 9 < 0*1), or whers the free energy of adsorption varies 

markedly with coverage, the adsorption pseudocapaeity may be 

somewhat, but not very much, larger than the ionic double-

layer capacity (1.0. between approximately three and ten 

times greater). In tills case*, the part of the current used 

to charge the ionic double-layer capacity is not negligible, 

but a correction for the total ckjr; *•••** ken up by this process 

during desorption of the hydrogen atoms from the surf.ice can 

easily be made, as illustrated in Fig. 2* 

The second, and more serlouts, limitation to the use 

of the rapid galvanostatlc method arises on account of the 

particular form of the variation of potential with time during 

*mmmmmmmmmmmmm*ma**m**mmmmmm*mmm*mi*mmmm*~mMmimmBm**mmmma*i*mmi*immmm»^^ i nnm — m 1—1. I.WI»^«I^WIWMIII».W 

The usefulness of the fast galvanostatlc charging method 
Is not, in fact, restricted to a substantial extent by this 
effect, since the extent of surface coverage and its variation 
with potential is important mainly In the range where the 
coverage is appreciable* *t very low values of 9 (say 
9 s 0*01), the effect of coverage on the reaction kinetics is 
trivial, and other phenomena cauned by an adsorbed layer of 
hydrogen (e.g» metal embrittle* »©nt) are of little practical 
importance* 

See footnote on the previous page* 
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the anodic pulse and this time function Is determined by 

the kind of mtal used as the electrode* In ?!,»• 2 a typical 

rapid galvanostatlc charging curve is given for a noble metal 

electrode, say platinum* In Fir. 3 is represented echematically 

the kind of relationship obtained at a silver or nickel 

electrode. On the noble metal the arrests due to Ionization 

of adsorbed hydrogen and formation of an oxide layer (or 

adsorbed layer of oxygen on the surface) are well separated 

by an Intermediate region where the charge 2P the ionic double-

layer Is changed and the potential rises rapidly with time* 

when a "less noble** metal 1s used as an electrode, the regions 

of potential over which the two anodic processes (hydrorren 

lonisation and oxide film formation) take place tend to over* 

lap to an Increasing extent (Pig. 3) and the amount of charge 

spec!iically involved in the oxidation of the adsorbed 

hydro en cannot be unambiguously determined* 

1 in— m^t^mmmmmmmmmmmmmmmmmmmmmmmmmmmtmmmmmmmmmmnil i ,niii inn i i i n n minim I I I M — — W — » 

An equivalent technlnue was used by Conway and Dziecluch (8) 
to determine the surface concentration of adsorbed intermediates 
during steady anodic polarisation in th© formate decarboxyl­
ation reactlon, toy imposing a large cathodic current on the 
electrode* In their case, the applicability of the method 
depended on the fact that the arrest &u& to ionization of the 
intermediate was well separated on the potential axis from 
the arrest due to formation of an adsorbed layer of hydrogen 
atoms and subsequent hydrogen evolution* 
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Figure 3« Galvanostatlc charging curve for Ag in 

0*2M HaOH. Anodic current density 
p 

1» ra ®*k Amp. cm* follow!np s teaoy-s ta te a 

cathodic polar iza t ion a t 1 x lo"*-* Amp. em*' 

(diagram taken from rof* 28) . 
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An ingenious method, which overcome® the l e t t e r 

d i f f i c u l t y , was devised by Devanathan, Bockris and Kehl (28) 

and used by the same authors (28) and l a t e r by Devanathan 

and selvaratnam (12) to determine the p a r t i a l coverage of the 

surface of s i l ve r and nickel e lectrodes durinf steady cathodic 

po la r i sa t ion as a function of potent ia l* This method wi l l 

be discussed in the next sec t ion . 

(a) nesoS^i2SMef.Me£hoJ 

The double charring method has been discussed in 

d e t a i l In several recent publ icat ions (12,31,28). Only a 

b r i e f account of the underlying pr inc ip les wi l l be given here 

and the scope and l imi ta t ions of the method wi l l be discussed* 

Let a large anodic galvanostat lc pulse 1 be 

Imposed on an e lect rode polar ised cathodleal ly a t a given 

current densi ty 1 , and l e t the Ionic double-layer capacity 
be 

of the electrode/Cy ( the subscript indica tes that t h i s 

quanti ty w i l l , in the general case , be a function of po ten t i a l )* 

Then 

where l y is the sum total of all anodic Faradaic ctarrents 

given by 

1» s !« • 1 (1 - 9) [93 
P M an * 
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and other terms are defined as follows: 1„ la the current 

associated with dissolution of hydrogen per sq* ess* of real 

area of the electrode (whatever is the fraction of th is area 

covered by hydrogen)j i ±B the current associated with any 

other anodic process (e*g* oxide formation) per sq» cm. of 

bare rea l surface area of the electrode* 

Combininr equations {8) and f9j gives 

CV<!> - * . - " a • * „ U-«>} do ) 

A second charging curve may now be taken, s tar t ing from a 

potential sufficiently anodic to the hydrogen reversible 

potential that surface coverage by hydrogen atoms under steady 

s ta te conditions can be assumed negligible. The equation 

correspond!nr to ClOj Is then for th is case 

Cv<f> - * . - *an I » l 

Subtracting equation [10] from equation £11 j fives 

Cvt<!l> 2 - < f " l - * H - * « , * I12> 

where the subscripts 1,2 refer to values of dV/dt taken on 

the charging curves started from steady cathodic or anodic 

polar isat ions, respectively. 

Schematic plots of the quantity glvon on the r . h . s . 

of equation [123 a® a function of potenti.nl and time are 

given in Pig. k (a,b) which has been reproduced from ref. (28). 

http://potenti.nl
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Figure k» Current densi ty obtained as Uie difference 

of th© Faradaic eiarrent dens i t i e s of 

charging process 1 and 2 

a* as a function of po t en t i a l 

b* as a function of time required to 

reach the corresponding po ten t i a l 

during a charging process of type 1* 
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The time corresponding to eaoh potential on the first type of 

charring curve (starting from a cathodic polar!Eation) was 

used to obtain Pig* !$.»• lto» «r«a under the curve in Fig* l*b 

Is given by 

j «•-*«•>** - / iad-^tt £131 

o o 

Xf It Is assumed that 

^h « X ™ 
then aquation [13J la reduced to the simple form 

( * H d t - «H l«> 

/ o 

and the amount of adsorbed hydrogen can be computed directly* 

Th© validity of this assumption (equation 34) will now be 

discussed. 

At cathodic overpotentials both i„ and I are 

zero* As the potential becomes anodic to the hydrogen 

reversible potential, iH Increases first while 1 still 

remains negligible, but aa the potential Is wad® even more 

anodic, I becomes appreciable* At this point, however, 9 

has become negligibly small and the inequality in equation fli|] 

still holds* 

Additional proof of th© validity of equation [343 
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was given (23) as follows: From equation ill J we can wri te 

1 9 1 9 

a r an an 

substituting 

A • *P * %an fX?* 

and dividing by I • we obtain 

S—9 -

** JU ^ 1 s 
fisj 

an 

The argument then follows as above, since at low 

overpotentlale 1„„ is very small and at higher anodic over-
an 

potentials 9 becomes negligible, hence 

T&$ » * 1193 
an 

at all anodic overpotential® and 

an 

so that the assumption made In equation ilhl is valid* A 

numsrioal evaluation of the error introduced by neglecting 

the term *an*/*jj with respect to unity was shown (26) to 

introduce a total error not exceeding 3$ in the calculated 

value of w« 
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The various experimental errors involved in determ­

ining the surface coverage by the double charging method 

have been discussed by Devanathan et al* (21,23) in detail 

and numerical estimates of the maximum expected error were 

obtained* Apart from the uncertainty in relating surface 

charge to fractional surface coverage, which depends on the 

accuracy with which the real surface area of a solid electrode 

can be determined and on the validity of estimates of the 

number of surface sites per unit real surface area, the major 

source of error, according to the above authors, arises from 

the variation of the magnitude of the ionic double-layer 

capacity with potential (equation 12)* In applying the double 

charging method for the determination of the coverage on 

silver and nickel, this capacity was taken to be a constant* 

If, In faot, the ionic double-layer camclty varied by as much 

as a factor of two as the anodic overpotential varied from 

zero to 0*6 volte, the calculated values of the coverage would 

be In error by some 2$#* It may be noted that this uncertainty 

arises from lack of experimental data regardini? th® variation 

of taae Ionic double-layer capacity with potential at solid 

metals, and Is not Inherent in the experimental method 

proposed* 

Another source of error in the method of Devanathan, 

Bockris and Mehl is of a rather mor« serious nature and seems 
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to have been overlooked by these authors* Considering the 

definition of the quantities Involved on th© r.h.s* of 

equation [93 

*P a 4H * *«* il~9) M 

it is apparent that the current 1™ as defined there must be 

proportional to fractional coverage 9, since it is the anodic 

current associated with the reaction 

mi * HgO — M • HJ3* • e CaJ 

Equations {93 to [133 could therefore conveniently be 

rewritten making use of the relationship 

1 H « l| 9 [213 

where 1° Is now defined (more consistently)ae the current 

associated with dissolution of hydropen per sq* cm* of real 

area of the eleetrode completely covered (9 « 1) by adsorbed 

hydrogen (cf* the definition followinr equation [93)• using 

this definition, we obtain 

and the area under the curve in Fig* 4*> Is given by 

* 1 
l j « (1 - -g2) dt [13a3 

O *K 

We now consider the error introduced by assuming 
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**»**H " W 4 <° «••> 
At r e l a t i v e l y low anodic overpo tan t i a le , iJJ I s appreciable 

while I I s s t i l l negl igible* In t h i s rmg®, th® above 

assumption (equation l^a) I s jus t i f ied* At higher anodic 

overpotenti&ls i becomes appreciable , and since i - j / i S I s 

Independent of §* the error In the calcula ted value of 9 

wi l l increase* 

We conclude, the re fore , t ha t th© double charging 

method can only be appl icable to eyatets® where i becomes 

appreciable only at high anodic overpoten t la le , %ihere 9 has 

reached neg l ig ib le values (and therefore th© term ClJ - 1 3 9 

i s c lose to zero)* This condition obtains a t noble metals 

and may be a f a i r approximation a t s l i g h t l y leas noble 

metals such as s i l v e r , but la i n t r i n s l c l y inapplicable to 

baser me ta l s , where th® Ionization of hydrogen and the formation 

of oxide layers occur over la rgely overlapping regions of 

e lectrode po ten t i a l* Thus, for the type of metal for which 

the method was designed, I t i s seen that severe l imi ta t ions 

s t i l l apply* However, the method cons t i tu t e s a s ign i f ican t 

Improvement over the f a s t galvanostat lc char firs.- method 

disc tie sed above, in t h a t the current used to change the charge 

in the Ionic double-layer i s a t l e a s t taken into account and 

evaluated q u a n t i t a t i v e l y . Fa i r ly accurate determinations of 

the surface concentrat ion of adsorbed hydror«n during steady 
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state cathodic polarisation can be made at electrodes where 

the arrest due to hydrogen loci satIon and that due to oxide 

formation overlap slijshtly or are separated by only a small 

range of potential* 

(d) Fotentiogtatlc Methods for, the ^termination 

(a) The Method of Devanathan and Bockris (21) 
«>iea *j*ew«v4*«<iik*i»««i|«k * ^ M M S » ^ e » H « » ^ 

In eases where the rapid galvanostatlc method la 

applicable, it is possible to vise a simple potentiostatic 

method, provided that a fast rise-time electronic potentiostat 

is available* In this method, the cathodic constant 

polarising current is switched off and a constant anodic pot­

ential is switched In* The value of this applied fixed 

potential is chosen to lie between the two arrests in the 

corresponding galvanostatlc charging curve, so that the only 

process which can take place is dissolution of hydrogen and a 

small ohange of charf© in the double-layer* Integration of 

the current-time relationship at constant potential then fives 

the total charge associated with hydrogen adsorbed on the 

surface at the initial potential in t&e prior constant current 

cathodic polarisation* 

The above method offers no Improvement over the 

rapid galvanostatlc ?aethod »nd !e more limited in aoope than 
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the double charging method* It requires rather more complex 

equipment and is intrinsically less accurate than the two 

galvanostatlc <nethoda mentioned above, since no correction 

can be made for the current used to charre th® ionic double-

layer* 

A better potentlostatic method for the determination 

of 9 was discussed by G-erlscher and Mehl In 195s:' (29)* Their 

method involves, In principle, switeblnn on a cathodic 

potential and ©valuation of th© steady state coverage from 

the form of the current-time transient observed* k detailed 

mathematical treatment, including discussion of various limiting 

cases, has been riven by the above author® (29) and will not 

be reproduced here* However, tfe® qualitative for** of the 

currewt transient can be deduced directly from the nature of 

the electrochemical processes Involved* 

Thus, we may consider the hydrogen evolution reaction 

proceeding through the step 

M • H-0**e ~* m • Hg0 (A) 

followed by 

H,0* • e • MH — M • Hg «• H? [B3 

or 

m • MH -* 2% * VU [Cj 
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If we assume (with Oerlsober a«d tfehl) that the 

adsorbed hydrogen obeys the Lanfomuir adsorption isotherm, 

it is obvious that the rates of the above reactions at a 

given potential are proportional to (1 » 9), $ and © , 

respectively* Different cases will now be considered* 

Case II Discharge r^te-determlning followed by electro­

chemical desorption* In this case the current will increase 

instantaneously to a value corresponding to the rate of 

reaction (A) at the fixed potential and the Initial coverage* 

The degree of coverage will increase with time and the over­

all current will also Increase until a steady state is reached, 

since the decrease in rate of reaction (A) on account of the 

Increase In © is more than compensated by the increase in 

rate of reaction (B) which la also a charge transfer reaction* 

Case 2» Discharge rate-determining followed by catalytic 

atom-atom recombination* The current will rise instaneously 

to the same value as in case 1, but will decrease subsequently 

towards a steady state value corresponding to the steady state 

coverage* The difference between case 1 and case 2 arises 

because the step following the rats-determining discharge 

reaction involves charge transfer In the first case only* 

Case 3> Either of the alternative desorption ste5»e Is rate-

determining 
mmmmmmwmmmmmm*mtmmmtm \\*in »>\ •!•*>• nnmmiwuwun*«•— »*»•»• —.mm <mm mmmwmm, , **WH«*JI . I .MW» I | I*WWI*IM I I.I*H»IHI i <^»* >****« i,m*mtmilu*\mm»m*m'»<»mm»w»M 

In the original publication It was assumed that 9 = 0 at 
t » 0* This la not necessarily correct (2 )• Th® argument as 
presented here does not, however, depend on this assumption* 
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Again an initial large currant will be observed, 

corresponding to the rate of the discharge reaction at the 

set potential and the initial degree of coverage 9 (t»0)* 

The current will then decrease with increasing 9 until a 

steady state, controlled by the rate of the desorption stop, 

will be reached* 

The potentiostatlc method of Gerteeher and Mehl (29) 

offers obvious advantages over all other methods discussed 

so far, since it involves only cathodic polarisation of the 

electrode studied, and complications due to parallel anodic 

reactions can thus be avoided, even on base metal electrodes* 

A serious limitation of this method arises, however, 

from the fact that it Is based on the assumption that the 

adsorbed intermediates in the reaction obey the Langmuir 

adsorption isotherm throughout the rang© of coverage (0 < 9 K 1). 

It Is rather unlikely that this will be the case (4*10,30) in 

the range of intermediate values of coverage (0*2 < 9 < 0*8) 

and the analysis of Gerlseher and Mehl la therefore not 

generally valid* 

A different view on this point is held by Oreltor (31) who 
finds that in certain oases the changes in enthalpy and "non 
eenfigurstional" entropy of adsorption compensate each other, 
so that the fro® energy of adsorption Is practically independent 
ot coverage and a Langmuir type adsorption isotherm la obeyed* 
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Furthermore, the r a t e s of the reverse react ions 

( e . g . in the discharge step) have been neglected* This may 

be j u s t i f i e d when discharge i s rate-determining and 

measurements are taken a t an appreciable overpo ten t i a l , i f 

molecular hydrogen i s not in equilibrium with, adsorbed H 

atoms on the sur face . However, i t i s evident tha t i f e i the r 

desorption s tep i s ra te-determining, the i n i t i a l discharge 

s tep wi l l be more or l e s s in quasl-equl l ibr lum, and hydrogen 

ionizat ion ( the reverse of the discharge step) may proceed, 

In p r i n c i p l e , a t any r a t e * I f the rat® of t h i s reverse 

reac t ion i s neglected, i t can be inferred from the representa t ion 

of Gerlseher and Hehl tha t rate-determining desorption by 

atom-atom or ion-atom mechanism must lead in both oases to a 

p r a c t i c a l l y complete coverage. Thia I s evidently not the 

case since as 9 —» 1 the Tafel slopes for c a t a l y t i c and 

electrochemical desorption would tend to i n f in i t y and BT/pT 

r e spec t ive ly , and the c h a r a c t e r i s t i c slopes of HT/2F and 

RT/(1+0)P would never be observed. 

A semi-empirical po t en t i o s t a t i c method for the 

determination of coverage has been devised by Glleadi and 

Conway, and i t s app l i c ab i l i t y to d i f fe ren t systems i s now 

being explored experimentally; the p r inc ip les of t h i s method 

wi l l now be considered* 
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Let an e lec t rode be polar ised i n i t i a l l y to a cathodic 

overpotent ia l tf ^ and l e t the steady r a t e of hydrogen evolution 

a t t h i s overpotent ia l correspond to an I n i t i a l current density 

i ^ . suppose now tha t th© po ten t i a l I s s e t to a new value 
rfl 2 "* V-* • &f where &y la chosen to be r e l a t i v e l y 

small (say A tf K 20 mV) and l e t the current corresponding 

to HI g a t a steady s t a t e be I«* The current I during the 

t r a n s i t i o n period wi l l be given by 

K t ) « i H ( t ) • i „ ( t ) [223 

where l « ( t ) I s the time-dependent current used to change the 

degree of coverage of the eleetrode surface and I„ ( t ) I s the 
u2 

current used to evolve hydrogen. I n t o n a t i n g equation [223 

we obtain 

•t / t , t 
l(t)dt » J lH(t)dt * IH (t)dt [233 

o o o 

The quanti ty on the l . h . n . of equation [233 can be determined 

experimental ly, and w i l l be retetrod to as Aq(exp** The 

f i r s t expression on the r . h . s . of equation (233 i s the charge 

associated with the change in coverage as tfoe po ten t i a l i s 

increased from y* to ^ p , and wi l l be denoted hq^* Hence 

aq(exp.) • &<% • 1H ( t ) d t [23*3 
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The integral in equation (23a3 cannot be evaluated rigorously 

unless the variation of i„ with © is known. However, if 
2 

hi) is taken srcall enough, tfayn h9 will also be small and 

the rate of hydropon evolution during the transient will be 

approximately equal to Its steady state rat© at an over-

potential y 2* ^•e» 

i H (t) « la (t ~*oo ) « ig 12k) 

with this assumption, eouatlon 23a) becomes 

Aq(exp) * AqH + Ig At [23b) 

so that Aq„ can be easily evaluated. The accuracy of the 

method can b© improved, If desired, by repeating the experiment 

using smaller values ot hV and extrapolating the results to 

A y —* o* 
We note tha t t h i s method w i l l be most s a t i s f a c t o r i l y 

appl icable to systems where f a s t discharge* la followed by slow, 

rate-determinlnj? desorption mi4 tho f rac t ional eoverape 9 has 

an intermediate va lue , s ince in such case© ig At <X Aq^, and 

the e r ror involved In wain*/ equation [2lj.J wi l l have a negl ig ib le 

effect on the value of Aq,{ cnlculated fro>»» equation [23bJ. In 

t h i s sense i t i s complementary to the mot):f>d of Gerlseher and 

Mehl (29) which I s most accurate a t low v^l^es of the coverage, 

when the Langmuir isotherm Is usually a sa t i s fac to ry appro-iraa-

t ion (10) . formally the method would be ue<H to obtain 9 as a 
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function of po ten t i a l over an appreciable ran^e of potent !n ls 

by making successive incremental po tan t loa ta t i c measurements 

eaoh with small chanres of 41 * 

( i i ) Determination qf Adsorption PseudocaEacltff 

(a) M^aguretnents,,.,Involving, Chirping" and Forced 

^acay Curves 

The most straightforward "wsthort for the determination 

of the capaci ty a t the metal solut ion in ter face Is fron the 

va r ia t ion of po ten t ia l with time during anoxic or cathodic 

po la r iza t ion a t a constant cyarrent dens i ty , since we can write 

o - if • V - »(ity l™ 
This method was first applied successfully by Bowden 

and Rideal (33) for th® determination of th® Ionic double-

layer capacity at a mercury electrode ar»d later by Barkley and 

Sutler (3I4). Frumkin and co-workers (k*22) applied th© *n«thod 

to the determination of adsorption pseudocapacltance at solid 

electrodes, and studied in detail Its variation with potential 

and wltn the nature of th© electrolyte* 

The determination of capacity fron galvanostatlc 

charging and forced decay curves has become nn Import'nt 

technique in modern electrochemical kirettcs* It Is important 

to re^mbor, however, that equation (2*>3 is only correct if 
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the 
all/measured current i s used to char?® or discharge the 

"capacitor" (or th© ,,*<aeudocapao5to^r,,, I . e . to for* or 

ionize adsorbed species on the sur face) . This implies tha t 

such measure-*ents a re not va l id wi th in , say , a value 2b« of 

the po ten t i a l a t which a p a r a l l e l faradaic process ( e .g . 

hydrogen evolution) taxes place a t a r a t e corresponding to 

the totr^l current used, where b- Is the Brir&alan Tafel 

slope for the re levant Faradaic process. 

(b) Measva'events.. Involving Open-Circuit Decay Curvea 

(a) ^22»l2iiifis«2-S22«Ss2S2S 

The study of open-ci rcui t decay or build-up of 

po t en t i a l a f te r anodic or cathodic po la r i s a t i on , r e spec t ive ly , 

provides complementary information to t h a t obtairsd by d i r ec t 

po la r i sa t ion methods* Thus, th® po ten t i a l recovery behaviour 

of p la t in ized platinum has , for example, been studied and 

discussed by Armstrong and Sutler (3s?)* l^urther theore t i ca l 

i n t e rp re t a t ions of th--- significance of r e s u l t s obtained in t h i s 

manner have been given by Parley and Vetmor© (36)» Past and 

Jofa (37) , Hilner (3^) and aiore recent ly by Conway and 

Bourgault (39) who considered how the decay behaviour depended 

on surface coverare by intermediates* 

Th© determination of electrode capacity from i n i t i a l 

r a t e s of decay of ov0rpotentl.nl on opon-circuit af ter steady 

s t « t e po la r iza t ion at a current dent;! ty I j n hm h@@n discussed 

http://ov0rpotentl.nl
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by several authors (3b#3^»qO)» I t i s besot? on the assumption 

tha t the Faradaic process taking place during steady s t a t e 

po la r i sa t ion continues on open-circui t by a self-discharge 

process , which momentarily has the same r a t e aa tha t 

corresponding to the I n i t i a l steady s t a t e pol^riainp; current 

dens i ty . Heneo for e.m.f. decay following anodic polar i sa t ion 

-cuf/ut)^ - ito * v ^ c / V V f26J 

where i i s the exchange current dens i ty , b- Is here the ftaperian 

Tafel slope and y *n I s th© I n i t i a l (steady s t a t e ) overpotent ial 

for the re levant anodic process. ">y conducting po la r i sa t ions 

a t various current d e n s i t i e s , ami bessce a t various values of the 

ove rpo ten t i a l , the capacity crass be obtained In thia manner aa 

a function of p o t e n t i a l . 

(9) From Analyses of the Whole Decay Curve 
"^ a*es>»a*4S>«»«*MiN***»w«***HNkafte*>«*w4w 

The analys is of open-ci rcui t decay behaviour for the 

determination of the capacity of the eleetrode as a function 

of po t en t i a l has been extended by Conway, Cileadi and 

Dxiecluch (9) to the whole of the e.m.f. decay curve (cf. 3?) 

for cases when the cur ren t -po ten t i a l r e l a t ionsh ip is known 

experimentally over the same range of p o t e n t i a l . Thus, a t 

any time t , during open-ci rcui t decay, uhon the overpotent ia l 

has reached a value fi m the capacity corresponding to t h i s 

po ten t i a l can be calcula ted frow an equation similar to 
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equation [263* namely 

-C (d^/dt) t « i0exp (7t/*>t) 12M 

It Is not necessary to assume that the mechanism of the reaction 

remains the same throughout th© potential decay process, but 

we must regard whatever process is rate-determining during 

steady polarisation at any overpotential ̂ 7 , as also rate-

deterndnlng in the self-discharge process at the same 

overpotential during" open-circuit decay* This Is usually 

Implicit In most previous discussions (3fS»3&»37»39) of the 

mechanism of e.m.f* decay on open-circuit at non-ldeally 

polarizable electrodes (17)* 

It is seen that the capacity is obtained here by 

combining the current-potential relationship obtained on 

direct polarization with the potential-time relationship 

At an Ideally polarizafole electrode (In the sense defined by 
Grahame (17)), we cannot write an equation such as [26a3 since* 
by definition, no Faradaic process occurs and there is no charge 
transfer across the double-layer. In this ease, the open-
circuit decay of potential must occur by a first order relaxation 
of the Ionic space charge on the solution aide, and the electron 
excess charge in the metal electrodes beiiv polarised. When 
Faradaic process occur, the ease is evidently quite different, 
and the experimental decay behaviour found at mercury (3*>) 
must not be confused with that which would occur at an ideally 
polar!sable eleetrode made of the same metal* 
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observed during open-c i rcui t decay (8 ,9 ,37) . The method 

I s best su i ted to systems where a t r ans i t i on region in th© 

cur ren t -po ten t i a l r e l a t ionsh ip Is observed (0,9,27) (as In 

pa s s iva t i on ) , and the current I s p r ac t i ca l l y constant over an 

appreciable range of p o t e n t i a l . 

£arly s tud ies (35) of open-ci rcui t decay (or 

build-up) of po ten t i a l a f te r steady s t a t e polar i sa t ion have 

shown tha t a l inear r e l a t ionsh ip ex i s t s between the over-

po ten t i a l and lop- t (except a t very short t t rises), where t la 

measured from the time when po la r i sa t ion was terminated* 

Subsequently i t was shown (7.36*39*t|l) . t ha t an equation of 

the form 

y * a * b 2 log ( t «• p) (273 

i s obeyed experimentally down to t • - Of In equation (273 

H and b« a re constant parameters of the re levant e lectrode 

reac t ion and f) la an in tegra t ion constant (see below) re l a t ed 

However, i f the system exhib i t s hys te res i s in the cur ren t -
po ten t i a l p l o t (8*27)* the r e l a t ionsh ip obtained on the 
decreasing po ten t ia l and current par t of tfao p lo t I s to be used, 
or p re fe rab ly , a po t en t l o s t a t i c study should be made of the 
cu r ren t -po ten t i a l re la t ionsh ip* 
we 

The relation of the par«»eter to« to th© Tafel slop© b.*dyd 
log 1 under various limiting oondltfons has been discussed 
elsewhere by Conway nnd Bourgault (39*1*1) and by Lukovtsev 
and Temerin (33)* 
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to the po la r i s ing current density and tho capacity of th© 

electrode (the plus and minus e l rns In equation [273 

correspond to cathodic and anodic r e a c t i o n s , respect ive ly)* 

The quantity 0 i s obtained In prac t ice from th© observed 

y - log t behaviour by a t r i a l and en*or method (7*UD 

with an accuracy of be t t e r than 10'/.* Froa 0, the capacity of 

the e lectrode I s calcula ted as follows: s t a r t i n f from 

equation [26a3, which I s wri t ten for an anodic process , 

we have 

-c Uf/dt) m io«xp ( J^hx) C26a) 

Bearranglng and in tegra t ing t h i s equation f ives 

®«P (- 7 t /
t e l > ^7 " 75* j d t [ 2 8 3 

or 

Sow a t t « 0 , J t • Jin* a 0 ***** 

The current 1- under steady state conditions prior 

to termination of the polarisation la related to the over-

potential *l , n by a Tafel equation 

i l n - i0 exp (jr1?/bx) 1313 
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hence, from equation (303• 

Me note that knowledge of fee true Tafel slop® ©x 

i s required to evaluate the capacity from the @*p»im©!it&l 

parameter 0* Only under certain conditions, as di©cussed by 

Conway and Bourgault (39) ( I . e . *ih©n th® capacity Is Independent 

of potential over the ran^e studied) Is i t just if ied to take 

the open-circuit decay slope b g , defined In equation [273» 

as equal to the Tafel slope b^« Equation |32 | sannot therefore 

be used to determln© the capacity unless the Tafel slope I s 

known fro?a direct polarisation measurement®. However, i f th© 

open-circuit decay slope bg i s used Instead of b* in 

equation (32) and the capacity Is found to be .^dependent of 

potential* I t may b© safely assumed t i n t b» •• bg and the 

calculated value® of the capacity are tfeen correct* 

Ce) Direct Weftsureiaentg ^ the A*C«, Bridge Method 

The most accurate method for the determination of the 

capacity at a metal solution interface Is the &*c* bridge 

method, where tho eapacltative and res i s t ive part® ©f the 
*mmmmmmmmmmmmmmmmimmmi,imMmi<umm « w < *JMWIIIIM«I mmmmtmtimmmnmmmmmmmmm<ii IIIIIIMIJII*WIIIIH.IIIIM*«»^W««»IB^ 

Another metfiod for the analysis of open-circuit decay line® 
by which the capacity esn be evaluated, has been suggested by 
Bockris and Potter (q2). This method seems to b© rather more 
complex and no improvement In accuracy is obtained* I t 
appear®, however, that tho method has never been applied to 
any experimental results* 
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eleetrode Impedance are evaluated simultaneously* Th® method 

was Initially devised to measure the Ionic double-layer 

capacity (k3*kl\*k$) and developed to a high degree of precision 

by Grahams (17)* Xt was later applied to the measurement of 

adsorption pseudocapaeity arising in the hydrogen evolution 

reaction by Fueken and "̂ eblus (W») and by Breiter (31,32). 

The theory of Faradaic admittance Involved in the interpretation 

of the a.c. Impedance behaviour has been developed by Erehlasr (20) 

and Grshame (19)* 

The Intrinsic difficulty in interpreting the 

capacity moasuretaenta obtained by the a.c. bridge method arises 

from the fact that the measured capacity Is usually found to 

be a function of the frequency of the a.c* signal used* The 

ionic double-layer capacity is evaluated fairly easily by 

extrapolating the results to .infinite frequency (17). Th© 

adsorption pseudocapaeity would be obtained by extrapolating 

to aero frequency (31*1*6)} however, such a procedure is very 

difficult to achieve experimentally, owing to the problem of 

obtaining accurate capacity measurements at low frequencies 

and hence a satisfactory extrapolation to gero frequency. 

Furthermore, It will not generally be possible to apply the 

method to porous electrodes or to platinised platinum 

electrodes which have a roughness factor of the order of 

10*-1(P and therefore may have a total adsorption pseudo-
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capacity of up to several hundred Farads (k,7.39,iil)* 

In spite of the limitations mentioned above, the 

a.c. bridge method seems to be the most promising one for 

the study of tho detailed structure of the C vju V curve, 

such determinations are of great importance as we show below, 

in determining the kind of adsorption isotherm which applies to 

the intermediates involved in the electrochemical reaction, thus 

it IB possible to evaluate the extent of variation of the free 

energy of adsorption with coverage and the roughness factor (9)* 

(d) Indirect Measurements from the Volume of Gas 

Pesorbed on Open-Circuit 

The development of ralcrovolujaetric techniques by 

Conway and Bourgault (Ijl) and later by Buetschl (i|B) for the 

determination of minute quantities of gas evolved from 

electrodes, has made available an additional method for the 

determination of the adsorption pseudocapaeity. This method 

is, however, only suitable for porous or highly Irregular 

electrodes having a large real surface area (of the order 

of l<r*em ) since It is not possible to measure the amount of 

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

a real surface area of 1 cm , even by the most refined technique* 

This method was developed and used first by Conway 

and Bourgault (7) to determine tho adsorption pseudocapaeity 

on a fully charged nickel oxide porous electrode. The 
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eleetrode was polar ised gelvanostafcleally to a steady over-

p o t e n t i a l , and the chance in po t en t i a l and amount of gas 

desorbed on open-ci rcui t were followed simultaneously by 

means of automatic recorders* Glnee the volume of oxygen 

desorbed i s d l r e e t l y r e l a t ed to the change of coverage on th© 

eleetrode sur face , the adsorption pseudocapaeity can be 

obtained from the slope of a p lo t of volume of oxygen evolved 

vs* the po ten t i a l (7*U1)* Al te rna t ive ly , the electrode can 

be polar ized to d i f fe ren t overpotential© inti th© t o t e l amount 

of gas desorbed on open-ci rcui t following steady s t a t e 

polar iza t ion measured* The differences in the t o t a l volumes 

of gas evolved on open-ci rcui t following steady s t a t e polar igat ion 

to d i f fe ren t current dens i t i e s wi l l then give the capacity as 

a function of po ten t ia l* 

The r a t e of oxygen evolution from charged nickel 

oxide e lect rodes following termination of anodic polar i sa t ion 

was studied by Conway and Pourgault (7»U1) while Ruetschl 

e t a l* (&B) studied the t o t a l volume of oxygen evolved from lead 

oxide, s i l v e r oxide and nickel oxide electrode© and th® volume 

of hydrogen evolved from a porous lead electrode* The l a t t e r 

authors did not use t h e i r r e s u l t s , however, to ca lcula te the 

adsorption pseudocapaeity of these e l ec t rodes , and explained 

the slopes of t he i r curves of volume of gas evolved vs* 
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po ten t i a l In t e rns of a d i f fe ren t theory.* 

We note tha t the experimentally measured quanti ty 

in the method at present under discussion i s e s sen t i a l l y 

the change of surface ©overage with potent ia l (and time) and 

the pseudoeapaclty i s obtained from i t by d i f f e ren t i a t ing with 

respect to po ten t ia l* W® choose to dismiss t h i s method along 

with methods where the capacity i s measured, r a the r than those 

where the coverage i s measured, since only changes In coverage, 

corresponding to a given change In p o t e n t i a l , can be obtained 

In t h i s way* I t i s obvious tha t the coverage of the e lect rode 

a f t e r long times on open-ci rcui t I s not necessar i ly s e r o , and 

the absolute value of the coverage can bonce only be obtained 

i f the coverage corresponding to a pa r t i cu la r value of the 

po ten t i a l i s known* 

k» REnfXBK Off TBBaBETIC^L APIBOACHBS TO THE I UTERISETATI01 OF 

w.?mimm<2At> RESULTS ,I«. ppgvroua WORK 

<*> Adsorption Isotherms 

The rates of heterogeneous reactions, including 

eleotrode processes, depend on the rates of adsorption and 

desorption of reactants and/or products at the interface, and 

This theory was discussed in a paper submitted to the Journal 
of the Electrochemical Society in 1959, which, to the best of 
our knowledge, has not yet hmn published* The arguments in 
ref. (lj.0), based on this theory will therefore not b© 
discussed here* 
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hence on the kind of adsorption Isotherm obeyed by the system* 

The isotherm most commonly used is the Langmuir (k9) isotherm 

which can be written as 

J*g m &$ [333 

for the adsorption of noble gases on solids, or th© physical 

adsorption of any other gas. The form more relevant to a 

number of electrode processes is 

which applies to the dissociative chemisorption of e*r* 

diatomic gases* The constant jat Is related to the standard 

free energy of adsorption, i.e. to the free energy chanpe In a 

general dissociative adsorption reaction of the type 

M • Xa(gas) ~* 2MX 

as 

a * exp - m®/m 1%) 

and ? is the partial pressure of tho ga© being adsorbed* The 

derivation of this equation relies Implicitly on the assumption 

that the free energy of adsorption is strictly Independent of 

the extent of coverage, in other words, the differential and 

Integral free energies of adsorption are equal throughout the 

range of coverage* Such can only be the case (a) If th© 

surface of the solid la completely homogeneous, and there are 
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no induced heterogeneity e f fec t s ( i . e . th© energy of In t e r ­

act ion between s i t e s on the surface and the species to be 

adsorbed I s not affected by a surface dipole induced by 

species already adsorbed on the surface f; and (b) i f l a t e r a l 

energies of In terac t ion between adsorbed speol©s are negllbible-

and (c) i f th© adsorbed species are immobile on the surface , 

ye t equilibrium between the bulk phase and the Interphase la 

maintained. I t i s evident the re fore , th«t the Langmuir isotherm 

i s only an approxiwatlon, which may or may not foe sa t i s fac to ry 

for describing the experimentally observed phenomena. The 

l imi ta t ions of the Langmuir Isotherm in th© treatment of 

e lectrode reac t ions w i l l be diseuased below In de ta i l* 

W© have shown above (equation [63) tha t the po ten t i a l 

dependence of coverage In a pr© rate-detertsinlsf? cathodic 

discharge s tep a t qusssl-equllibrium could be obtained assuming 

Langmuir condi t ions , v i s* 

_JL s* J L eacp - •y&VST ?6] 

o 

Since we have a lso defined the adsorption pseudoeapaeitanee 

• — I J III, jiHi III!' IIMil UrilllWWin-T"'-~" M 1 J M _ _ _ J ^ M _ M ^ . » ^ . J — , „ ^ — • •—, , . , . — , — — , , mumi—i^wi—UnMiliii nn.inii.iiMi .null I I I M I I — ^ M » ^ M M , M — ^ ^ ^ 

* We give below a detailed discussion of this model* Whieh 
will b© referred to ap the wBoudartM Induced heterogeneity 
model"• 

http://nn.inii.iiMi
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by equation [73• vis* 

i t Is elear that tfee adsorption paaudoeapaclty should be an 

exponential function of potential* 

Frumkin and co-worker® (I|,,22) have demonstrated that 

the H-adsorptlon pseu&oeapaei ty at platinised platinum Is 

pract ical ly constant over a wide potential range. This 

experimental fact led Temkin (:»0) to th® fenssul&tion of a new 

type of adsorption isotherm (referred to as the "Temkin 

isotherm'* or the "logarithmic Isoth«rmH) which takes into 

account a l inear dep«dene® of the free enerry Qt adsorption 

on coverage* 

The original derivation given by Temkin ($0) la as 

followss i t Is assumed that the surface of the electrode Is 

made up of small, equal slued patches, to each of which the 

Langmuir isotherm applies Independently* ;y rearrangement of 

equation (333 we obtain the well known relationship 

which, for each small patch of area ds on the surface will 

have the form 

I t i s further assumed that th© free energy of adsorption 
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decreases (In absolute value) by equal decrements between 

successive patches, starting from a value AG at 9 « 0 and 
o 

reaching a value AG^ - r at 9 • 1} th® free energy «f adsorption 

at the 1'th patch will hence be 

AGt • AGo - sr (373 

where s Is the area already covered by the adsorbed inter­

mediate, so that 

*1 ** ao 0 x p • S r/ R T C3S3 

Combining equations [363 and [3S3 leads to 

f gp ( a P exp(-®r/BT) 

o 0 
1 

^ • W ^ l ^ p t s f / C T y 1 d B W f S " ir*»Cl"H/aeP exp r3/R 

»*p f * r t
p ®xp(r/teT) a^P i 

o 

and hence, finally, 
» — — v ̂  

/I 1 + a P 

J iffe 4s " F l n ( U a 0 P exp l - r /OT 1 f ^ 9 a 3 

* The quant i ty 8 used here I s a normalised or f r ac t iona l 
surface a r e a , and w i l l vary between zero and u n i t y . 
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For appreciable value® of r (say r/Pi' > 10) we way mmm® 

a p exp (-r/H?) « If 0*0) 
o 

further, at appreciable values of the pressure and hence 

the coverage we note that 

aQp » 1 £413 

With these two assumptions, we obtain the well-known simplified 

form of the Temkin Isotherm, vlg 

r» » ET in a^p [1*23 

It Is of sost® interest to point out that, while the 

complete Temkin isotherm for dissociative chemisorption has 

a sli -htly different form, namely 

1 • a^p 2 
T 

8 - S1 to ' l i*itxp[-r/Mi}~ t:?9bJ 

as also found in the Langmuir case (ef* equations 33»33«)?the 

simplified form, obtained by combining equations [V)h}t IkO] 

and [Ul] i s identical with that obtained for the case of 

The assumptions made In equations tho] and flj.13 are not 
contradictory, alnee the exponential tern exp -r/HT Is 
very aral l* The condition aQp >> 1 would lead, with Langmuir 
behaviour, to 9 —» 1* This Is not the ease here, since* as 
the coverage increases, i t becomes increasingly diff icult to 
adsorb further molecules (or atoms) and a much hi|$i«r pressure 
i s required to reach a given coverage than for Langwlr 
conditions* 
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paysleal adsorption* 

I t may be argued tha t the supposition of the 

existence of surface heterogenei t ies having a l i nea r ly varying 

energy of adsorpt ion, wMeh i s a fundamental asaumptlon In 

the der ivat ion of the Temkin isotherm* i s ratfeer unlikely* 

This point w i l l be discussed In d e t a i l below and i t wi l l be show 

tha t several e ther models * which are probably more sound 

phys ica l ly , can a lso lead to a l inear decrease of the free 

energy adsorption with coverage* PSoreover, i t must be 

remembered tha t Temkin'® Isotherm was derived i n i t i a l l y to 

explain amongst other t i l ings, the constant capacity behaviour 

observed by Frumkin and co-workers (4,22) and i t i s in t h i s 

sense cor rec t even If the model assumed In i t s derivat ion 

seems physical ly unl ikely in the general case* 

(11) Kinetic equations for nFleetrode Reactions in Terms 

of the Immmtr and Temkin I, so therms 

In t h i s s ec t ion , w® sha l l discuss b r i e f ly the 

formulation of k ine t i c equations for electrode r eac t -cms In 

terms of the Larrmulr Isotherm and the applicat ions of the 

Temkin Isotherm In regard to deduction of the mechanism of 

e l e c t r o l y t i c hydrogen evolut ion. A genera l isa t ion of the 

l a t t e r t r ea toen t to r a the r more complicated electrode reaction® 

( i . e * oxygen evolution) where several intermediates may be 

adsorbed simultaneously on the electrode surface to ar» 
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appreelable e x t e n t , w i l l be discussed in a following chapter* 

(a) LanCTgttir Isotherm Applicable 

fee consider , as before, the hydro/ran evolution react ion 

proceeding through react ion [AJ followed by reac t ions fBj or 

[C) which we give again below for ease of reference* 

fi-O* • e + M ~* MM + HgO [A3 

H-D* + e' • MH —* M • HgO • Eg [B3 

m • MH —• 2M • tiz [c3 

If r eac t ion (A3 I s rate-determining we have, a t appreciable 

overpo ten t i a l , 

1 » 1 0 (1~#) exp (,-p^P/Rf)* [2a3 

which, at limitingly lew coverage, results In a linear Tafel 

relationship with a characteristic slope of 

hx * d^/d In 1 « -ti?/0P 

I f reac t ion £B) or (C3 Is rate-determlnlnj?, the 

We mipht note here that the exact form of equation [2a3 
depends"on whether the discharge s tep i s followed primari ly 
by atom-atom recombination (equation C) or by Son-atom 
recombination. In the l a t t e r case , the t o t a l current I s twSe< 
tha t given by equation [2a3» since for each charge t ransfer 
act In the rate-determining s t e p , another chnrpe t ransfer 
occurs in a following s t e p . While th® overa l l r a t e *& seen 
to defend on the msehanlsm a® a whole, th© Tafel slop© s t i l l 
remains charaetor la t i c of the rate-determining s t e p . 
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kinetics can generally be treated by the steady state method* 

however, Parsons (SI) has shown that under these circumstance® 

the discharge step can usually be assumed to be practically 

at equilibrium and treated as though It were at complete 

equilibrium* Equating the rates of th© forward awd reverse 

reactions of the discharge step (equation A ) , we hence obtain 

equation [63 

£§ • T= axp (-̂ F/ftT) [6) 
"O 

which a t low coverage can be wri t ten as 

9 » KA exp (-J7F/RT) (fea3 

where K. I s a constant a t constant composition of the solut ion 

and a t constant temperature* 

I f Ion-atom recombination i s ra te-determining, we 

obtain th© well-known r e s u l t 

I • i ^ 9 exp (-p^F/RT) - KJJ exp Ml+fl) ^P/!tT] Ikk) 

and 

b x • -RT/(l+p)F 

or at practically complete covers re, when 9 —•* 1 and is 

independent of potential 



- 5>k m 

Alternatively, i f atom-atom recombination (reaction 

G) Is rate-determining w© have 

1 • i 0 e2 • KC exp (-zjv/m) tkS) 

and 

H - "W 
In this case (for Langmuir conditions) a linear Tafel 

relationship can only be obtained at low ©over®re (1-w « 1) 

and b* will tend to infinity as 9 —* 1* 

Anodic gas evolution reactions (6,7,11) are usually 

more complex and proceed by mere than two steps* The oxygen 

evolution reaction involves, for example, at least three 

consecutive reactions such as 

n * OH* -* MOH * e 

'4>H • JH* — HO • H-0 • e Sehetae A 

or 

m + m —* 2M • on 

H • *iH — + flti>;( • 

HOH • MOH ~* &9 • HgO • H Scheme B 

^0 • HO -• 2M • 0g 

or a more complicated sequence of consecutive steps such as 

*: • OH" —• ma • e 

MOB * OH* —» HO • H«0 • 0 
Scheme C 

MO + OH —» MHOg • ® 

WUOg • MOH —* 2M • HgO + Og 
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where M la a s i t e on th® sur face , and OH represents the 

species from which OH rad ica l s are discharged on the surface 

( t h i s may be a hydrated OH" ion or a water molecule)* 

The k ine t i c s of t h i s react ion have been previously 

t rea ted In d e t a i l (6,61) following srpuments s imilar to those 

given above for the hydrogen evolution react?on and, In 

p a r t i c u l a r , assuming Z^njemulr conditions* A deta i led 

der ivat ion of th© Tafel slopes obtained for oxygon evolution 

under various U n i t i n g condi l ions was riven recent ly (lj.1) and 

wi l l not be reproduced here* Two general r e s u l t s of any 

treatment based am fee Langmuir isotherm are re levant to the 

following discussions (a) l inear Tafel rel&lionsMps are 

predicted only for l imi t ingly low or l imi t ingly hipfc coverage 

condit ions (10,13,30)g (b) the Tafel slope for a given s tep 

decreases the further down i t i s in a react ion sequence (6,7*10). 

(thus considering* scheme B for oxygen ©volution, a Tafel slope 

ef £T/2F i s predicted i f toe second s tep I s ra te-determining, 

while a slope of RT/^F would be predicted I f the th i rd step 

were rate-determini ng, eve?? thouph both s teps are formally 

s imi lar "stors-atom" recombination s t e p s ) . I t wi l l be shown 

below tha t t rose are two Important aspects In which the 

predicted behaviour based on a Langmuir isotherm d i f fe r s from 

tha t based on the Temkin isotherm* 
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<b) M u t a t i o n s eff. ..Caloulatlgns, iialnr the L&v?miv 

in 
The inadequacy of the Langmuir Isotherm/aoeountfng 

for the experiment rally observed behaviour in various electrode 

reactions has been referred to above* I t may be argued, on 

general thermodynamic pounds, that equation [63* which Is an 

expression for the equilibrium coverage a t a given potent ia l , 

represents an equilibrium constant in terms of concentrations 

of reactants and products 
——•*-

fi I 
1?5 s «S **P (-^F/RT) • K(7) [6b3 

o 

The coverage 9 i s proportional to the concentration of 

products (in this case adsorbed hydrogen atoms) and th© term 

(1-0) I s proportional to the concentration of reactants (free 

surface s i t e s ) | sim® concentrations rathar -than ac t iv i t ies 

are used to define the constant K(y ) , i t will not be a true 

thermodynamic equilibrium constant, and will be expected to 

be a function of concentration, or In our case, a function of 

coverage and overpotential* I t could than be further argued 

that the coverage deper.dence of K(J7) in equation [oh) may 

ar ise either fron a variation of th® act ivi ty coefficient of 

products with coverage (due to la te ra l Interaction effects) 

or that of reactants In the sense of the s i tes on the metal 
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(due to Induced heterogeneity at the surface)* 

The above Is a rather qualitative argument introduced 

here only to show that a variation of free energy of adsorption 

with coverage is expected on general grounds, and that the 

Langmuir isotherm can only serve as a first approximation• The 

form ef the variation of the free energy of adsorption with 

coverage can obviously nq^ be predicted from purely thermo­

dynamic considerations* 

It was pointed out above that th© constant pseudo-

capacities observed at the platinum electrode for anodic 

dissolution of adsorbed hydrogen (k$22) could not be accounted 

for if the adsorbed atoms obeyed a Langmuir isotherm, and 

this led to the formulation of the Temkin isotherm ($0) 

where a linear variation of free energy of adsorption with 

coverage was considered* 

Adsorption studies Involving the gas/solid interface 

(*>6) show that the heat of adsorption decreases with coverage, 

and In the range 0*1 < * < 0*9 this deere&ae can be 

approximately represented in terms of a linear function of 9* 

This led Parsons (53) to assume that th© free energy and the 

heat of adsorption vary in the same way with ©overane, i*e* 

that the non-conflf,urational entropy of adsorption is practic­

ally independent of coverage* The same view wa® adopted by 

Thomas (30) in relating the kinetics of hydro? en evolution to 
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the behaviour of hydrogen adsorbed from the gas phase on 

metals* A different view Is held, however, by some of the 

Oerman school of eleetrochemlsts (2& ,32,1*6) who claim that the 

free energy of adsorption of hydrogen on some noble metals 

electrodes Is independent of coverage (and hence a Langmuir 

adsorption isotherm is obeyed) owing to a compensation between 

the changes in enthalpy and entropy with coverage* 

Thomas (30) has pointed out that for hydrogen evolution 

a Tafel slope of less than HT/3F can only be predicted at 

limitingly low coverage (9 < 0*1) If the Langmuir isotherm is 

obeyed, while such slopes have been observed ($k$55»2k) at 

platinum and palladium where the coverage 9 was found to be 

appreciably greater than 0*1 (£6,25). A similar argument applies 

to oxygen evolution where low Tafel slopes have been established 

in the range **iere 9 > 0*5 (7#39*415* Moreover, a treatment 

based on the Langmuir Isotherm predict© linear Tafel relation­

ships only at extreme values of 9 (below 0*1 or above 0*9) 

while such linear relationships are observed (55,56) for inter­

mediate coverages* 

Thomas (30) has further pointed out that In several 

oases Tafel slopes having a value close to 2*3 RT/F have 

been observed for hydrogen evolution (57*58,59). Such slopes 

could not be predicted for hydrogen evolution assuming 

Lanffgauir conditions (but see p. 68)* 
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Comparison of Tafel slopes and open-elrcult decay 

slopes constitutes another oase where results cannot be 

accounted for by assuming the applicability of the Lanpsuir 

isotherm* It was pointed out by Conway and Bourgault (39) 

that the relettonahip 

rfnnr • * d1 li^&w l^} 

was only va l id when the t o t a l capacity a t the metal solut ion 

In te r face was sensibly constant over the po ten t i a l range 

invest igated* Under Lan^suir condi t ions , t h ' s could only be 

the case as 9 —* 0 or 9 —* 1 , when the adsorption pseudo-

capacity i s noflif lbl© with respect t o the ionic double-layer 

capaci ty mid. the var ia t ion of the l a t t e r with po ten t i a l may be 

considered r e l a t i v e l y negl ig ib le in th i s case* 

Butler and Ar^jetrong (35) found that the Tafel slope 

and the open-c i rcui t decay elope on platinum during hydrogen 

evolution were both numerically equal to 3*3 RT/2F* The 

mechanism Indicated i s f a s t discharge followed by slow, r a t e -

determining, atom-atom recombination* Since the coverage of 

platinum electapodes a t y m 0 le known to be appreciable (h,22)t 

and as 9 -~• 1 the Tafel slope would tend to In f in i ty for t i l ls 

mechanism, the app l i cab i l i ty of equation [tt&] in t h i s case 

Indicates the existence of a constant adsorption pseudo-

capacity over an appreciable po ten t ia l range , which i s In 
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agreement with results of Frumkin and eo-workers (k*22) from 

direct eoverage measure-̂ ients, and cannot be explained 

assuming Langmuir eondltlons* 

(c) Application of the Temkin Isotherm in Evaluation of 

Kinetic aquations for the h*e*r* 

In the previous section, a short resume of the general 

treatment of electrode kinetics In terms of a Lanpsuir adsorption 

Isotherm was given* It was shewn that, in general, the free 

energy of adsorption should be expected to depend on coverage 

and a substantial part of the exportmentally observed phenomena 

In the study of the eleetrode kinetics of reactions involving 

adsorbed intermediates can only be accounted for if s«eh a 

dependence is considered. 

The Temkin Isotherm (SO) which, as we have shown, 

involves the assumption of a linear decrease In free energy 

of adsorption with increasing coverage, was formulated in 

191*1* The general kinetic equations for the eloctrolytSe 

h*e*r* obtained In the ranfe of coverage where this isotherm 

is applicable, were flven by Frumkin and co-workers (55»62) 

and the consequences of assuming f,TemklnM behaviour were more 

or less Implicitly indicated In several later papers 0*6,63,29, 

31#32). 

I t la povh&pa surprising that the bulk of experimental 

data both In electrode kinetics and non-electrochemical hetero-
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geneous reaction kinetics is still often interpreted In 

terms of a limiting Langmuir adsorption isotherm, even though 

the formal tools for a better apppoxlmtion (i*e* the Temkin 

adsorption Isotherm ar>d the consequently modified rate 

equations) have been available for the last twenty years* 

Moreover, the Temkin treatment has been restricted, until 

very recently (8,9,10,61), to the ease of the hydrogen 

evolution reaction. Other electrode reactions, in particular 

the anodic oxygen evolution, have only been previously 

discussed In terms of the Langmuir isotherm except in recent 

work by Conway and Bourgault (for oxygen evolution at the 

nickel oxide electrode) and by Conway and Dsieciuoh (for anodic 

decarboxylation and the Eolbe reaction)* 

In order to exemplify the treatisent for Temkin 

conditions, the general rate equations for hydrogen evolution 

will be given In tho present section, following partly the 

method of presentation given by ••&• Pareens (53)» Thomas (30) 

and Krishtallk (62*)* 

The general rate equations for the discharge step In 

the h.e.r. end Its reverse «*y be written 

v* - K <!-•> • • «*P-CAo5f • or# • 0 VPj/foT lk7) 
A A H30* * 

V-A * k-A • •*»-l | l0£* - U^)** * <l-P>VFl/*T CJU-SJ 
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In these and following r a t e equation® the term® k exp &%/%*% 

and kmn exp ACT̂ /HT represent the speolflc rat© constants of 

the forward and reverse reaction of the n*th s tep , respectively, 

V i s the metal-solution potential difference, r la a parameter** 

deter mining th© ra te of variation of tee free energy of 

adsorption with coverages, a and |3 are symmetry factors (see 

p* 67) related to the form of the energy barrier for reactions 

a t the metal solution interface and e * i s th© concentration 
H,0 

of H-0 in the double layer* 

If a following desorption step la rate-determining, 

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

equilibrium, as we have discussed above* Then putting 

v. • v - we hence obtain 
A —A 

<£§ exp ( |f) • *KA exp (- | f ) [[j.93 

* From the definition of r in equation (373 I t Is clear that 
i t should take a nerative sign If exoerRlc free energies of 
adsorption are to have negative values* In the present and 
following ra te equations we shall use r to represent the 
absolute numerical value of this par arse ter to conform with our 
own (10) and previously published wrk of others (30,53). 

** We shal l neglect here, and in the following treatment, a l l 
double-layer effects and assume that the concentration© of 
reactants in the double-layer are not ©hanged during the 
reaction* In some cases we shall Include this constant 
concentration term in the relevant specific ra te constant* 
The term exp (p^F/RT) involving the inner or outer Helmholta 
layer potential V has also oeon included In the specifie 
r a t e constants in a l l our equations, and ^ has been assumed 
to be essentially independent of electrode potential* This 
assumption has been raade slnee we are only interested, in the 
present discussion, In effects involving the adsorbed in ter ­
mediate and not the structure and associated potentials In 
the ionic double-layer. 
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where TKA is a constant at constant temperature and composition* 

This result is to be compared with equation [63 obtained for 

the same equilibrium assuming L&npmiir conditions. The term 

•V(l-w) on the l.h.s. of equation [lj.93 1® a eonfIdurational 

term, and appears also In equation [63* We shall refer to 

it, and to terms derived directly from It (see below)* as 

"the Langmuir term". The exponential term in 9 arises from 

the assumption of a free energy of activation varying linearly 

with coverage if the free energy of adsorption of intermediates 

varies linearly with ©overage (Temkin isotherm) and will 

accordingly be referred to as the "Temkin term". At very low 

values of 9, the exponential term in 9 approaches unity and 

hence equation (lj.93 reduces to equation [6a] I.e. Langmuir 

behaviour Is, In the limiting ease, observed* Similarly, at 

high coverage, the Temkin tern becomes practically constant 

and equation (1*93 nay be rewritten as 

-jgg - *KA exp (ff) exp (- ff) » \ exp (- |f > (k9a3 

which is again a Langmuir isotherm (cf* equation 6a) but 

with a different free energy of adsorption from that for aero 

severage conditions. 

At intermediate values of the coverage, the variation 

of the pre-exponential Lanpjmilr term with 9 is negligible with 

respect to the variation of the Temkin term (of* 53*30), and 



• ok -

equation [1̂ 9) then simplifies to 

exp (ff) » K exp (- ||) [i*9b3 

or 

r § » -vi? • constant 

Under the same conditions, we may also modify the rate 

equations ikl) and (lj.93* neglecting the pre-exponential terms 

and obtain 

•a a K « + exp - f AG? • «*• • PVF3/RT [l*7a3 
3 

T-A " k«*A ̂ ^ " U e - A * (1**a) ** *(1-P)VF/RT [̂ 8a3 

This form of the rate equation was used in all previous 

discussions of electrode kinetics at intermediate coverage 

in the range where Temkin conditions prevail* We shall 

show subsequently that neglect of the pre-exponential term In 

9/(1-3) in the rate equations Is justified a priori only for 

electrode reactions which proceed through two steps. Moreover, 

in deducing the corresponding adsorption pseudoeapaclty 

behaviour, we show below that the Langmuir term can never be 

neglected (unless an unreasonably high value is assumed for 

the parameter r, say r/RT > 30) without introducing a 

substantial error In the evaluation of C as a function of 

potential* 

Xf we substitute equation [l;9b) into [Ij.7a3 and |^3*J 
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it follows that the rates of the discharge step and its 

reverse are independent of potential so long as they can be 

considered at equilibrium (the latter condition 1© necessary 

for equation [l*9b3 to be valid)* 

We now examine the case where the electrolytic 

hydrogen evolution reaction occurs through discharge followed 

primarily by atom-aton recombination, tith the latter rate-

determining* Fefore writing the rate equation for any 

desorption step we mist now discuss the conditions for which 

activated or non-activated adsorption of hydrogen arises and 

how this influences the desorption kinetics* In the case of 

the dissociative chemisorption of molecular hydrogen to form 

adsorbed hydrogen atoms, the molecules first approach the 

surface and become physically adsorbed without dissociation* 

This process requires no activation enerrsr (30*65). The 

physically adsorbed nsoleeules will then underro dissociation 

on the surfaee and become chemically adsorbed, and, depending 

on whether the potential energy curves for fig —* MHg and 

2U —» 2MB cross above or below the line for aero energy 

(referred to that of hydrogen molecules at Infinite distance 

from the surface), "activated" or Hnon-actlvatedw adsorption, 

respectively, arises* The situation Is represented 

schematically in Figs* 5* ***& 5b* It Is obvious from these 

figures, that If adsorption Is non-activated, any change in 
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Pij&are 5* Schematic po ten t i a l energy diagrams for 

non-activated and act ivated adsorption 

conditions* 

a) lon-act lvated adsorption case* Enerpy 

of desorption *» ac t iva t ion enerpy for 

desorpt ion. 

b) Activated adsorption easel curves across 

above the aero energy l ine* 

c) Intermediate act ivated adsorption ca se , 

curves cross above the aero energy l i n e 

only a t f i n i t e coverage but not a t 

zero coverage* 



DISTANCE 

MH 

M-H2 

AAH*=2r0 

( b ) ( c ) 
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the free energy of adsorption &c of the ajse»le or radical 

Intermediates (l*e* due to the dependence of AG on 9* as 

discussed above) wil l resu l t in a nupierlcally eqisal change 

In the free energy of activation for the desorption process. 

Conversely, If the molecular adsorption to form atoms i s 

activated, the change in free energy of activation for the 

desorption process will amount to a freetion a of the to ta l 

ehange in free enerry of adsorption, where a I© a symmetry 

factor in the usual sense used in electrode k ine t ics , i . e . 

i t Is related to the re la t ive slopes of the potential energy 

curves for the i n i t i a l and final s ta tes but i s not 

necessarily eq.tal to the symmetry factor $ for the charge 

transfer step* 

The ra te equation for atom-atom recombination a t 

intermediate coverage, when the pre-exponential terra in v 1B 

negligible with respect to the exponential term, i s then 

We shall \xme the synmetry factors a and f$ for terms involving 
9 and V, respectively in a l l our ra te equations. I t i s well 
understood that a characterist ic symmetry factor should be used, 
in pr inciple , for each s tep, but In view of the lack of detailed 
information regarding the actual numerical values of these 
parameters for different steps in electrode react ions, we shal l 
as syne throughout th is thesis that a « p* • 0*5 tor a l l the 
reactions steps to be discussed* For a simple discharge 
step producing an intermediate, I t will be generally true 
that a » l-{3* 
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v c * k c exp - [Ao£ - 2or#3/RT [503 

when adsorption of hydrogen I s ac t ivated 

vc » *k exp - [&$£ - 2r#3/BT [513 

when i t i s non-activated* Subs t i tu t ing the value of r $ In 

terms of po t en t i a l froK equation (I|,9b3 and differentiating- V 

with respect to In I then plvea 

d¥/d In i « -BT/2aF° 
or 

aV/d In t m -RT/2F 

for eondlt lons of ac t ivated and non-activated adsorption of 

hydro pen, respect ively* 

Thus, ac t iva ted adsorption can l ead , under Temkin 

condi t ions , to a Tafel slope of about 0*058 vo l t (with « * 0*5) 

in agreement with some experimental r e s u l t s (57*58,59,60). 

This s lope , deduced by Thomas (30) for t h i s mechanists, I s 

cha rac t e r i s t i c of a r a d i c a l desorption s tep In which molecule 

production occurs* 

yson-aetlvated adsorption leads to a Tafel slop® of 

RT/2F • 0*029 v o l t , which i s numerically equal to tha t predicted 

Horiuti and co-workers ( 63 ,101,102) have deduced a Tafel 
slope of 1«5 HT/P to RT/F, for the reeonhination jaeehaniam, 
taking in to account l a t e r a l in te rac t ion effects* Their 
conclusions defend on a ra ther pa r t i cu la r se t of energy para­
meters , and were disregarded In most l a t e r discussions of t h i s 
mechanism (cf* ref* 30*56 *6i{.)* 
ee 

The same slope was* however, previously deduced for " f i r s t 
order recombination41 166) or alow diffusion of '€ atone *© 
reeoiabination s i t e s (©7) undar Langrafulr conditions a t low 
coverage* 
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for the some mechanism under Langmuir conditions* This result 

should, nevertheless, be considered "new" in the sense that it 

applies to Interssedlat® values of the ©overage %feleh noost 

likely arise at metals (e*g* Ft or M) where this slope Is 

observed experimentally. We note also that due to the slower, 

linear, variation of 9 with potential under Tastikin condition© 

(cf. equation i^9b), a constant Tafel slope of KT/2F may be 

observed over a much wider range of potentials than in the 

Langmuir case* Anticipating some of the original numerical 

calculations to be given below, we find that if 9 ( V * Q) « 0.01 

the characteristic recombination slope will only be observed 

under Largtaulr conditions over about 0*06 volt* If Temkin 

conditions prevail, however, at intermediate coverage values 

with, say* a value of r ® J? Kcal.g* equlv*, the sane slope 

could be observed over a range of 0*3? volts* 

A similar treatment ®ay be given for the rate-

deterstinlng ion-atom recombination reaction (reaction P) at 

intermediate coverage} the rate equations are 

*« " K. • • exp - CAojJ - or« • flVfl/ET* (523 
B ^ H30*

 B 

The syraaetry factors a and p appearing in this equation ssay be 
quite different (unlike in most oases) since they refer to 
different pairs of potential energy curves, representing sections 
of the potential energy surfaee in different directions* This 
arises since effect^of potential on the enerry of the 12,0 ions 

and electrons in the initial state snst originate in a different 
way from effect® of changing adsorption energies of the adsorbed 
H in the initial state* We shall nevertheless take &«p»Q*S in 
this case, as In all other cases* 
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for ac t iva ted adsorption and 

v_ * kj. e . e x p -f AG*? - r # • SWP3/RT ($33 

for non-activated adsorption* Upon subs t i tu t ion of r e In 

terns of VF from equation [2+9b3 we obtain the Tafel slopes 

dV/d l n i » «*IT/(a • £) F • -UT/F 

and 

dV/d In i * -RT/(1 • ? ) P « *(2/3)RT/F 

for ac t iva ted and non-activated adsorpt ion, r e spec t ive ly . 

The slope RT/F, obtained I f adsorption i s a c t i va t ed , 

i s c h a r a c t e r i s t i c of r ad i ca l desorption steps in which laoleeuless 

are produced, as pointed out above* I t i s seen t h a t the same 

Tafel slope I s predicted for both reac t ions (B) or (C) i f 

ra te-de tapnin lng . A similar r e s u l t , namely tha t d i f fe ren t 

mechanisms give r i s e , under Tenkin condi t ions , to the easae 

value of the Tafel s lope , wi l l be deduced in th© discussion 

of ra ther raore complicated anodic react ion sequences to be 

presented in the chapters on or ig ina l c a l cu l a t i ons . In genera l , 

the Tafel slopes for reac t ions proceeding under Tesskin 

conditions are less diagnostic of reac t ion mechanism than they 

can be under Langmuir conditions* 

The possible var ia t ions In Tafel slopes with po t en t i a l 
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for tho mechanism discussed above ( fas t discharge followed by 

slow r a t e -de temln ing ion-atom desorption) are of sow© 

In teres t* At very low coverage (assuming tha t 9( V ** 0 ) , I s , 

say , lees than 0*01) the Tonkin term I s negl ig ib le In any case 

and a slope of «RT/(1*0)F « 0*038 vol t obtained under Langmuir 

condi t ions , wi l l be observed* As the cathodic overpotent ia l 

i s increased, the Tenkin region can be reached (corresponding 

roughly to 0*2 < 9 < 0*8) where a Tafel slope of -RT/2pF » 0.QS9 

vol t may be obtained* with further increase In cathodic over-

po ten t ia l another Langmuir region i s entered, corresponding in 

t h i s case to a Tafel slope of -KT/{IF « 0*116 volt* On account 

of the r e l a t i v e l y slow var ia t ion of 9 w*tb V in the Temkin 

region, we saay, In p r i n c i p l e , expect to find three Ion?? and 

well defined l inea r Tafel r eg l ens , wh*ch wtrht o rd inar i ly be 

explained in terms of three apparently d i f fe ren t mechanisms. 

Such a course of cur ren t -po ten t ia l behaviour does not appear 

to have been observed experimentally* We have Introduced t h i s 

example only to indicate the added d i f f i cu l ty in in te rp re t ing 

experimental r e s u l t s , a r i s i n g from what appears to be an 

unavoidable necessi ty of introduction of the Temkin terms in to 

the r a t e equations (cf. ref . 53) . 

We believe (contrary to the view of Thorns (30)) 

that conditions of non-activated adsorpt ion, leading In t h i s 

case to a Tafel slope of 0*03$ v o l t , are as l i k e l y for the 

Ion-atom recombination s tep as they are wbon desorption occurs 
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by an atom-atom recombination mechanism. The I n i t i a l s t a t e for 

the lon-aton desorption s tep cons is t s of the spec ie s , MH, BLO 

and the e lec t rons in the n e t a l . The ground s t a t e of the f i r s t 

en t i t y i s affected by the change in free energy of adsorption 

with coverage and provided tha t the energy of the act ivated 

s t a t e I s s t i l l negative with respeet to the energy of free 

molecular hydrogen ( i . e . adsorption I s non-aot tva ted) , th© free 

onorgj of ac t iva t ion for the whole desorption s t ep wi l l be 

changed by an asaount numerically equal to half the ohan&e in 

free energy of adsorption per nolo whleh r e s u l t s from an 

Increase of surface coverage (Tenkin Isotherm applying) . The 

term In po ten t i a l wi l l always contain the usual symmetry factor 

(whether adsorption i s act ivated or yson-actlvated) because only 

par t of the po ten t i a l drop across the interphase wi l l be 

operative in forming the act ivated co?aplex, o r , in other words 

the electrochemical po ten t i a l of the ac t ivated s t a t e w i l l be 

Intermediate between tha t of the f i na l and i n i t i a l s t a t e s (51)* 

Only two extreme eases have been discussed by 

Thomas (30) when adsorption i s act ivated or non-activated 

throughout the range of coverage considered* w© can however 

consider an intermediate , and probably more genera l , case when 

a t a coverage corresponding to V *» 0 adsorption i s non-

ac t i va t ed , but as the po ten t i a l energy curve for HH Is moved 

upward with increasing coverage (and associated Increase in 

cathodic p o t e n t i a l ) , a point la reached when act ivated adsorption 
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s e t s in (see Fig* 5 c ) . Consequently the Tafel slope w i l l 

change slowly frora -0*029 volt® or -0 .03^ vo l t to -0.C49 v o l t , 

In a manner s imi lar to that due to a change In mechanism (16). 

However, while a dual mechanists leading to a non-linear Tafel 

re la t ionehip can norisaally only be ef fec t ive ©v»r a short 

po t en t i a l range , the non-l inear Tafel rer lon due to t r an s i t i on 

from non-activated to act ivated adsorption nay extend over 

several hundred T i l l !vo l t s on the po ten t i a l s c a l e . 

I t may be argued tha t the Tafel slopes calculated 

for non-activated adsorption a t intermediate coverage ( i . e . 

-0*029 vol t and -0*038 vol t ) wi l l never be r ea l i s ed in 

p r a c t i c e , since under these condit ions the surface w i l l be 

almost completely covered. This , In f a c t , i s found to be the 

case for adsorption from the gas phase* However, i t was pointed 

out by Thomas tha t the extent of coverage by hydro^n atoroa 

in solut ion wi l l be reduced, eeH$mred with tha t In the gas phase, 

to an extent dependlnp on the r e l a t i v e free energies of 

adsorption of hydrogen and water s*olecules in the interphase* 

L i t t l e quan t i t a t ive information I s , however, avai lable for 

adsorption of water* Kamball (69) found the heat of adsorption 
the 

of water a t mercury fret*/vapour phase to be 17*6 Kcal, mole* On 

more strongly adsorbing metals the figure may be expected to 

be even higher* The competitive adsorption of water oould 

therefore decrease the extent of coverage 9^ of the surfaee 

by hydrogen to an appreciable extent and lead to intermediate 
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values of Q„ under non-activated conditions ( spec i f i ca l ly 

adsorbed anions in the solut ion may lead to a further 

decrease in e^ , cf . (32))* Experimentally, these condit ions 

of non-activated adsorption under Temkin conditions are 

Indicated for the hydrogen evolution behaviour on Ft and on 

Pd, as discussed above. 

( i l l ) The Porn of the Variation of 4dagr/;t_ion Paeudo-

Capacltv with Potent ia l 

The Temkin Isotherm in i t s simplified forts, when 

the Langmuir term i s a l together Reflected, leads to a l inenr 

dependence of coverage on po ten t i a l as we have shown above, 

v is* 

r # n „VF * constant [i|.9b3 

and consequently to a constant? adsorption pseudocspaeSty 

given by 

C? • -k* d«/d¥ • k" P V l$kl 

where we have added the subscr ipt T to indica te t h a t i t i s a 

t e r n a r i s ing under Temkin condition® in the sense defined 

above. The ra thor l iralted app l i cab i l i t y of t h i s equation wi l l 

be discuseed below, where we sha l l show tha t the pseudocapaeity 

e**n never be considered s t r i c t l y constant* Th© t o t a l adsorption 

pseudocapaeity w i l l be c lose to Ĉ , only for appreciable values 

of r . Taking, say , r • 10 Keel* •qulv«L and subs t i tu t ing 
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numerical values irto equation i%h\ we obtain approximately 

c . M i gM^m£i!^ « 3.0 n io^F*cn"
2 - 3.3xlO^F.csi^ 

k*2 x 1(T 

2 where the number of sites per ess of real surface area is taken 

as 1 x 10 ̂  • Th© tenkin pseudocapaeity, even for appreciable 

values of r cau hence be about an order of amgnltude higher 

than the ionic double-layer oupaelty with which it lie® in 

parallel, and should be easily distinguishable from it* On 

the other hand, It is appreciably lower than the **Langnulr 

pseudocapaeity" as we shall show below* 

Eucken w-** Wehlus have shown (Ij6) that th® adsorption 

pseudocapaeity ie a sinple function of coverage, If L-̂ fTAilr 

conditions are assufqsd to prevail, as follows 

This function has a ?aaxlwum value i t * a 0*:' given by 
t j , c 

Ct(nax) » ̂ | « jjgfj^ $fo> » 106 « 1.6 x 103 ̂ F.cml2 

a value which Is appreciably greater than that obtained for the 

Tesakin tern C,» above with the same value of k * The potential 

a * 
The sawe value for k will be used tbapoujrhout the following 

general discussion of pseudocapaeity* It la obvious that the"' 
exact value of k depends on th© nature (size and electro­
chemical valence) of adsorbed intermediates &&d the geometry 
of the adsorbent surface* The form of tho C*v curves will, 
however, not depend on the numerical value of k • 
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dependence of C^ has been previously calcula ted (70) and I t 

was found tha t C« would only be appreciable over a U n i t e d 

po t en t i a l range (ca. 0.2 v o l t ) . I t was also shown tha t fron 

the overpotent ia l a t which th© naxlarae in fee C- cur^© occurs , 

the coverage a t the revors lb le po ten t i a l (f * 0) eould be 

ca lcu la ted . This method i s , however, Un i t ed to cases where 

a Langnulr Isotherm i s s t r i c t l y obeyed a t a l l values of the 

coverage* 

Eucken and Wefolus (46) have a l so given an expression 

for the dependence of t o t a l adsorption pseudocapaeity on 

coverage when both a Tenkin and a Langsailr term are Included, 

vis* 
t 

but they did not attempt to examine the numerical or quan t i t a t ive 

significance of t h i s equation. Their expression can be reduced 

to a form derived in a d i f ferent way by Conway and Glleadi (10) 

(see below)* I t leads to a maximum value of the paeudocapacity 

given by 

C(nax) * f*£ x ftj^ [^73 

I t I s seen that 

lira C(max) • C. 

T 

and 

lira C(max) « G 
r ~~*- oo 
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Taking r • 10 Xeal/equl*«» the numerical value of C(nax) I s 

seen to be 

C(Rjax) « Mff^9- <M^ x rA;1"^ « 1 ° 6 * 3.1 * 102 ^emZ1 

8.3 x 300 **1 6*7 

i . e . , somewhat lower than C„ obtained for the sane value of r* 

The H-pseudocapaclty of noble n e t a l s under steady 

s t a t e cathodic po la r i sa t ion was measured by Eucken and Weblus (!|6) 

and l a t e r by Bre i ter (31,32) by the a . c . bridge raethod as a 

function of patent in1* Two waxina were observed and were 

In te rpre ta ted by tho above authors as being due to Langmuir 

type adsorption a t two crys ta l lographies l iy d i f ferent surface®. 

The peaks were found 0*12 vol t a p a r t , corresponding to a 

difference of 2 . HI Kcal/equlvalent in th® free energies of 

adsorption on the two kinds ot surfaces oxpo&®&* The above 

in te rpre ta t ion could eas i ly be eer*flr?iied by repeat ing th© 

measurements on s ingle c r y s t a l e l ec t rodes , where a s ingle 

peak should be observed* Results of such experiments have 

not been published* Conway, 011©adi and Deleciuch (0) 

have reported s l n r l e peaks in the C-V p lo t for the anodic 

decarboxylation react ion with formate lone in fomlc acid 

a t noble metal electrodes* These r e s u l t s w i l l , however, be 

examined In tuore d e t a i l below* 
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CftlAPTBR I I 

nm CONTRIBUTIONS T3 .Th^THBORY 0"' C03S8SQUTIVB fii^CTIOW 

KlifKTlCS AT IBTJ? Mbl •? ATE COTOAGK& 

1 . THS 0R1GIM -->l? TM- VARIATION OF KbAV AIS? FBKt SNftFOT 
<ea»iewwe»emwMM*Bwii*<wwBMews»*awwwiesM^^ Mw>i»Mw*»,i)«iii»w»ags»j»^ 

OF AjaORPTlOH WITH C0Vfe»Ag8 

I t has been shown above tha t general thermodynamic 

considerat ions regarding the a c t i v i t i e s of covenan t s In the 

surface phase lead to the conclusion that the fre^ enerf,^ of 

adsorption i s a function of coverage so that th© Lsnrtnuir 

Isotherm can, In rsoat ea ses , serve only as a f i r s t approximation* 

Experimental evidence fron gas phase adsorption s tudies 

(^2,71,72) showjthat th® heat of adsorption usual ly decreases 

with eoverafe In an approximately l i nea r manner a t intermediate 

values of th© coverage* The behaviour of adsorbed intermediates 

in e lect rode reac t ions (U*7#® #22,30 ,39) and in pa r t i cu la r the 

dependence of adsorptJon pseudocapaeity on po ten t i a l l a , In 

a number of c a s e s , consis tent with th© assumption of a l i nea r ly 

decreasing free energy of adsorption with eovor-u-o* 

In t h i s chapter , w© s h a l l f i r s t dlscues the d i f ferent 

models which could lead to a decrease In free energy of 

adsorption with Increasing coverage and then ejeanine the k i n e t i c 

consequences of applying these model® to electrochemical reac t ions 

for airaple eleetrode r e a c t i o n s , where a s ing le 
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adsorbed intermediate i s Involved ( e . g . In the hydrogen 

evolution reac t ion) equations (I$.7a3 and lk&&} ean be rewr i t t en 

as 

va • k. « + e*P -[AO*f • a f (#) - 0 ¥F/3/BT [k7b3 
A A 8L0 

3 
V.A " k-A ^ ^ " {AG^A * **"<** f * # > * *lm^ ¥ F2/^T [&8b3 

where we have wri t ten the adsorption energy t e rn rw of 
equations [&?a, fySaJ in a general fern as f(«)7and f(8) way 
now be an? slsrple function of 9* liquation £U9fc»J wi l l then take 
the forn 

f (a) « VF • const . Il*9e3 

and i f tiie l a t t e r r e l a t ionsh ip i s Introduced i n t o , say , 

equation (503, which now has the forn 

v e * kG exp -[AG*f - 2a t(9))/m [$0&1 

the earn© r e s u l t i s obtained as when f (w) was taken slnply 

as equal to -r-9. 

I t la evident , therefore , thnt the exact for«i of the 

va r ia t ion of AG with 9 does not affect the k ine t i cs of s inple 

e leet rode reac t ions when a s ingle adsorbed intermediate I s 

Involved and t h i s Is a conclusion of son© renoral Importance* 

However, for complex reaction® involving two or wore I n t e r ­

mediates , the r e s u l t s w i l l depend s l i gh t l y on the xnodel used 

to account for the var ia t ion of free en©r?qr of adsorption with 
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coverage. We shall therefore diacuss f i r s t the various possible 

nodels, and then work out the kinetic equations for a particular 

case, the oxygen evolution reaction. In terms of each model* 
since 

This case Is chosen / the reaction involves aior© than two 

consecutive steps and more than one adsorbed intermediate* 

I t i® also relevant to previously published work from this 

Laboratory and to some of the experiment®! work to be described 

in Chapters IV and V* 

<*> I n ^ n s l e Heteroyen^ty qf thenill,,S^rfaej 

This factor 1® the one coneidered In th® model 

originally examined by Tenkin (f?0), who assumed that the 

electrode catalyst surf&ee wi® hetereogeneous on the atonic 

sea l s , and different site® on i t had in t r ins ica l ly different 

a f f in i t ies for the adsorbate* Mills the concept of a hetero­

geneous surface is physically sound and i s well recognised in 

general theories of ca ta lys is , and probably ale© accounta in 

nest cases for a t least a part of the to ta l change in free 

energy of adsorption with ©overage, i t would aeon rather 

fortuitous that the aff ini t ies of s i tes (or assail groups of 
a-

sites) war Vi vary linearly with coverage, as postulated by 

• 1.IIH.I • Ill « in.—•••mmi la im—,m . . « . I M I U » . » I » . » . I « I . , . » , . . I , . . I . I I » . . I I . » . i ,,, ,«...•».,..•,„, i .ii.i II i 11a.. 

* This is, of course, not th® only distribution of adsorption 
energies associated with baterogeneS ty of th® surface that has 
been considered* An exponential distribution has, for example, 
been considered by Zeldovlch (S3). 



— 81 -

Tenkin* I t should be renenbered, however, that a wide 

Gaussian d i s t r i bu t i on of a f f i n i t i e s of s i tee may, a t inter*1 

mediate coverage, behave as one ef fec t ive ly involving an 

almost f l a t naxlnun ( I . e . leading to the required l inea r 

r e la t ionsh ip )* Moreover sine© the Tenkin 1 so thorn I s r e a l l y 

appl icable only a t Intermediate values of the coverage, the 

deviat ions from l i n e a r i t y in the r e l a t i o n betwe^r) free ©nerpy 

of adsorption and coverage a t e x t r a s values of the coverage 

wi l l not usual ly be s igni f icant in any ease* 

(£*> Xnfreraet&o-n Effects, 

Lateral in te rac t ion effects night seem to .be the 

most obvious reason for th® experimentally observed f a l l of 

heats of adsorption with coverage* I t has b&on shown, however, 

by Boudart (72) and others (73) t ha t two-dinenelonal in te rac t ion 

energies are generally not large enough to account for *nost of 

the changes of heats of adsorption with coverage which have 

been observed in various adsorbent-adsorbate systems* More­

over , ion-ion and dipole-dlpole repuls ions can lead to a 

deerease of energy of adsorption with 9^ and 9™ , 

r e spec t ive ly , and the experimentally observed approxi lately 

l inear r e l a t ionsh ip between the heat of adsorption and 9 

(a t intermediate coverage) could not be explained* At hi$a 
mmmmBmmm*mmm*mm*mmm*mmmmmm*>*m»mmmmmmrmnwmMt**>* i n tmuiimmm>mm*mmm*mmmmmm»mmmmm*mm*wmmmmmmmm*mmm^ n m >imt< <mxim^mmmmmmmmmmm 

*g& 
Conway, Olleadi and Dslecluch (9) have reported an experimental 

case cons is tent with a dlpole-dipole repulsion effect* 'ifels model 
should no t , therefor®, be completely d?sre$wrded. r ^ n l l a r l y , 
dipole repuls ion e f fec t s a re Important in or iented monolayers of 
surfaee ac t ive tnolecules as shown by F l t e h e l l (100) and by 
Barradas and Conway (:%)• 
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coverage, the "London** dispersion forces nay become important 

and lead to an attraction tern in ©** which nay decrease or 

even reverse any long range eleetrostatle repulsion forces at 

short distances* This attractive effect would be largely 

operative at hlph coverages, where the Langmuir tern la 

predominant In any ease, mid would hardly be expected to be 

significant experimentally* 

(Hi) "Induced Heterogeneity" Effects 

The physical picture of Minduced heterogeneity** 

as discussed by Doudart (72) is that the affinity of a 

particular surface site towards the adsorbate is changed on 

account of adsorption at other sites* The tern "Induced 

heterogeneity" was adopted by Boudart for this kind of long 

range interaction effect, since it lend® to a differential 

free energy of adsorption gradually chirc-lnr with coverage on 

a surface assuned to be Initially intrinsically homogeneous* 

The Russian workers have developed (6If ,7k,7^,76) an 

Induced heterogeneity model, based on the assumption of a 

two-dlnensional electron gas at the metal surface* and the 

theoretical treatment of this model leads to a linear decrease 

of heat of adsorption with coverage* The idea of Induced 

heterogeneity (without reference to Its cause) was also 

Implicitly used by Euoken (71) to explain th© kinetics of 
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hydrogen adsorption on nickel frow tho gas phase* boudart (72) 

has proposed a taodel in which the adsorbed intermediates s e t 

up a surface po ten t i a l proport ional to th© eoverare (cf. the 

Eeheholts equation) which causes a ehanre in the e lec t ronic 

work function of the metal* This change in work function i s 

hence a l i nea r function of coverage, so tha t the heat of 

eheaisorpt ion , uhleh la normally deternlred in par t by the 

work function (65) i s then l inea r ly r e l a t e d to the change in 

the l a t t e r * 

The surface dipole -modal proposed by boudart seens 

the mo&t acceptable , since i t depends on simple e l e c t r o s t a t i c 

considerat ions and la consis tent with well Icrsown, e x p ^ l n a n t a l l y 

measurable, ehancea in e lec t ronic work functions due to 

absorption* The electron gas model, however, leads to the same 

electrochemical k ine t i c and capacity equations as in th® c?te® 

of the Boudart model* 

2 . FORMULATION OF KI?C&TIC KQUACXOHS FOP .SYSTEMS QBBYIKO A 

LOOAF.ZTllHIC (TEMKIH) IgQTHKBW* WKBS aisVUML APSOBPRD 

lW2mm®lWES MAY UK IHVOLVEP 

In the previous sec t ion , we have discussed the various 

models leading to a coverage-dependent free energy of adsorption* 

We have re fer red to tho fac t tha t th© induced hoter<rmenoity 

nodel of Boudart (72) can offer the best account of th© l i nea r 
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variation of heat of adsorption with coverage, but other 

models nay nevertheless be of some importance in certain 

eases* Thus, we nay anticipate &am® contributions from all 

three effects (vis* induced heterogeneity, intrinsic hetero­

geneity and interaction effects) depending on coverage and the 

chemical nature of the adsorbate and adsorbent* v/e shall now 

proceed to discuss the kinetics of complex anodic reactions 

involving more than one adsorbed intermediate, In particular 

the oxygen evolution reaction, in terms of the various Models, 

laying the main emphasis on Boudart*s model* 

(1) Kinetic Equations Arising for the Case of Intrinsic 

Heterogeneity 

Here we first 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 surfaee sites for two or nore adsorbed 

Intermediates at a total coverage 9™ (t*ilch will be the case 

if they are chemically similar, as In the oxygen evolution 

reaction where OH and 0 species are involved), we can write, 

in general, for into mediates A and B 

AHA » AHj - rA«T$ Alt, « aft* - r, * T l$B} 

since the energy of adsorption of a given species will depend 

on the sites remaining Just beyond th© total coverage 0,« and 
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the r values define the iietrlbution (assui»& linear) of 

energies of adsorption with total coverage* It la not 

necessary that rA * rB» since the variation 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 nany cases it will, 

however, be legitimate to regard r» $ rs particularly where 

the species are chemically similar, as in the oxygen evolution 

case for 0 and OH adsorption. When there is complete 

specificity of sites for the two or nore species, the surfaee 

behaves essentially as a mixtw© of two type** of surfaces 

with independent properties for each of t̂ e species, so that 

AHA » AH| - rAwAi AHg * aHg - TB9\ (£93 

It is unlikely that this ease applies to most electrochemical 

reactions Including the oxygen evolution reaction. 

We nay proceed now to consider steps In the oxygen 

evolution reaction, which occurs through orto of th© now well-

known (6,7,13) following schenes, as discussed above (other 

schenes could be devised and treated in an analogous way) 

I M • OH* —* MOH • e 

II MOIi • OH* -* HO * HgO • e Scheme A 

III MO • MO —* 2M • 0g 
•"•J" "—rr-J--mrii mi ni—jiMiwiln r i win i mini' i j • - m i n niir-ir T •-] -\i r -1-1 -~ —"—"**"*"'—--—-•^-^-^-•-•-••--^-^----••^-•-^--'-•-^ 

In the oxygen evolution case considered here, the site M may be 
a site on the bare metal or on an oxide filn formed on th® natal* 
The nature of the sites involved will not influence our general 
discussion. 
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Scheme 0 

Assuming tha t the prl?@ary discharge s tep 1 i s in 

quasi-equi l ibr ium, When followed by rate-deterninlnst I I or 

XV we obtain 

P0H 9T m V F * oonil*a,* t» £60} 

which i s the equivalent of equation [!j.9b3 for an anodic process* 

I f step I I i s ra te-determining, w© have 

v 2 m k 2 » o a c O H - exp -[AO^ - a r 0 H * , • ( l - a ) r 0 # T -0VF3/&T [613 

Taking a « (3 * 0.5 and subs t i tu t ing the value of VF from 

equation [603 Into equation [613 we obtain 

Vg • Kg exp (2rijU • r 0 ) 9^ /ST [61a3 

where Kg includes a l l terms which do not contain ©T or V 

and the var ia t ion of the pre-exponential t e rn !n ©T has been 

*M*w»wM*>«^»«»j*afcM«a»»i^^ mi nmm\«**mmmmwmmwmmmMtmmm "" w " II'MI*WW*WMMWII i mm imw«*a**»«*ww»w»**w*w»wtw**^^ 

We shall nark all constants derived fron th© nth equation 
with the subscript n and an ordinal number superscript* 
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neglected for conditions of appreciable coverage * the case 

we wish to investigate* Using equation [60] to substitute 9 

In terns of potential Into equation [61aJ, we obtain 

v~ « *IU exp ( >°*~ .0) VF/2ET (61b3 

which Hives a Tafel slope of 

dv/d m i - (4EE) (BJV* ) 

Similarly, if step IV were rate-determining, we would obtain 

\ * \ ®OH *** *J&Gf[ * 2a r0H *T * a - r t-^ r o*x , / R T £ 6 2 J 

which, under the sane assumptions, can be written as 

\ m *k *Xp ^oaf^O* 9^SBT lt*2a) 

leading obviously to the same Tafel slope as that «hen step I I 

i s rate-determining* 

These equations give the sane limiting resul ts when 

r u • r r t as the general treatwant in terms of f(w) for the 
•JTI \j 

induced heterogeneity model to be given below* I t i s also 

important to note, as with f (»), that the exact form of the 

function of 0« in equation [553 i s immaterial, as I t will 

always be eliminated when equation (603 i s used to substitute 

for th is function of ©« in the ra te equations In ter»»s of VF* 

Any arbitrariness In assuming a linear function In «T In equation 

[603 i s hence not of importance in th® general deduction of 
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k i n e t i c cu r ren t -po ten t i a l equations and Tafel slopes* We 

s h a l l show, however, tha t th® nature of t h i s f(#) I s Important 

In regard to the form of the po ten t ia l and coverage dependence 

of the associated adsorption pseudocapaeitynee to be discussed 

further below* 

A ra te-deter r l s i lnp terminal desorption s t e p , such 

as I I I w i l l lead to 

v 3 • k 3 9Q exp -(AQ^ - 2ar0»?3/R^ [633 

for ac t iva ted adsorption of oxyf.en atoms from molecular 

oxygen* Subst i tu t ion of 9^ In terns of po t en t i a l from 

equation [603 and with the sane approximations as in the 

previous oases , then leads to a Tafel slope of 

dV/d In I « # | ) * ( « ^ i ) 

when reacts on I I I i s rate-determining* The r e s u l t s derived on 

&ta bas i s of a p r i o r i heterogeneity in the l imi t ing ease when 

the r values for various intermediates ar© Ident ica l w i l l , in 

genera l , be the sane as those which wi l l be deduced below on 

the bas i s of the Boudart model* However, since the r values 

need n o t , in p r i n c i p l e , be qu- te I d e n t i c a l , the In t r i n s i c 

heterogeneity model allows of the p o s s i b i l i t y of some var ia t ion 

Of the Tafel s lopes from the l imi t ing values (VIK. 2BT/F for 

step I I or IV r a t e determining and BT/F for s tep ITI r a t e -

determining, when 0P adsorption i s ac t iva ted) which can be 
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derived i f the r values are assumed equal* 

( i i ) Kinetic Equations Arising in the Case of strong 

Lateral In te rac t ion affects 

Here we consider tern kinds of adsorbed species A 

and 3 (say the OH and 0 r ad i ca l s In the oxygen evolution 

reac t ion) and assume tha t the f a l l of heat of adsorption with 

increasing eover«ig© Is en t i r e ly due to l a t e r a l Interact ions* 

Let £»** £u£j and £ . - represent the l a t e r a l in te rac t ion 

energies between two species of the kind indicated by tho 

subscript* The heat of adsorption of each species wi l l be 

modified by te rns correspondinp to in te rac t ions with r ad i ca l s 

of i t s own kind assd with any other kind in proportion to the 

p a r t i a l coverage by each species$ thus 

AHA - u£ - M f j A * £„•„)• MM 

and 

AHg » AHj - M f ^ • £AE»A> t653 

where k i s a p ropor t iona l i ty constant and the other te rns 

have been defined previously* I f we assure t h? t the Int<*r-

act ions a^e purely el*»otroet<atle , we nay use th© approximation 
*0m>*mB***mmm**mmm*omm*m0>**mimiM»i* i—n nn nu i,< • • • i n » w . " i w » mini*.! » W I W I I * W * » . W I W W * H I ' H I H M iiiiiiiinii»iw "•"'" " \'mmmmm*m»'.i^mmmim*mimmwmmtm»m0tmm* 

* It would be physically nore eonslrtent with our sr ruments to 
use here a function 9* (n«0*5 or 1*5)• '*« havo avoided this for 
the sake of convenience after It had bear* proved that the exact 
form of f(9) does not affect our results* 

** The only experimental evidence consistent with this nodel (<») 
in&leates a dlpole-dlpole type interaction effect. ^London" 
dispersion forces would not be important in any case except at 
high coverage, as we have already discussed above* 
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This can be wr i t ten as 

where y i s defined as th© r a t i o of two E values 

Y 2 ^Bl/^AA 

Equations [643 aiai [653 car? now be rewri t ten as 

AHA - AH* - k(*>A +(%?)%! ekh m AflJ . ^ , r 6 W 

ABJJ * Ai^ - k[ (4£)w A • Y»B3 £ M * aug - fE (*j ) [65a] 

where ^ A ( ^ ) and f^(®m) are functions of the coverage by both 

spec i e s , a s defined by equations i6!ja3 and [65a3* We 

note th'<t Y raay* lo genera l , take any numerical value* For 

the oxygen evolution r e a c t i o n , however, where *A' and *&* 

correspond to chemically s i n l l a r spec ies , the value of r would 

be expected to be c lose to unity* 

Consider, for example, scheme ^ (see p . 35) fa r 

oxygen evolut ion , and l e t the i n i t i a l discharge s tep be in 

quaa l -equi l ib r iun , as has been assumed in the treatments 

exanlned above. V® ob ta in , wits? the usual approximation for 

Intermediate coverage 

f . ( « T ) • VF • constant [68 J 

which can be wr i t ten e x p l i c i t l y as 
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k(wA •&5*)«B3 £ M » V? • conatant [66a3 

where A and B represent *OH* and »0» r ad i ca l s adsorbed a t th© 

sur face , respect ively* I f s tep I I I s rnte«deterninln^* w© have 

v 2 » kg#A exp -[AG^ - afA(®?) • CUa)l*B(eT) - pVF/BT [693 

or 

v 2 * ^Cg exp lth(9T) - fn(«rj,) • VP3/2BT [69a3 

i f p « o » 0*5* 

Subs t i tu t ing tA9^) and f^O^) from equations [62*a3 

and [65a3, r e spec t ive ly , we obtain 

Vg * ^ g exp [k S^i^p)^ • «B> * VF3/2BT (69b3 

when s tep I I i s ra te -de termining , the surface w i l l tend to be 

primari ly covered with OH r a d i c a l s , hence wA X> ©s 

and 

fA(«T) f k £ M «T - r ^ * VF • constant [703 

where r , i s the now famil iar constant de tern in lnr the r a t e a 

of va r i a t ion of the free energy of adsorption of species A 

with coverage* Subst i tu t ing equation (70) Into [69bJ then 

leads to 

Vg • hi2 exp [ $ g * ) VF • VFJ/2RT • 3Kg«axp[ (>Y>VF]/iiRT [69«3 

and the r e s u l t i n g Tafel slope i s 

dv/d In i - (£|£) ( ^ ) 

when reaction II is rate-determining* 
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when r ^ 1 , I . e . S^ • ^BB* fch® f*afel slope become® 2BT/F 

which I s Iden t ica l with the r e s u l t obtained above for the same 

meehanisn using the I n t r i n s i c heterogeneity ssodel and assuming 

r* m r*.* 

The treatment becomes somewhat more complicated i f 

the terminal desorption s tep I I I (see p . 85) i s r a t e -de t amln ing 

and both s teps I and I I are assumed to be a t quas!-equilibrium* 

For reac t ion I at quasi-equ11Ibriura, w© havo as before 

d (6A • frig*) ^ 3 S kk ** W * constant [68a3 

Equating the forward and backward r a t e s for reac t ion XI 

kg#A exp-[AO^ - afA(«T) •*• ( l - a ) ^ * ^ ) - pv"J/RT « 

**& w t ^ g • ( l*a)fA(#T)-afB(9T) • (l-{3) VPj/RT t7U 

hence 

^ exp [fA(«T)3/KT * **Kg exp (-VB/KT) (71a) 

B 

Following subs t i tu t ion of fA(4g) and fg(Gf) from equation [6Ua3 

and [65a ] , r e spec t ive ly , equation [71aj r ives 

>£ e x p [ k £ M ( ^ ) e T J / R T m *%g exp ( -VF/KT) [71b 3 

In equation [713 i t nust be noted tha t the j re-exponent la l 

t e rns in 9. and 9% cannot b® nepleeted (as In th© previous 

d i scuss ion) , since a t equilibrium the r a t i o of t-vese two 
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quan t i t i e s may vary over several orders of mafmltude as the 

po ten t i a l i s changed in a raape corresponding to a r e l a t i v e l y 

s n a i l va r i a t ion of 9^* 

The r a t e of react ion I I I , vhleh la assessed r a t e -

determining in t h i s c a se , i s then riven by 

v^ » k 3 exp - [AO^ - 2aXB(fljg )fLl (723 

or 

v 3 - K3 exp 2ak f AA [(£$?) 9h • Y* B 3/BT* [?2a3 

We subs t i t u t e for k AA using equation [68a3 

®A • «*?> H 

TU e*P » H - & - i t S 3 

and obtain 

'3 - -3 ~f *-wi^-7^ir®B 
XK, exp ( S ) r ( l » Y ? ^ ^ 2 Y 0 B J m h } 

which gives a Tafel slope of 

R - 29& * ( 1*Y) % 

We consider here only the case of ac t ivated adsorption (see 
p . 65). The equations for non-aotlvtsted adsorption are 
equivalent except for the factor a which lias to be omitted. 
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for s tep I I I rate-determining* 

I f we assume reasonably tha t Y •* 1* the Tafel slope 

becomes simply RT/P which i s iden t i ca l with the r e s u l t obtained 

using the i n t r i n s i c heterogeneity model and assuming rA * r« 

(or i n the I oudart model to be discussed below). I f y > 1 

the Tafel slope wi l l be s l i g h t l y entailer and vice versa for 

Y < 1 . 

The r .h*s* of equation [71b3 represent® an e lec t ro* 

chemical equil ibrium constant* For the case of the ox&?,exi 

evolution reac t ion we may regard the chemical pa r t of t h i s 

constant as being c lose to un i ty (since tho ehewloal bond 

energies between each adsorbed species and the mxrtm® are 

probably of comparable magnitude) hence we t?mj assume, approx­

imately , tha t a t th© potent ' r t l of aero char?© ( p . x . c . ) 
S> J4 

fa. * *B Oxygen evolution usual ly occur® a t po t en t i a l s 

appreciably anodic to the p*s*c. of rail meta l s , so tha t In 

"lost oases we can safely assuiae 0g » 9« during oxygen 

evolut ion. This assumption leads tv i Jafel slope of 

tydgl) for ». te^al -»rp«o. .»*, m. «* *«a* b. 
close to BT/F since Y w i l l be close to un i ty . 

I t I s physical ly ra ther unl ikely ttwt 9% « §A during 

Speclf ie adsorption of anions a t the p*e*cu I® assured h@re 
to be negl ig ib le* 



•a* CjKj — 

oxygen evolution* If, however, this did happen to be th© case, 

then Tafel slopes nusserically close to those obtained for the 

earn© Rsehanism assuming Lejuoauir conditions will be observed 

at low as well as at intermediate coverages* This point will 

be discussed further below* 

We note that the two models discussed above lead to 

th© same results if tho adsorbed species are chemically similar, 

which is also tho result obtained by considering the more 

general Indueed heterogeneity modal (see below)* In the latter 

case, however, our conclusions are independent of any assumptions 

about the nature and properties of tho intermediates* 

(Hi) Kinetic Equations Arising, in the Case of the Induced 
*MMMew»«*«M*»*«>««HWi*»»Mw»M»aei^^ ma mni**m**m*mK^*mm*<imil!)Hmmm 

As discussed above, this is the most plausible model 

which can account for linearly falling free energies of 

adsorption with coverage (of. 80) observed, for example, in the 

chemisorption of K (7$) and 0 (79) at metals at intermediate 

values of the coverage* In the case of combined adsorption of 

IT and H at Iron (80), a priori heterogeneity of adsorption 

sites has been shown (72) to be quite Incapable of explaining 

the observed adsorption behaviour of H In the presence of if* 

It may be noted that the latter work (72,80) indicates that 

the r values tor variation of heats of adsorption of H and H 
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with coverago are d i f f e r en t . This case Is c le r l y re levant 

to the problem to be discussed he ro , where more than one 

electrochemical intermediate may be chemisorbed in a complex 

reac t ion seq'**iice* "e bene© adopt th© induced heterogeneity 

saodel (72) as tho tnost reasonable one for considering a l inea r 

f a l l of heat of adsorption with coverage and apply i t to the 

ease of two (or more) chemisorbed specie®. The equations 

analogous to [61|a3 and [65a3 far species A and r , may then 

be wri t ten as 

""A - < - ' A * 'B«B '731 

AHg - *H» - r4*A - * „ * , mi 

since the variation of heat of adsorption of the species A or 8 

will depend, to a first approximation, on the mm of two terms 

involving the respective dipole double-layer surface potential 

contributions from both species A and B, I.e. th© term In 

rA9A will involve the dipole moment of A and that in r»9B ; 

mmmmmmmmutmmtmnmm • W O T I I«—II \*m — m n a n—»fwwnn"wi*i i mrnrni MUM m m r r TTOI i m-mir L-nr mr—mrrnniirifi'ii nmnnnrrirri—rwrrmriTTrmTi Trrrwn-rifiinw 

Siddlql and Tompkins have shown very recent ly (>2) th«*t the 
surface potentl >1 change due to the adsorption of two d i f fe ren t 
adaorbates can be ca lcula ted from the r e l a t i v e amounts and the 
Individual d ipole momenta of each adsorbate* This 5 S in 
agreement with the Boudart model (12) rind the general form of 
the t{9) function used below for t h i s rtK)d©l (equations 73»7U-)« 
Deviations from a simple a d d l t l v i t y law wore unambiguously 
cor re la ted with the formation of "surface complexes" (Bg)* 
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the moment of B* I t i s important to note t h - t the same terms 

determine the var ia t ion of heat of adsorption of both A and B 

with ©overage by A and B, and v® sha l l represent the terms 

#e now proceed to discuss the oxygen evolution 

reac t ion again , but now for the indueed hetero penalty w*&uX 

assuming, as In tho previous ca se s , tha t the i n i t i a l discharge 

s tep la a t quasi-equi l ibr ium, with one of the following 

s teps ra te-determining. 

From equilibrium in the i n i t i a l discharge s tep we 

obtain the previously derived equation 

t(9) • VF • constant [68b3 

This can, of course , be considered the most penaral form of 

t h i s equat ion, applicable to any model, with the def in i t ion 

of f(9) depending on the model* 

(a) An Intermediate Step Hate-Detomlninfe 

We now consider the k ine t ic equations which a r i s e 

when s tep I I i s ra te -de termining , t h i s I s a rad ica l - ion 

recombination with charge t ransfer (cf • MH • H-0 • • —* IgO +K*Sg) 

but in d i s t i n c t i o n to the corresponding hydrogen producing 

preeess shown In the b racke t s , does not involve desorption of 

the Immediate product* The r a t e equation for I I I s then 

vg * kg 0 o a c m exp ~[AG*J - of (#) * ( I - a ) f (9) - p¥F3/^T [7S3 
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and, with equation (68b), taking a «= 0 » 0*% 

Vg « 5Kg exp VP/2RT [75a3 

where "Kg is a constant independent of 9 and i;, and the 

variation of the pre-exponential term in 9 with potential 

has been neglected at intermediate coverage, fh© correspond!! 

Tafel elope for step II is then obviously 

dV/d In 1 • 2RT/ 

This r e s u l t i s obtained sl^ce the effects of coverage by fill 

end 0 r a d i c a l s on the enerpy of ac t iva t ion for react ion II 

cancel out i f a « 0*£* 

The Tafel elope (2RT/F) obtained i s Ident ica l with 

tha t a r i s i ng under l imi t ing Langmuir conditions a t 9 —* 1* 
OH 

It will be noted that reaction II, with coverage-dependent 

free energy of activation, doe^not lead to a slope of HT/(1 * p)F 

(I.e. «?/F with {3 =» 0*5) a® in th® Langmuir case at low 

coverage, or in the case of a radlcal-lon desorption to form 

a gaseous product (as in the atom-Ion desorption path In 

hydrogen evolution). 

When the OH species are removed by a formal "recom­

bination* type of process (actually an U transfer process) 

such as IV, not involving charfe transfer, the rat© equation Is 
v. • It e 2

Q H exp -(A0{| - 2ot(9) • (l-a)f(#)3/HT (76) 
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Substituting f(«) from equation [68b3 and neglecting th© pre-

exponential term In 9 fives 

i.e., the same result as for II under comparable conditions* 

We note that a first order heterogeneous chemical step such 

as occure in electrochemical decarboxylation reactions (8), 

e.g. the reactions 

HCOO* — U* * COg 

or 

CF-COO* —* COg + OF * 

followlnr discharge of th© corresponding Ion®, will not,involve 

exponential terms In f(9) since they ©aneel out, so that the 

rate of such steps at Intermediate coverages will be practically 

Independent of potential (a slifjbt dependence may be observed 

since the rate of these reactions le proportional to the surface 

concentration of the appropriate radical, OJH3 hence to the 

coverage; since the latter is a linear function of potential 

[according to equation 63b), the Tafel slope will tend to 

infinity)* tinder Lanprnalr conditions, the velocities of these 

reactions, when rate-controlling, will Involve tor«*s In 

exp VF/ET arising from quasI-equllSbrl'm In th® previous ion-

discharge step, so that their Tafel slopes would be 
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dV/d In i » f?T/F. 

<»> A , Terminal. ,.I&sjMPtlon.. 3tep Rate-Petertalnliy 

For the oxygen evolution process , a t l e a s t two step® 

must occur p r io r to the f ina l react ion producing oxygen 

molecules* I f the f i n a l s tep I s recombination of MO e n t i t l e s , 

and I s ra te -de termining , both MOH and MO species can cover the 

surface s l im l f i c an t l y , depending on the magnitude of the 

chemical or electrochemical equilibrium constants for reac t ions 

IV and I I , r e spec t ive ly . The f(w) can then involve s l an l f l ean t 

terras in both 9Q^ and 9Q, determined by 

a 

*0H * 

for reac t ion I I and by 

(_|~.) » ^ exp f (#) /W - h^ exp v?AT £783 
9 OH 

for reac t ion IV* The r a t e equation for the f i n a l s tep I I I 

(e.g* in schemes A or B) i s 

v 3 - k 3 92
Q exp -[AG^ - 2f(w)3/HT [793 

for non-act ivated adsorption of ©g (cf* reference 30) and 

* See , however, p* 91+. for a dlacuaslon of the probable values 
of these equilibrium constant©* 
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v3 « k3 #| exp -[AG^ - 2at(9)}/nf 

for activated adsorption of 0g. For the case when reaction III 

is rate-determining' we can only regard the pre-exponential term 

in 9Q as relatively invariant with potential compared with 

the term exp 2f (w)/BT if 9Q Is at least comparable with 90K, 

that is if the equilibrium constants In equation £773 and (7-33 

are not very much less than unity. This I® probably the case 

for the species involved In this reaction during steady-state 

oxygen evolution, as discussed above* 

From equations [793 and (6 % ) , and (79e3 and [66b3, 

the Tafel slopes for the case when reaction III is rate-

determining are then obviously 

d¥/d In I o BT/2P or RT/2aF, respectively. 

The corresponding slope for the terminal step under Langmuir 

conditions (9m and 9Q « 1) la RT/I*P* 

Under conditions for which the chemical equilibrium 

constants in equations [77) and (733 are mueh less than unity 

(and at low anodic potentials), 9Q oars be much less than 9Qn* 

It the total coverage (l*e* that now principally due to Olf 

entitles) is still of the order 0*5, equations [79) and [79a3 

still hold except that the potential dependence of 9Q must be 

taken Into account, i.e. equation (793 becoines 

V. - ̂ L #fH ©xp (2VF/F.T) exp -[AO* - 2f(#)3/FT [79b3 
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and with equation [68b) and 9QR of the order 0*5, the Tafel 

slope for reaction III is RT/1*P* Similarly, uslRr equation (79a3 

the slope Is RT/2?(1 • a) or BT/3F If a » 0*^. The same results 

for the Tafel slopes follow If reaction XV 1® the equilibrium 

step preceding rate-determining H I . In general, wQ will 

always tend to become appreciable or predominant at higher 

anodic potentials and the results first deduced (equations 79 

and 7/a) will apply* 

e have hitherto examined the kinetics for steps 

in a sequence of three reactions. In a scheme such as C, 

(see p* 86) the kinetics for I and II will be the same as we 

have discussed above* The kinetic equation for the ease %feen 

reaction V is rate-determining will be 

•* * Kt »n c - ®*p -[A0£ - of(w) • (l«a)f(#) - PVFJ/RT [803 
* * ° OH b 

where t(9) Involves 9Q» 9QJi and 9^Q * Again the same f (#) 

2 

wi l l be r e l a t e d to VF by equation [68b3 with I In quas i -

equilibrium giving tho Tafel ©lop© for react ion V as 

dV/d In 1 « 2RT/F* Simi lar ly , the recoitMnatlon s tep VI in 

scheme C w i l l give 

V. - k, 9m 9m exp -[Ao£ - 2af(#)3/RT [813 
2 

or 

\ ° H 9on ®HO ®*p " U G 6 " **<•>!/** t^lml 
4S> 
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for the eases of ac t ivated and non-activated adsorption 

of 0g, r e spec t i ve ly , a s In the case when react ion I I I i s 

rate-determining* The Tafel slopes are then obviously 

RT/2eF or FT/2F ao for reac t ion I I I , with the same assumptions 

made above [and previously (20)3 about the magnitude of the 

pre-exponential 9 terms* 

(Iv) Garter a l l ea t ions 

I t i s c lear from the above discussions of s teps in 

the oxygen evolution r e a c t i o n , tha t some important general 

conclusions may be drawn regardi/tp th© k ine t ic consequences 

of considering coverage dependent ac t iva t ion energies in a 

complex sequence of r eac t i ons . In the Langmuir ease , Tafel 

slopes diminish down a sequence of consecutive reac t ions 

following a primary ion discharge step* Thus, for successive 

s teps involving charge t ransfer the Saperian Tafel slopes 

w i l l be RT/(n • 3)F uhere n i s an integer ^ 0 , while formal 

bimolecular "chemical" recombination steps wi l l be associated 

with slopes of HT/mF where m I s mm Integer > 2 and inereases 

down the react ion sequence, e*g* IV gives FT/2P, and I I I 

or VI give RT/li?* 

In the present c a se , for which coveraf©-dependent 

ac t iva t ion energies are introduced, I t i s c lear tha t normally 

no slopes lees than W2/2P wi l l arSse and the values ar® less 

diagnost ic of mechanism than are the corresponding slopes for 
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low coverage, Langmilr conditions* It will also be seen that 

the ,,reeombinatlon,, slope of RT/2F arises only In th© case of 

a terminal recombination step 3n a series of consecutive 

reaetlons, and intermediate recombination (or bimolecular 

rearrangement) steps are not associated with this slope or 

corresponding values of the form ff/wtF. 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 La»??aulr slope can be 

RT/mF where ra Is an integer only equal to two for a recombi­

nation step Immediately following the initial charge transfer 

step, as In the hydrogen evolution reaction. The conditions 

9Q // Vgu during the steady state oxygen evolution leading 

to the lower slopes HT/I4.F or RT/3?, are unlikely in anodic 

oxygen evolution since, on chemical grounds, th© chemical 

equilibrium constants In equations (773 and [/ ] will not be 

expected to be « 1 and, in addition, the potential will 

normally be well above the potential of aero charge for moat 

metals at rates of oxygen evolution which can be conveniently 

measured (i*e. at current densities > 10 ' a*om* ) as pointed 

out above* 

The results deduced above were shown to bo independent 

of the exact form of t(9) (ae® p* 87 ) , since f(@) can always 

be expressed In terms of VF and constant© in an equation of 



- 105 -

the form of (68b) for quaol*equilIbrIum in th© lon-dlscharg© 

s tep (when a subsequent s tep l a r a t e - c o n t r o l l i n g ) , and the 

same t(9) always a r i s e s in the argument of the exponential 

involving the f ree energy of ac t iva t ion in the r a t e equation 

for the r a t e - con t ro l l i ng s t e p . These general conclusions 

only apply, of course , to intermediate coverage conditions* 

At very low or qui te high coverage, l imi t ing Langmuir conditions 

apply with the Tafel slopes as previously deduced (6,7,13,39)* 

based on d i r e c t potential-dependence of th© concentrations of 

a l l adsorbed intermediates in pre-exponential terms in the 

r a t e equations for the s teps pr ior to the rate-deterndnlnp 

step* 

We have shown above tha t the model assumed to 

aeeount for the var ia t ion of heat and free en®rffy of adsorption 

with coverage wi l l have no effeet on the k ine t le equations 

deduced i f a s ingle adsorbed intermediate i s Involved* 

However, i f several intermediates may be adsorbed a t the In te r* 

phase, s l i g h t l y d i f fe ren t r e s u l t s are obtained for d i f ferent 

models* With the induced heterogeneity model, the Tafel slopes 

derived a re Independent of the ehemi< a l nature of the a&sorbate* 

* This i s only the ease , however, If th© adsorbed opeciec on 
the reao tan t Hside f l of th© rate-determining s tep form a wafer 
pa r t of 9m when the re levant Faradaic process occurs a t a 
steady s t a t e under a given se t of condi t ions . This depends, 
of course , on the chemical proper t ies of th© adsorbates as 
well as on the pos i t ion of the p . s . c * with respect to the 
r eve r s ib l e po ten t i a l* 
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The other two model® yield the same results in the limiting 

ease when the variations of the heats of adsorption with 

coverage, or tho energies of lateral interaction of the 

different adsorbed species, are equal. These models (i*e* 

those associated with intrinsic heterogeneity and lateral 

Interaction effects) allow for the possibility of silently 

different Tafel slopes arising, to an extent related to 

the chemical properties of the adsorbed species* In general, 

the induced heterogeneity raodel will lead to round values or 

simple fractional value® of RT/P for the Tafel slopes if th© 

symmetry factors are taken as 0*5* The other models, 

however will lead to such round values only as special oases 

for limiting relative values of the r coefficients for the 

various species* 

Althoufdi we have made th© above deductions for steps 

in the oxygen evolution reaction, it is clear that the 

conclusions are general for any electrode reaction involving 

several steps and more than one adsorbed intermediate, 

applications, for example, to decarboxylation reactions have 

been considered elsewhere by Conway and Dslecluch (S) and are 

recorded in another thesis (27)* 
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CHAPTER H I 

pa* OOffTFlBOTIOHS TO Tfjg.MWjMO T&B0B1 OF, ApBOBmoif 

F^EODOCAPAOITy 

1 . GEEfBRAL 

The dependence of adsorption pseudocapaeity on 

coverage and potential has been discussed by Buckets and 

Weblus (U6) and by Bockris and Kite (70) assuming limiting 

Langmuir conditions, and was briefly reviewed in th© 

Introduction (see p* 75) Kucken and $eblus have also ̂ Iven 

an equation for the total effective adsorption pseudo* 

capacitanco (containing a "Laapnulr** term as well i&e a 

"T^skln8 term) in terms of coverage, which can be sahown to 

be equivalent to the equation derived in a differ ait way by 

Conway and CJlleadi (10)* The significance of the form of 

the C-© relationship has been discussed by Conway <and 

Bourgault (39) and by Conway and Head! (10)* The latter 

authors also computed the C-V relationship numerically for a 

general ease and discussed Its relation to the parameter r 

determining the rate of decrease of free energy of adsorption 

with coverage. 

Here we derive first the expressions for the adsorption 

pseudocapaeity under Langmuir conditions, using the steady 
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s t a t e assumption, in order to develop I t further to general 

forms involving, in add i t ion , Temkin, or HTamkin-llke* terms 

(we use t h i s terra here to r e fe r to cases when the free energy 

of adsorption i s a l i nea r function of 9® with n / 1 ) . Urn 

s h a l l see below t h a t under ce r t a in l imi t ing conditions the 

steady s t a t e treatment gives r e s u l t s iden t i ca l with those 

obtained from the quasi-eriulllbrium assumption. In cer ta in 

e a s e s , notaMy when the discharge step can no longer be 

considered a t equil ibrium, only the steady s t a t e treatment 

Is appl icable and leads to d i f ferent r e s u l t s to be developed 

below* 

2* P^WMCAWCITI UISDEE LAHPMPIF fiSrDTflQM 

Consider a general aeqtjonee of anodic reac t ions 

K • A* —» MA • e VII 

M A * A* - * S© «• e «• C VIII 

2KB ~* 2M • B~ IX 

The normal requirement for va l i d i t y of a steady s t a t e 
treatment for deducing concentrations of intermediates i s that 
the ooncentrations of the intermediates are small a^d hence do 
not change s ign i f i can t ly during the course of tho reaction* 
This condit ion does n o t , however, apply to electrochemical 
reac t ions under constant current and po t en t i a l condi t ions , s ince 
the reac t ion I s forced to be in a steady s t a t e , i r r espec t ive 
of the concentrat ions of the various intermediates involved* 
The steady s t a t e treatment can hone© leg i t imate ly be used for 
ca lcu la t ing the coverage by intermediates and the associated 
paeudocapacIty• 
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We shall assume first that the rate constant for reaction XX 

Is much greater than that of either of tho prevlouss steps, 

so that 9B « #A and «A • 0 T which w© shall write for slsiplieity 

as 9* With this assumption, w® proceed to ealeulate the stea^ 

state coverage by A radicals, determined by the eois&itlon 

d 6*/dt « 0 

The rates of the relevant reaction steps can be written in 

abbreviated form 

v7 » ky (1-e) exp (V/b) « a^ (1-9) [823 

v_? » k ^ 9 exp (-V/b) * a.7« [833 

vQ •» kg 9 exp (v/b) » a8© [%3 

where k», k~ and kg are the rate constants at unit concentrations 

in the double-layer and Including the doubles-layer potential 

term (cf. p. 62) and a., a » and a§ are the corresponding 

electrochemical rate constants (13). ^he parameter b is 

defined as b » 2RT/F (assuming here thnt all symmetry factors 

are equal to 0*^)* 

The steady state requirement leads to 

" v7 * v.7 * v8 * ° *8^ 

hence 

•»(!-#) - a-7 9 - a@ w « Q (863 
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«r 

al11 i i — x - r r W I 
°7 -7 a8 

differentiating with respect to ¥ we have 

m • (,7**-7 W " ' " ? ^ - ^ ^ • * W l , {981 

The Langmuir pseudocapaeity la hence given as 

C. » k*(d«/d¥) « k* •• ...nTljf, ,, [893 
(«u*a ™*»0) 

where x i s the eharge required to form a complete monolayer 

of adsorbed intermediates en the surface, as defined above* 

Substituting for the a, values from equations [82-8&J this 

gives 

h [Sc7exp(V/b)^7exp(-vA)^«x»(V/b)3* 
Ch a k r—l~~Zi . . — j [89a| 

The maximum in capacity will occur a t a potential 

where the condition dCj/d¥ « 0 i s sa t i s f ied , that i s when, 

dCT 2k KnKn A * 

-& " b7^7 $? {V*-A*V ra ° * * > * 
hence 

fcy - a - 7 • aQ « 0 [911 

so that 

(a- • kg) exp (V^b) « k ^ exp (-v^la) 
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or 

exp (2Vj/b) » k^fiy+kg) [91b3 

Equation (91b) defines the potential V^ at which C L will 

reach its maximum value. 

Combining equations [893* [913 and [91a3, we obtain 

CL(max) * ^^L eKp pvjb « ^ x ^ J j - [92) 

Substituting the value of b Into this equation we have 

Equations £89a3 and C92a3 are the general expressions 

for the Langmuir adsorption pseudocapaeity and Its maximum 

value wfeen a single intermediate Is adsorbed on the surface 

of the electrode. If step VIII la rate-determining we have 

k~, k - » kg and hence 

k « F k, exp(VP/RT) 
CT * £mm x -t--*- x • •• ' • ' m C89b3 
L Ki K ^ (i4.(k7/k-7)exp(¥P/TT)3 

with 

CL(max) • |yp [92b) 

-At 

In the above derivation we assumed $*$•$ and defined accord­
ingly b*2RT/F* Our final results (equations 89b» 92b) do not 
depend on this assumption since the symmetry factor j3 cancels 
out between terms in p and (1-p). This mmt be so since #, and 
consequently its derivatlvo C^ are quantities defined by 
(quas0Hiquillbrlum conditions, and cannot therefore depend on 
the form of the energy barrier, as discussed in the Introduction* 
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The constant k has been defined above as the eharge 

associated with formation of a monolayer of adsorbed inter­

mediates per unit real surfaee area* Taking th® number of 

sites per sq* em* as 10 5 (e.g. for adsorbed H), we obtain 

k* * 1*6 x lO8 |*C. cm?2 C^max) » 1.6 x 103 ̂ P.cm?2 

The numerical value of k obviously depends on both 

the also and "valency* of the adsorbs t e , and the geometry of 

the adsorbent surface involved* Me shall a rb i t ra r i ly use the 

value given above for our general calculations, since our 

discussion and conclusions do not depend on this value* 

The coverage 9n a t which C^ reaches i t s maximum 

value i s obtained by substituting equation [913 into equation 

[873 as 

% " ft^^ m SXe^r m I ck^5 ml 

Aesumlng that step VIXI is rate-determining, we have 

9M - 0.5 

Me note that our result ing equations in terms of the 

steady s ta te assumption are reduced to those obtained using 

the quasi-equilibrium assumption (1*6,70) when fe, » kg* This 

i s to be expected since the above inequality applies when step 

VIII i s rate-determining, and th is is also the requirement 

for the applicabili ty of the quasi-equilibrium assumption* 



In the following development w® shall assume quasi-equilibrium 

In the initial discharge step* Cases for which equilibrium in 

steps prior to the rate-determining step Is not maintained 

will be dieCUEsod separately. 

In tho limiting Lanpaiir ease, the coverage em be 

expressed explicitly in term® of potential, and the adsorption 

pseudocapaeity can hence be obtained directly as a function 

of potential* This procedure cannot be followed when a 

general adsorption isothwm 1® considered wMch involves both 

linear and exponential terns In 9* In th© latter case, we 

express the potential In terms of th© coverage and obtain 

from it the variation of pseudocapaeity with coverage* 

Combining the data from the 0-9 and the ¥-9 relationships, we 

then obtain numerically the required dependence of c on v, 

we shall now derive the variation of pseudocapaeity 

with coverage under Langmuir conditions* uslssfl th© quasi-

equilibrium assumption* 'ihus, putttnr: v7 • v «, we have 

8^(1-9) • a„7 9 (9W 

hence 

which is another equivalent form of equation [91, written for 

a general anodic process* liquation [9b3 can be rewritten as 
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hj m -(BT/*)la K, 

Then differentiating with respect to 9 , we have 

so that 

and 
t 

eh - §tf »U-9) # [973 

Pro® the l a t t e r equation, the values of C^Cnac) ** (k*F/l|RT) and 

9 » 3*5 are obtained directly* vie rwark again, In concluding 

th i s Introductory section, that the above resu l t has been 

previously derived by several authors, but the ealeulatlons 

have been given here to form a basis for the original 

calculations which follow for the more general ease where 

Langmuir conditions do not obtain, and t4ten seme degree of 

non-equilibrium In the discharge step i s Involved* 

The same resul t can obviously be obtained from the steady 
s ta te ts»eatsa@nt by substituting the value of 9 fross equation 
[873 into equation [893 a»d neglecting a^ with respect to 
c. and a .* 
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3. T M TOTAL EFFECTIVE APaOKmOTf PSKUDOCArACnY 

(i) Pseudocapaeity Associated, with a fflnrle Adsorbed 

Intermediate 

¥e now proceed to derive the equations for a general 

anodic reaetion (steps VZI to X%) in wis.? eh the surface coverage 

is due predominantly to species A (e*£* as would be th® case 

when step VIII Is rate-deter«lni»f:, and the final product Bg 

Is not In equilibrium with IB). The treatment here will be in 

terms of the Boudart induced heterogeneity model (72) but It 

follows, however, that any other model giving rise to a linear 

variation of th© free energy of adsorption with coverage will 

lead to the same result, provided that only a single inter­

mediate is adsorbed on the surfaee, as already discussed above* 

The general function f(9) In this case takes the simple form 

f(9) * r.9. which w® shall write as r9 for brevity. For 

quasi-equilibrium in th® initial discharg*© step we have 

k- (1-9) exp -[AG£ * or9 « pVi'J/RT 

• k ~ 9 exp - U < / ? - (l~a) r# • (l«0)VPj/PT [933 

which has been written for convenience at unit concentration of 

reactants In the double-layer. Hence 

<1?5> exp (ff) « K? exp (|f) [993 

V « §£ In [9/(1-9)3 *fP • Ht, [1003 
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where !U and HK» are constants independent of coverage and 

potential* Equation £993 ia obviously equivalent to equation 

[14.93 above, written her® for ®n anod!c process* The pseudo-

capacity for species A a t th© metal is then given foy 

which involves a ^Lan^failr11 term in 9/(1-9) in addition to a 

"Temkin" term In r*^ 

Comparison with the equations 

and 

tj - I KM 
defined previously for limiting Langmuir and Temkin conditions, 

respectively, shows that equation [1013 ea^ be written In the 

form 

T L 

i.e. 

* I t i s important to not© here that* istfle in the ra te equattena 
terms in 9 and 1-9 can b@ legitimately neglected when 0*2 < 9 < 0* 
and an exponential term i» f(9) Is important, in the pteaadoeapae.it 
equation [1013 the term d In [9/1-93/d9 can normally not be 
neglected In eomparI son wife r/P* 

http://pteaadoeapae.it
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The fact that we can write the overall pseudocapaeity 0 in 

terms of limiting contributions from a "Langmuir term" C^ 

and a "Temkin term" C^ is sm Important conclusion since it 

implies that the two pseudocapaeity contribution combine 

effectively in series te determine th® overall pseudocapaeity, 

i.e. when one la much larger than the other, the .smaller 

capacity will determine the overall capacity. In terms ot 

potential-dependent coverage, thle implies that when two terms 

Involve the coverage as in equation (1003» the actual coverage 

will be determined by the term predicting the lower coverage at 

a given potential. 

The potential dependence o/ C for various values of 

r may be evaluated by calculating C as a function of 9 and 9 

as a function of V using equations [100] and [1013. ve note 

that Kj « 1, otherwise «„ will be near unity even at low 

anodic overpetentlals. We take log &» « -2 as an example 
—1 

and r having values of 0, 5, 10 and 20 Kcal* mole (these 

figures are chosen to be approximately within the observed 

range of mean dependence of heats of adsorption of various 

species upon cover«r« when aporoximately linear relations 

between 9 and heat of adsorption arise for 0*1 < 9 < 0*9)* 

Choice of other values of K_ will only shift the scale of 

values of V and will not change th® form of the dependence of 
9 or C on V (70). 
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The ca lcula ted values of 0 as a function of 9 and V are 

shown In Figures 6 and 7 , r e spec t ive ly , and the Langmuir c a se , 

corresponding to r « 0 , i s shewn for comparison* These eases 

w i l l apply t o any univalent species predominantly covering the 

surface for th© values of te and r chosen* I t wi l l be noted 

th.it for the Lanpnulr caset (a) C I s never p o t e n t i a l -

Independent, except as i t tends to aero and (b) the pseudo-

capacitance w i l l only have raeaaurable va lues , in comparison 

with the Ionic double-layer capac i ty , over a narrow po ten t i a l 

range of some 2k0 mV* Introduction ©f a f i n i t e value of r 

produces a rang^e of C values lehieh me l e s s potential-dependent 

than in the Langmuir ease but never s t r i c t l y potential-Independent 
- 1 However, when r » 10 or 20 Heal* mole . , 0 i s sensibly constant 

over 350 and 700 mV, re spec t ive ly , a® ha® been previously dedueed 

q u a l i t a t i v e l y by a quasl-thermodynamie argument in the paper by 

Conway and Bourgault (39)* This i s tho kind of behaviour t ha t 

i s observed experimentally in some cases (7*39) but p o t e n t i a l -

dependent pseudocapaeity i s found und®r other conditions e.f* 

SL 

In these calculations, the some constants are used for the 
evaluation of k as discussed above* Their exact values are 
not of Importance her© as we are only Interested In the relative 
variation of C with 9 or V* Comparison with experimental data 
will require an assifoment of the surfaee concentration corresp­
onding to 9 « 1 and th© charge transferred per radical adsorbed 
as well as the real/apparemt "area rat? o for the electrode 
surface* 

http://th.it
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Figure 6* Variation of th© overall adsorption pseudo-

eapacity with coverage 9. 
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Figure 7. variation of th© overall pseudocapaeity 

with potential V* 
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for the hydrofon evolution react ion a t nickel in a lka l ine 

solut ion (12) , and with the nickel oxide eleetrode (7#39). 

When a po ten t i a l independent pseudocapaeity c o n t r i ­

bution i s involved ("Vertkln" conditions* r f i n i t e ) i t w i l l be 

noted tha t the Maximum paeudocapae^ty i s subs tan t ia l ly lower 

than the <J _ ca lcula ted (1*6 x 10^ a«'. en ) for the 

"Langsuir" case* However, for values of r even as high as 

20 Seal* stole* , the irsaxlsjuss capacity should be read i ly 

d i s t ingu i shab le , aver a wide rang* of po ten t i a l or coverage, 

fro® the Ionic double-layer capac i ty , which normally does not 
**2 exceed about 100 |±P. em a t po ten t i a l s anodic to tho po ten t i a l 

of sero eharge (17)* In a l l eases a t very high po ten t i a l s 

C - * C . , , I . e . the measured capacity w i l l tend to the Ionic 

double-layor capacity* The ^Lang^uir8' case (equation [973) 

i s evidently a specia l case of equation (1003 and in moat 

oases w i l l not correspond to experiments1 condi t ions , since 

heats of adsorption are r a r e l y independent of coverage. Even 
—1 If r i s as low as 1 Kcal. raola , C(isax) wi l l be s ign i f i can t ly 

l e s s (ac tua l ly about 1.1 x 10-* i*F* cw ) than 1*6 x 10^ t»F*cm** 

and the rant® of the po ten t i a l dependor.ee of C wi l l be substan­

t i a l l y l a rge r than tha t for the wLanpmulrw case* Some values 

of C(aiax) and Cm as a function of r have been p lo t ted in 

Figure 8I Cm can have values greater than C^,(nax) for low r , 

but combined with 0^ (equation 102) nust lead to values of 

http://dependor.ee
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Figure 8* Variation of the laaximtsa pseuttocapacity 

and the "TemklnM contr ibut ion with 

values of r* 
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overall C(iaax) less than C^fmax). 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 nor® than one adsorbed species a t the 

surface* 

<**> ffffiaoeapaeity A^soc^ated wfrjo, lioye,,thsn One Adsorbed, 

The reaction scheme 

M • a" -* m * e (fast) VII 

MA ~* I© (fast) X 

2m —* Bg (slow) IX 

i s considered with IX rate-controlling so that 9k and ®B 

may both be significant. The heats of adsorption of A and B 

are assumed to be given by eajuations C733 and [7U involving 

f ( # ) . For VII and X a t equilibrium (ef. equation 68b) 

t(9) m YF * Ky [10y 

and 

V*A m W k -10 m ^ 0 I W 
fhe l a t t e r r a t io i s independent of to ta l coverage and potential* 

so that 

t(9) m rk9k • rB0B - r&9k + K10 rB9k * \ f i am 
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where \ Q « rA + i t ^ 

How 

c - k* ^ « k ' d [*>A • e ^ / d v (1073 

but 

Bow from equations [1063 and [63b] 

d # A M - F/[rA * K ^ J [1093 

so t h a t , from equations (1073 and [1033 
5 + ft 

C - k* ( l • K ) d«A/dV « k ' c ^ j a / ^ S )p m k 'F/r* [1103 
10 A 10r B 

where we have defined 

I t i s thus seen tha t when rsore than one intermediate I s adsorbed, 

a constant pseudocapaeity contr ibut ion i s s t i l l obtained and, 

moreover, the apparent value of the r a t e of change of free 

energy/adsorption with coverage i s s lnply a weighted average 

of the values for the two individual species* 

{formally the r a t i o «3g/t>A w i l l depend on p o t e n t i a l , 

ei therS (a) due to a change In the number of adsorbed species 

caused by an act of the flven s tep (e.f*. in a ease such as 

2 HA — MB, v i s . 2 !*0H —* MO • Ĥ O [react ion IV)) with the 

previous eharge t ransfer s tep in oj iaal-equl l ibr luat or (b) 



— I2j> — 

when there i s a d i r e c t potential-dependence of the equilibrium 

constant for X (i*e* for a react ion such a a M A ^ A * — * e * M B + C 

(cf* reac t ion V I I I ) . in e i the r ca se , 9k and 9^ w i l l only be 

comparable over a small ran^e of electrode po ten t i a l s (which 

may or nay not be access ib le p r a c t i c a l l y in an experiment) 

so tha t we can t r e a t the problem general ly by assuming #A » 9jt 

or 9k « *Jg which implies tha t f (#) » rA$A or **B«g* 

The t o t a l Tenkin pseudocapaeity contr ibut ion given 

by equation [1103 wi l l eotnhlne with the Langmuir tens as in 

equations [1013 «md [1023 to give th© overa l l pseudocapaeity 

which wi l l then have a po ten t i a l dejH&ssdesee s imilar to tha t 

deduced above depending now on the value of r in equation (1103. 

k* BLKCTOOPE PQgtaiTlAL ASP COVKRAGS 

I t i s of some i n t e r e s t to evaluate the form of the 

va r ia t ion of surface coverage with po ten t i a l under various 

conditions* In the l imi t ing Langmuir case ( r » 0) t h i s 

var ia t ion I s given by equation [9b3 or 1953, while the general 

r e l a t i onsh ip i s obtained from equation [1003* 

Thus i f s tep X was replaced by v . i n , the following equation 
would r e s u l t s 4^/«A

 ffl Kg exp VF/RT (cf* equation 7 7 ) . I f »A 

i s equal to ftg a t a Riven value of V, then we sha l l fS nd 9*v( Og 
ervg « 9k I f the po ten t i a l i s chan ed by plus or minus 0*06 ? 
or isoro, r e s p e c t i v e l y , so tha t in prnct lee the t o t a l coverage 
wi l l be l a rge ly determined by thnt of one species or th© other 
over a wide po ten t ia l range*. The sais© conclusions would follow 
i f s tep X were of the term 2 HA —. MB * c . 
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In the Langroulr case (r * 0 ) , 9 varies with potential 

as shown in Figure 9. An approximately l inear region occurs 

over a range of about 60 mV. As r increases, the l inear region 

of © v& V" Is extended, but at high or low potentials a short 

non-linear region always arises from the l inear term In 9 in 

the r a t e equations* The coverage !s essentially l inear with V 
—1 over If 0 mv. «h©n r i s 10 Kcal. saole • the dotted l ines In 

Fig* 9 show what the #-V behaviour would be if only the Teiakin 

tens ( I . e . the linear term In 9 in equation [1003) determined 

the dependence of 9 on V* Obviously this mist lead to a 

completely linear dependence of 9 on V as shown. This Is a 

f ic t i t ious case, since in rea l i ty at very low or very high &$ 

the «V(l-#) terra will always be Important and give th© curving* 

off region of the l ines a t each extremity. 

I t Is et In teres t , however, that in the range where 

9 i s linear with V (for appreelable values? of r ) , the actual 

values of 9 a t any given potential are significantly different 

from those calculated from the exponential (Temkin) term in 9 

alone* For example, "when r » 10 c a l . , the pre-exponential 

terra In 9 never becoiaes negligible compared with the exponential 

one, so far as the relationship between 9 and V Is concerned* 

nevertheless, a linear variation of 9 with V (constant eapacity) 

i s s t i l l obtained, since the deviation of the pro-exponential 

terra from a linear <MT relationship Is negligible with respect 
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yiruro 9 . Variation of coverage 9 with potential V 

for Langsaulr (r • 0) and Lan^sulr • Tesikin 

conditions (indicated r values). 
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to the value of 9 a r i s ing from the exponential term, except 

a t very high or very low 9* 

5* Tim FORM OF THE C-V RBLâ XQflSHXJ* wlfffl> WU FRBK EfflBBOT 

VARIES WITH «" (a J* l ) 

In the previous sections, we derived the form of the 

dependence of the total effeetive adsorption peeudoeapaeitanee 

on coverage and potential assuming that the free energy of 

adsorption decreased linearly with Increasing coverage* Here 

we wish to treat the case for tfoleb the free energy of adsorption 

has the form 

m9 " mo • ^ f m 3 

with n having values other than unity* Here specifically, we 

shall discuss cases in which n » 0*5 and 1*5, corresponding 

to a model involving electrostatic repulsions in the two-

dlt8®r>8ional surface phase where the decrease in free energy of 

adsorption is due to ion-ion or dipole-dipole repulsions, 

respectively* As pointed out above, it is unlikely that this 

model accounts for the variation of the free energy of adsorption 

with coverage in most cases over the whole coverage ran^e, but 

It may become significant at higher values of 9 (72)* Borne 

ot our own results are consistent with a dipole-dipole Inter­

action effeet (see Conway, Oileadl and Dslecluch (9) and also 

below) and it is therefore relevant to discuss the effeet of 



- 129 -

assuming n f* 1 in equation [1113 en the term of the C-V plot* 

If n a 0*£ (ion-ion repulsion model) and we assume, 

as before, that quasi-equilibrium is maintained in the I n i t i a l 

discharge s tep , we obtain 

k^U-w) exp -UGj • orw1^2 - pVF3/HT • 

• k ^ e exp - t a f i ^ - ( l -a) r# 1 / / 2 • (1*0) VF3/KT [1123 

when the surfaee i s mainly covered by one species, and the 

equations have been written for simplicity again at unit 

concentration of reactants In the double-layer (see p* 62 )• 

Neglecting the pre-exponential terms in 9 for intermediate 

values of the coverage, we obtain 

y m SS^* • ^ [1133 

where K- is a constant independent of 9 and V* The Temkin 

pseudocapaeity is hence obtained as 

|p m ....fyg | cT • %&-£ 9^Z [liU 

or, in terms of potential, 

a » (_-£)* j cT - « - £ x (—y-i) [115) 

when the free energy of adsorption la not a linear function 
of w, we should strictly no longer refer to "Temkin behaviour'' 
and a "Temkin pseudoeapaolty** fee shall retain the term, 
however, for convenience* 
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Similarly, if n in equation (111) Is taken equal 

to 1*5> (corresponding to a &ipole-dipole repulsion effeet) we 

obtain 

3/2 
S3 V̂"" * **! IH3&1 

and corresponding to equations [1143 and [1153 

or 

( , 1 ) ^ 3 and Cw « ILS , 4 ( 7 f)*V3 {US*,} 
r ' T r 

The overall effective adsorption pseudocapaeity 

will 're determined by a series combination of the Langmuir and 

Temkin terms (equations 102,103) but owing to the dependence 

of Cm on coverage and potential when n f 1, the resulting 

C-V and C-# plots will have an appreciable degree of skewness, 

as shown in Fig. 10 and Fig* 11, where the case for n *> 1 

is given for comparison. It is seen that the shape of the 

pseudocapaclty-potential relationship can Indicate, by the 

degree of skewness, the approximate form of the function of 9 

relating the free energy of adsorption at Intermediate coverage 

to its value at 9 « 0* In particular, it would be qualitatively 

easy to distinguish eases for which a K. 1 from those for which 

n > 1 (cf* equation 111), sine© a different direction of skewnees 

along" the potential or coverage axis results. Thus, a dipole-
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Figure 10. The dependence of adsorption pseudo-

eapaoitance on potential when the 

free energy ef adsorption decreases 

with 9n and n 7* 1* 
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Figure 11* The dependence of adsorption paaudo-

capacitanee on coverage when the 

free energy of adsorption decreases 

with w11 and n f 1* 
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dipole repulsion effect will lead to a C-V plot skewed towards 

lower potentials, while an Ion-ion repulsion term will tend to 

e^use a skewness towards higher values of V. 

We maintain that the mst satisfactory mode! for th© 

variation of the free energy of adsorption with coverage is 

that involving induced heterogeneity in the sense defined by 

Boudart and discussed above, so that any significant lateral 

interaction effects should be detectable from the skewness of 

the C-V plot. It must be pointed out, however, that this 

only applies if the adsorbed species on the surface are at 

least partially hindered with respect to lateral motion. If 

no such hindrance exists, the adsorbste on the surface can 
*£s> 

be considered as a two-dimensional, non-Ideal gas* Applying 

an equation of s t a t e such as the Heichsanstal t (81) equation, 

the f i r s t order correct ion term for non-Ideal i ty due to 

l a t e r a l in te rac t ions ( I . e . the second v i r l a l coef f ic ien t ) 

w i l l be l i nea r in 9, and the contr ibut ion of terms in higher 

powers of 9 w i l l probably be negl igible* I t does not seen 

probable, however, thnt In most electrochemical r eac t ions 

(but the hydrogen evolution reac t ion may be an exception here) 

the adsorbed r ad i ca l s can, In f a c t , move f ree ly on the sur face , 

Me are indebted to Dr* B* Parsons for bringing t h i s 
addi t iona l p o s s i b i l i t y to our a t t en t ion during discussion of 
t h i s work a t tho Asreerlcan Chemical Society m e t i n g , 1962. 
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and consequently be t r ea ted as a free two-dimensional ga s . 

6 . PSSl!i)OCAF4€lTy ESHftVIQUTR IH CASES FOR WHICH THE ASSUMPffCOI 

OF qiASI-EQtilLIHRIUM CT THE IHITIaL Pl3CHaB0,-> STEP 

IS SOT APPLICABLE 

Here we consider b r i e f ly th© forts of th© C-V r e l a t i o n ­

ship for a case in which the usual assumption of quasl-equlllbriuis 

in the pre rate-determining discharge s tep I s not v a l i d . We 

r e c a l l t h a t when the standard free energy of ac t iva t ion of 

a given s tep in a consecutive reac t ion sequence i s ssuch la rger 

than tha t of any other s t e p , i . e . i t s specif ic r a t e constant 

I s much smaller* the r a t e of the overa l l reac t ion wi l l be 

governed by the r a t e of the slowest s t e p , and a l l other s teps 

p r i o r to the r a t e - con t ro l l i ng s tep wi l l e f fec t ive ly be in 

equi l ibr ium. The fundamental requirement for the a p p l i c a b i l i t y 

of the quasi-equil ibrium assumption i s , hence, tha t a r a t e * 

determining s tep wi l l unambiguously e x i s t . The r a t e s of e l e c t r o ­

chemical reac t ions way, Irs genera l , depend on p o t e n t i a l in 

d i f ferent ways, so t h a t , a s the po t en t i a l i s changed, condit ions 

may change from those where the quasl-equiliforlum assumption I s 

appl icable to those where I t Is no t . 

For the purpose of discussing the k ine t i c s of 

e lectrode r e a c t i o n s , we can usual ly assume tha t a r a t e -

determining s tep e x i s t s over most of the range of po t en t i a l s 

studied s ince (a) a r e l a t i v e l y s n a i l difference in the standard 
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free energies of ac t iva t ion of the various s teps w i l l general ly 

be su f f i c ien t to make one of them ra te -de te r f ining (thus If 

for one s tep i s 2*8 Kcal.mole la rger than tha t for another , 

the r a t i o of specl f ie r a t e constants w i l l be 10 ) and (b) the 

electrochemical r a t e constants for d i f fe ren t s teps w i l l usual ly 

depend on po ten t i a l to d i f fe ren t extents ( i . e . the Tafel 

slopes associated with these s teps wi l l be d i f fe rent ) <and the 

region of po ten t i a l over which two s teps can have coraparable 

r a t e s i s s t r i c t l y l imited as shown by Parsons (68) ; Parsons'^ 

argusents apply, however, only to l imi t ing Langmuir condi t ions , 

and we have shown above tha t when a Tesikin type 1 ©other® i s 

app l i cab le , several mechanism may correspond to the same Tafel 

s l ope , i . e . the r a t e s of d i f fe ren t s teps may vary with po ten t i a l 

in the same way* Moreover, we sha l l show below t h a t , while 

for the purpose of discussion of e lect rode k i n e t i c s , a s tep 

say be considered ra te -de te ra ln lng i f I t s r a t e constant i s , 

say , two orders of raa^nltude ©waller than that of any other 

consecutive s t e p , the ideal shape of th© C-V curve stay not be 

observed under ce r ta in circumstances (In pa r t i cu la r when the free 

enerpy of ac t iva t ion var ies excesalvely with coverage i . e . 

r/W2 » 1) unless the r a t e constant of the rate-determining 

s tep Is five to. ten orders of magnitude e*«aller than tha t of 

any other consecutive a tap In a jrlven reac t ion setiueftce* 

¥e sha l l proceed below to discus© a general anodic 

react ion occurring through an i n i t i a l discharge step followed 

AfiT 
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by an ion-atom reoofnbination s t e p , with a possible f ina l 

desorption step thieh 1® verj f a s t , and not a t equilibrium with 

i t s products (of. reac t ions VII to IX). The form of the 

dependence of pseudocapaeity and eoverare on po ten t i a l w i l l be 

evaluated f i r s t (for non-equillbriura in th© discharfe s tep) 

assuming limiting? Langmuir condi t ions , and then using a general 

adsorption isotherm (including both Temkin and Langmuir Tense) 

for various r a t i o s of the specif ic rat© constants of the 

i n i t i a l discharge step and the following ion-atom recombination 

step* I t l a c l e w tha t a somewhat d i f fe ren t se t of equations 

w i l l be obtained i f a different sequence of consecutive 

electrochemical s teps i s considered* However, our method of 

t r ea t i ng the problem, as given below, w i l l be applicable in 

genera l , and th© present case serves both to exetaplify t h i s 

method and to demonstrate the ra tha? more l imited range of 

app l i c ab i l i t y of the quaei-equll ibrl ira assumption when calculat ion 

of C and 9 , and thoIr dependence of po ten t5a l , are considered. 

(1) Limiting, Lanpamlr Conditions 

The equations for the adsorption pseudocapaeity in 

terms of po ten t i a l for th© Langsmir ease have already been 

derived above usinp th® steady s t a t e t r ^a t ^en t . There we 

obtained (see p . I l l ) 

c - l l S * ij&2 . 
h I r r Uky+kQjexpCv/b) + k - exp(V/b)J 2 

k , F (k«/k - ) exp (VF/BT) 

U*(V*fr) exp (VF/RT))2 
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The maximum in the C-V plot was shown to occur at 

a potential fiven by 

where the value of C, is 

We have used equation C89c) to calculate C- as a 

function of V taking three values for the ratio k&/k~, which 

determines the "extent* of non-equlllbrlum in the discharge 

step% Results of these calculations are shown in rir. 12* 

The quasl-enuilibrium assumption obviously corresponds In the 

limiting case to kg/k- « 0* As this ratio Is increased, the 

pseudocapaeity corresponding to any potential decreases, and 

the maximm is shifted towar^f less anodfe potentials (or, 

in general, to lower values of th@ overpotential). The 

shapes of the curves remain, however, unchanged. This can be 

demonstrated by nortaallsslnf; the curves in Fig. 12 ®o that 

they all have the same tmxtmm (t)ds is done by sailtiplying 

each eapaelty value by a factor of (k» • ka)/k~ and shifting 

the curves parallel along the potential axis so that all 

maxima will occur arbitrarily at the same potential). The 

capacity curves normal I «ed in this tmnr,&r than become all 

identical* 



- 138 •» 

Figure 12* The adsorption pseudocapaeity under l imi t ing 

Langssulr conditions as a function of 

po t en t i a l under non-equilibrium conditions 

when the specif ic r a t e constants for the 

i n i t i a l discharge step (Ju) and the following 

ion-atom desorption s tep (kg) a re of 

comparable magnitude* 
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In th i s e a se , when l imi t ing Langmuir condi t ions a re 

assumed to p r e v a i l , we note that conditions for a given s tep 

to be r a t e -con t ro l l i ng a re similar to those required In the 
—2 discussion of the electrode k i n e t i c s , Thus for k»/kg * 10 

( i . e . for the discharge s tep to be rata-detertsinfng) we have 

CL(max) « 0.01 (k'p/ljET) which I s of th® m>&er of magnitude 

of the ionic double-layer eapael ty , and in addit ion C£ w i l l 

go from p r a c t i c a l l y aero t o i t s maximum anct back to sero 

In a range of about 6mV (cf • equation 91c and our argument 

above about the symmetrical form of the G-V curve for any 

TOxu0 *, w —•• — y*a • «f«».- — -
discharge step I s rate-determining) p r ac t i ca l l y no adsorption 

n«eud©eap*>clty wi l l bo observed, a conclusion previously 

reached (13) for t h i s fwehanlsm. Taking ths other axtareme 

ca se , when s~/kg * 10 , C^daax) becomes equal to 0*99 

(k P/ljBT) and th© maximum occurs a t a po ten t i a l V^ • US m? 

If we take k - / k - « 10 ( i . e . the equilibrium constant 

for th© discharge step) a® in the previous ca lcu la t ions 

(cf. p . 117). The maximum capacity thus obtained I s 

99$ of the value deduced assuming complete quasi -equi l ibr ium, 

and the po t en t i a l range over iftich the pseudocapaeity i s appreciable 

I s only sotse 6 mV les s than in the complete equilibrium case . 

Thus, when ku/fc^ ** 10 » th® quasi-eq .5 l ibr iua assumption way be 

considered val id for most p r a c t i c a l purposes. I t i s important 
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to emphasise, however, that these conclusions will only apply 

under limiting Langmuir conditions, as we now show below. 

(ii) A general Case (Combined Langmuir and Temkin 

Isotherm Under tlon-Kquillbrlum Conditions) 

We proceed now to calculate the total effective 

adsorption pseudooapscltanee, using tho steady state treatment, 

i.e. without any limiting assumption regarding quasi-equilibrium* 

We write th© rato equations for reactions VII and VIII as 

v- * k» (l-w)exp (-ar«/HT) exp (0VF/RT) {1163 

v.7 " k«7 • e*P ((l-tt)r#/KT) exp C-(l-£)VP/fcT3 ill?) 

VQ * kQ 9 exp («r#/RT) exp (pVF/RT) (1103 

In th© steady state v„ » v « • v«, hence 

fc- (1-9) exp (-r«/2RT) exp (VP/^RT) « k - 9 exp (r«/0?f) 

exp i-VP/2-?T) • kg « exp (r#/2HT) exp (VP/3ST) (1193 

where all symmetry factors have been taken equal to 0*$. This 

equation ean be rearranged to have the form 

1(~ k«exp (-VF/0ST) • k^exp (VF/2RT) 
1^ i*^) exp (-r*VBT) *» £—* exp (W/M ~~* 

a kg • k#? «XP (-VF/RT) (1203 

so that 

Iky (^jp) exp (-rw/RTj-l^J/k^ » exp(-VF^r) (120a3 
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and 
k 

v • |£ In ( • x ~? 3 U213 
x k-fsJSjexpt-rVRT)-^ 

The total effective adsorption pseudocapaeity will be obtained 

by differentiating the above equation| thus 

or 

| 1 - /arsifeffis,x ft n '-«*" , . 
** Fw* It, (•=§=) exp (-r#/HT)-k8 

" f (1*^ir^?3 x Ml-*)/* -(ko/kyiexplr^M) Cl2?*3 

This equation obviously has the correc t form, since I f we 

assume k«/k« = 0 , i . e . when the discharge step i s a t quas i -

equilibrium in the l imi t ing e a s e , the above r e l a t i on takes the 

simple form 

#~ " I * ¥ * wTf=ST flox3 

which is the expression obtained previously (cf. pnpo 116) 

in a very simple manner, using the qua si-equilibrium assumption! 

The total adsorption pseudocapacitnr.ee Is hence related to 

the coverage iv the most general case (subject only to the 

assumption that the free enercy of adsorption decreases 

linearly with coveragejby tha equation 

C « (k'p/PT) i(l^ftr/p^I(l-9?/3 -(kQ/k7)exp(r#/BT) (1233 

http://pseudocapacitnr.ee
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We cannot split this expression into terms which 

can be recognised as "Langmuir" and *Te»kInM contributions 

as in the quasi-equilibrium case (of* p* 73 ). We may, 

however, usefully discuss some limiting conditions, vie. 

r =» 0 (Langmuir case) or r/lT » 1 and #/(l-w) « 1 (Temkin 

case). 

When we substitute r » 0 Into equation (1233 above, 

we obtain 

CL « (k'F/RTH(l-w)w - A0A73 (12U 

The first term in the squ«?r® bracket is the usual quantity 

obtained using the quasi-equilibrium assumption (k^/kyO). 

when we take, say, kg » k™, the pseudocapaeity becomes 

C L . 2(k'F/RT){(0*? - «)«) 

This corresponds to a pseudocapaeity varying symmetrically 

with coverage between 9 « 0 and 9 » 0*S with C^(max) » k F/8RT, 

i.e. half the quasi-equllibrlum value. This result is to be 

expected since when k« = k~ it is evident that the coverage 

cannot rise above 0*$, and th® value of C^(max) Is exactly half 

the value obtained for the case when kg/k» * 0 as derived 

above (cf* equation 92a)* 

Our second limiting ease, when r/R* » 1 and 

9/(1-9) » 1, leads to the expression 

cT - &-E u-tkgA,,) *XP (r«/nt)3 11251 
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This equation i s applicable only I f 

1 > kg/ky exp rw/HT 

since If th® r . h . s . of t h i s inequal i ty become® larger than 

u n i t y , the calculated pseudocapaeity has a negative va lue , 

which has no physical s ignif icance in t h i s case* In fac t the 

equation 

1 » kg/fey exp (r#/RT) 

defines the l imi t ing value of the coverage which can be 

reached for a given r a t i o of the r a t e constants ^n& some assumed 

value of r/?ri' as 

9 » (RT/r) In ( b y ^ ) [1£6] 

Were the pre-exponential terms in 9 in equation (123J en t i r e ly 

neg l ig ib l e , we would then have 9 ** 0 for ku » kg* i*e . the 

adsorption of intermediates would be Impossible* Equation 112$} 

can hence only be discussed in r e l a t i o n to cases where **»/«» K 1* 

At low coverage, t&en (kg/k*) exp ( r « / B i ) « 1 , i t leads to a 

p r a c t i c a l l y constant pseudocapaeity, which a t high coverage 

(kg/k7)exp (rfl/NT) » 1) decreases exponentially with coverage* 

In the Langmuir ease we found (cf. p . 139) tha t G^ reached 99$ 

mmmm*mm*»*mmm****"m<i« Misww*WMMtw.M>»*«wwwww>*^"*«^^ i " esasejimi nil n HI*I ww mtmtmmm**m*.mi»*wmtrmmmmmmmm 

This 1a, however, a completely hypothetical case since, for 
any value of r/RT, when 9 beco»nesi very email, the assumptions 
leading to equation (1?53 are no longer valid, 1,®* the pre-
exponential terms In 9 cannot be neriecl 
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of I t s value calculated using the quae^-equilibrium assumption 

when k-/k^ • 10 . For C? in equation [12$] to approach I t s 

quasi-etmilibrlum value k F/r to the same ex ten t , we must have 

(kg/k7) exp (rw/Bl) • 10*2 

Prom t h i s we ean ca lcu la te the required r a t i o of k^/kg for any 

chosen value of r/RT and 9* Taking for example r/RT * 20 

and w«0*5, we have ky/kg « 3 x 10 • For r/RT « 10 and 9 » 0.^ 

we would requ i re k~/k» » lCr . I t i s thus seen tha t under 

l imi t ing Temkin condit ions the app l i cab i l i ty of the quas i -

equllibrium assumption may be l imited to cases for which the 

r a t e constant of the rate-determlnSng step i s smal ler , by 

a t l e a s t several orders of magnitude, than tha t of the I n i t i a l 

discharge step* 

Equation 112$) need not be discussed In any further 

d e t a i l , s i n c e , as we have observed above, the pre-exponential 

terms in 9 are never completely neg l ig ib le with respect to 

the exponential terms In equations r e l a t i n g the pseudo-

capacity to coverars} equation 112$) does not therefore 

represent a r e a l physical erase. we hence now proceed to 

discuss the general case (equation 123) where both "Langmuir** 

and "Tsfkin" terms are included* 

Equation (123) r e l a t l n r th® t o t a l ef fect ive adsorption 

pseudocapaeity to coverage can obviously bo applied only over 
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the range of coverage for uhleh th© resulting pseudocapaeity is 

not negative* This correspond to 

J&J& > k^k« exp (rS/RT) 

Hence the highest a t t a inab le coverage for riven values of 

k-Zkg and r/RT i s defined by the equation 

-y|g . exp (rw/RT) - k ^ k g £12?3 

The function on the l.h.s. of equation (1-273 Is plotted in 

Fig* 13 against 9, for values of r/HT equal to 0, 10 and 20* 

The values of 9 obtained from this graph constitute the limiting 

coverages approached at very high overpetent!els for given 

values of the parameters k», kg and r. As r/B? is Increased, 

the ratio of k^/kg required for the limiting coverage to reach 

a given value increases rapidly, i.e. it becon̂ es harder to 

realise a state of quasl-equtlibrium (which obviously corresponds 

to a © value approaching unity at sufficiently high over-

potentials). Thus for the limiting value of the coverage to be 

8 
0*9, with r/KT a 20, we require k«/kg « 6 x 10 corresponding 

•1 
to a difference of about 12 Kcal* mole in the standard free 

energies of activation of the two consecutive steps. It is 

obvious that in many cases complete quasi-equilibrium may, 

without serious error, be assumed for the purpose of discussion 

of the kinetics of the react!one| however, the corresponding 
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Figure 13* The highest limiting coverage attainable 

under non-equlllbrlum condition© for a given 

value of the ra t io of specific r a t e constants 

of the i n i t i a l discharge step (k») and the 

following desorption step (k«), k»/lcg « 

*/(!-#) exp (r*/RT). 
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C-V behaviour wi l l be appreciably d i f fe ren t from tha t a r i s i n g 

under quasl-equlllbriura conditions for the same s t e p s , and 

i s therefore a more sens i t ive indicat ion or th® k ine t i c behaviour 

In a sequence of consecutive r eac t i ons . 

We have used equation (1233 to ca lcu la te the adsorption 

pseudocapaeity as a function of coverage for d i f ferent r a t e -

constant r a t i o s k^/lty and two values of r/^T equal to 10 and 20. 

These r e s u l t s a re shown in Figs* 14 a , b . On the low coverage 

branch the curves are almost iden t i ca l with the one obtained 

for ko/k™ » 0 (the l imit ing quasi-equilibrium e a s e ) , while on 

the high coverage s ide they deviate markedly from th® quas l -

equllibrlum curve to an extent dependent on the values of 

r/RT and the r a t i o k^/kg. 

The corresponding var ia t ion of coverage with po ten t i a l 

was calcula ted for the same values of r/BT and k»/k/s, using 

equation [1213, and Is p lo t ted in P igs . 1$ a , b . Combining 

equations (121J arid [1233, **e obtain numerically the dependence 

of pseudocapaeity on p o t e n t i a l , as shown In s*igs* 16 a , b . 

I t I s seen tha t for Intermediate values of k~/kg large enough 

mmmmimimmmmmmimmnmmmt i w w wm>mmmm*mm***mmmmmm**»mmiuitm,0§< on—, w i n w*n ^mnmmmmtmmm*w*mi*mmm*m»tmmmm**j*am*im\\mtmwum0mt>mmm*^ m*tmmm*mmmmtm*MmmmK>M*jmmm 

ML O 

Me have assumed here, as previously, that k «/k» * 10 * 

Choice of other values for this ratio will only shift the C-V 
and $»v plot® in a parallel manner along the potentl*?! axis 
and will not affect their forms* 
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Figure 14* The t o t a l e f fec t ive adsorption pseudo-

capacity as a function of coverage under 

non-equlllbrlum condi t ions , for d i f fe ren t 

values of the r a t i o of specif ic r a t e 

constant® for the i n i t i a l discharge 

step (k«) and th® following ion-atom 

desorption step (kg) . 

a . r/BT •» 10 , 

b . r/BT * 20. 
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Figure 1£* The coverage as a function of potential 

under nen-equllibrlum conditions, for 

different values of the ra t io of specific 

ra te constants for the i n i t i a l discharge 

step (k-) and the following ion-atom 

desorption step (k^) 

a* vfP>°£ « 10, 

b* r/Bf » 20* 
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Figure 16* The to ta l effeetive adsorption pseudocapaeity 

as a function of potential under non-

equilibrium conditions for different values 

of th® ra t io of speclfie r a t e constants for 

tho i n i t i a l dljicharftf atop (ku) and the 

following ion-atom desorption step (kg) 

a* r/fcT » 10, 

b* r/ilT • 20. 
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for the discharge s tep to be considered p r a c t i c a l l y a t o«asl -

equllibrium for the purpose of discussing the k ine t i c s of 

the r e a c t i o n , the pseudeeaisaelty wi l l reach a maslnmm value 

close to tha t obtained for complete ^u&ai-equlllforiu% but 

the po t en t i a l ranpe over which the pseudoeapaeity w i l l be 

appreciable wi l l be g rea t ly decreased, fh i s effeet vmj lead 

to low apparent values of the parameter *r* and the roughness 

factor «f * , which erm be obtained fro** an analysis of the 

shape of tho C-V curve by a -method to be discussed in the 

following Chapter* 

(***> Conclusions 

We may conclude tha t the pseudocapacity function 

appears to be taueh raore sens i t ive to th® various assu»iptiens 

made in deriving the rat© equations than th© r e s u l t i n g overa l l 

cu r ren t -po ten t i a l behaviour* thus w® observed tha t while 

the pre-estponerstl&l terms In 9 can b® neglected with reapect 

to the exponent!al terras when the cur ren t -po ten t i a l r e l a t ionsh ip 

i s considered a t intermediate coverage, t h i s I s hardly ever 

j u s t i f i e d for th® purpose of calculating? the t o t a l ef fec t ive 

adsorption pseudocapaeity and I t s dependence on 9 end \ . 

Fur ther , the k ine t i c behaviour was shown to b© independent of 

the form of th© function f(«) determining the var ia t ion of 

free energy of adsorption with c o v e r a ^ (cf* equationB $0 , hk» 13 
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while the form of th© C-V relation*Ip strongly depends on It 

(see Figs* 10, 11). Finally, if a prlrtary charge transfer 

step exists which, without serious error, could be considered 

klnetieally at quasl-equilibrlura, it may nevertheless have 

to be considered significantly removed from a state of 

equilibrium when considerations of its pseudocapaeity behaviour 

are involved* 
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QilAPTJSR IV 

Ayf^CATXOSIS OF PSiBUDOCAP&CXTSf..QkLBVL* rIOMa TO CsBT.AH 

ELECTROCHEMICAL BBACTXOMB 

The contents of this Chapter Is largely based on a 

paper by Conway, Glleadl and Bslecluch (9) now in press in 

Eleetrochlmlca Acta* The experimental resul ts which wi l l be 

exanlned from a theoretical paint of view eoneern the fornate 

deearboxylatlon reaction, ana were reported in deta i l in a 

previous thes is (27) and in several papers by Conway and 

Dslecluch now In press In the Canadian Journal of Chemistry* 

U TBBQKETICAL BASIS OF METHODS USKO 

(1) determination of Pseudocapaeity and Coverage 

The various available methods far the determination 

of pseudocapaeity and coverage have been c r i t i c a l l y reviewed 

in tho Introduetion* The adsorption pseudocapaeity arising In 

the fornate deearboxylatlon reaction was evaluated by combining 

the current-potential relationship obtained during steady 

state galvanostatlc polarisation, with open-clreult decay 

measurements, as diseussed In the Introduction* Thus, at any 

potent ia l , the self-discharge current density Is in general 

1 exp '7/*/bt # where °h i s the overpotential at a time t 

after cessation of polarisation and b« i s the relevant Maperlan 

http://CsBT.AH
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Tafel slope* This current density is also fiven In terms of 

capacitance as C d J|/dt at any tin© t during th© e*ra*f• 

decay when the overpotential has fallen to J *• It follows 

that the eapaelty at any potential durSnf th® e.m.f, decay 

Is riven by 

It Is necessary to assume here that whatever process is rate-

determining durinf steady state polarisation at any potential 

Is also rate-determining in th® self discharge process at the 

saase potential on open-circuit decay* This is usually 

implicit in raost previous discussions (36,37*39) of th© 

©echanlsn of ©*r*f* decay on open-circuit at non-ideally 

polar!sable electrodes, as discussed above* In fact, the 

eoajMonly used reethod of determining the capacity from the steady 

state polarizing current density and th© initial rate of decay 

of potential with time immediately followlnr cessation of 

polarisation can be shown to be a specie! case of our present 

method since, If we substitute t * 0 in equation (1«?8) above, 

we obtain 

1 exp(7,Vb.) I, 

where I*.. and W *- ere the values of th© Initial current 

density and overpotential, respectively, In th© steady state 
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prior to cessation of polarisation, and ( d y / d t ) * ^ i s the 

i n i t i a l limiting decay slope a t t —» 0* A further assumption 

which i s required i s that the pre rate-determining step 

Involving the en t i t l es associated with the adsorption pseudo-

capacity remains effectively a t equilibrium throughout the e*m*f* 

decay* This i s a satisfactory assumption, since the re la t ive 

ra tes of the different consecutive steps in a reaction sequence 

depend on potential in the same way on open-circuit as during 

steady s ta te polarisation* If, therefore, i t i s just i f ied to 

assume, for example, that the primary Ionic discharge step Is 

a t quasi-equilibrium during polarisation over a given range of 

potentials (when a subsequent step Is rate-det^islning) the 

same assumption will continue to be valid for open-circuit 

decay in the same potential ram©* If conditions are such 

that quasi-equilibrium cannot be assumed to exist during steady-

s ta te polarisat ion, our method of measuring th® capacity will 

s t i l l be val id , since the deviation from a s tate of q until-

equilibrium a t a given potential will be the mme during open-

el rcul t decay as during steady s ta te polarisation* Our 

discussion of the theoretical significance of the resulting 

C-V relationship will thon have to be modified, however, as 

discussed In the previous chapter* 

Past and Jofa (37) have compared, rather qual i ta t ively, 

the capacity values obtained fro-! I n i t i a l d«cay slopes and 
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from analysis of the whole of tho epen-elreult deeay curves in 

the ease of the hydrogen evolution reaction on iron and nickel, 

and found that results from the two methods were In general 

agreement* Evidence of a mare quantitative nature to the suae 

effeet is given in the following section for the ease of ©asygen 

evolution on a charged nickel oxide eleetrode at relatively 

high overpotential* Me may note that equation (128) should not 

be taken as implying that knowledge of the Tafel slope b« is 

required for this method to be applicable* Moreover, it is 

not even required that a linear Tafel relationship exists In 

the range of potentials where the capacity is to be measured* 

Zn fact, the present nethod is best suited to cases where a 

transition region (in which the potential varies very rapidly 

with current density) is observed, as Is the case in the 

fonaate deearboxylatlon reaction in pure fomie aeid (8,9§<?7) 

or during anodic passivation of metal® (86)* In general, the 

capacity Is calculated from 

C «• - 1* /(d^/dt) f!29a) 

where l-n Is the current density measured during steady s ta te 

polarisation a t an overpotential f , and d 7*/*t is the 

potential decay slope at a time t , when the overpotential 

has reached the saw© value 77 • In th© formate deearboscylatfon 

reaction In pure anhydrous fortnic acid (the case examined 

here) , there Is very l i t t l e hysteresis In th© current-potential 
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relationship in the transition region, I.e. results obtained 

when the current density Is gradually Increased are alstost 

Identical with those obtained during gradual decrease of the 

current density* In other eases, when such hysteresis is 

found to occur e*p« in the format® decarboxylation In aqueous 

solutions (3), It is obvious that the %•» values used In 

equation [129a] Should be those obtained durinp measurements 

at successively decreasing current densities* 

Another way of determining the capacity at the metal 

solution interface from open-circuit decay behaviour was 

described in the Introduction and 1© previous papers C7 *UD« 

It was shown that the capacity was given by 

C • *M . 0 [32] 

®1 

where 0 was a parameter (having the dimensions of time) which 

could be described as the time required for the p o t e n t i a l to 

decay from a value corresponding to an i n f i n i t e po la r i s ing 

current dens i t y , t o t h a t corresponding to *««• Tfc.© parameter 

0 i s determined experimentally as tho -uar.^ty requ5red to 

sake a p lo t of y versus lof (t-^0) l inea r for a l l values of 

t down to t —> 0* I t has been pointed out by (<orley and 

Wetmore (36) and by Conway and Bourgault (61) tha t open-circui t 

decay l ines commenced from di f ferent ->verpotentials p lo t t ed 

logar i thmical ly in (t*#) should a l l be superiwposable i f the 
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correct value of 0 has been used. We shall show below that 

this is, in fact, observed experimentally and values of the 

capacity obtained from equation (32) ar® In agreement with 

those obtained from equations (120) and 1129} above* 

<41> I^tera|rmUM^lJM,,y«^tlg£a£ 

The maximum value of the Langeisilr pseudoeapacSty 

was shown above, &n& previously (10*k&,70), to be 

CL(max) « p | f 9 a > | 

where k is the eharge associated with the formtion of a 
P 

monolayer of adsorbed radicals on 1 em* ot real surface of 

the elsetrod©• It is evident, therefore, that if the maximum 

value of th© total pseudocapaeity per unit real surface area 

is experimentally available (e«g> if C can be teeasured as 

a function of ¥ over a ranf® shore It passes through the 

mexlmm) and If k ean be estimated, it is possible to obtain 

G«f from equation (103) 

C«Cr 

and since C™ » F/ r , the parameter r , determining* the ra te of 

decrease of free energy of adsorption with coverage, can be 

obtained* normally* thla procedure cannot be used, sine© the 

real to apparent surface area r a t io (l*e* th'» roughness factor 

f) la not known accurately* 
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In the previous chapter we have derived equations 

for the relations between the total adsorption pseudoeapaeitance 

and coverage (equation (101)) and the coverage and potential 

(equation [100])} by combining these equations, we have 

numerically evaluated the total effective pseudocapaeity associ­

ated with univalent radicals produced in an Ion discharge step 

(when the subsequent step is rate-determining) as a function 

of eleetrode potential (see Pi(.-* 6,7)* From these calculations 

it was qualitatively evident that th® width (along the potential 

axis) of the C-V curves, at a capacity correspond!n$r to a given 

fraction of the maximum capacity, was a simple, approximately 

linear function of r* We shall now derive analytically th© 

relation between the width of th® C-V curve and the parameter 

r and propose a method by which both r and the roughness 

factor f can be obtained by weans of a quantitative analysis 

of the curve* 

From equation (101), namely 

we have 

C "'" ifct yftfofr' , s w 
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we then differentiate with reapeet to 9 and make the 

differential coefficient equal to zero to obtain C(max)* Thus 

§ - twSa-*)*!* a*28) " °» t1301 

the maximum hence occurs a t « • 0*5» as In th© limiting 

Lanfpsuir ease, and I t s value i s given by substituting th is 

value of the coverage into equation (56a) as 

G(max) - v j j l f y £57*1 

We now calculate the two values of coverage at which the 

pseudoeapaclty equals a given fraction y. of th© maximum 

value C(max), where 

* » 0^/0 < M S ) C13D 

Combining equations (56a, 57a and 131] we obtain 

which i s a quadratic equation In 9* namely 

9Z OtBTerUnt)) -® HifcT+MWH + ^ T « 0 [132a) 

the solution of which i s 

where % i s now the value of the coverage ©t which the 

pseudoeapaclty 5 s the fraction p, of i t s maximum value CCisax), 

as defined by equation I131J• The two solutions of th® quadratlo 
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equation C132aJ represent two points on the C-w diagram, 

symmetrically situated about C(max), where the capacity has 

a value defied by equation [131]* 

Per the limiting Langmuir case (r • 0), equation (1333 

becomes 

^ « o*5 - o*5 a^)^ imm} 

Me next calculate the potentials corresponding to each of 

the two values of 9 calculated abone (equation 133) and 

their difference AV , which is obviously the quantity sought 

in the present calculation, i.e. the distance along the 

potential axis between two points corresponding to the same 

value of the pseudoeapaclty C defined by equation (131) 

on the C-V dlagrraa* 

For the limiting Langpuir case we obtain by 

combining equations (100) and [133a] 

z F li-[o*5-»o.£:(in*)v 3 J ' 

vt - fit m I W-o*$ (i^)Vf 1 «, i . 
1 p { i-[o.5-o*5(i-t*)y2) 7 

« V in I}Z£&> ] 4 \ C13W 
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hence 

1 — ( 1—|i / 

when r ** 0* we may now consider the moro peneral case when r 

can assume any value* Equation (133) Is rewritten for convenience 

as 

9^ - 1/2 t a 1133b] 

where a, i s defined by 

when the two result ing valines of 9 are now substituted into 

equation (100), we obtain 

va • ¥ ta ' M S ^ I J * $ < 0 ' s • •> * \ i w 

vi - ¥ *» 'UiSS.)'+ f <°>? - •> • S tw.i 
hence 

AV̂  » V ^ « ^ h (g*|&) • ^ f t f 138) 

From equation (138), we can calculate valiies of &V for any 

value of }i and plot them numerically as a function of r with 

the quantity £ calculated fro«a equatior [1363* The value 

of r ean then be determined frow the experimentally ^ensured 

potential "width" AV at any position up nn experlmental 
J* 

(symmetrical) C-V curve defined by a value of p* 
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We may note that aV in equation [I38) Is comprised 
** 

of two terms, which we denote by 

AV 
a 

gRT 
In <§ff£|> « * AV0 « tp. £139} 

Since a, varies rather slowly with r (at intermediate values 

of \/*t say 0*3 K u- K 0*7) we ean regard AV& as almost 

Independent of r and AVfi as linear function of r* Thus 

equation [1383 becomes 

L\ * Ka * V llk0i 

where & and KQ are,to a first approximation, independent of 

r* In Pig* 17 is shown the variation of &V , W& and &V~ 

with r* It is clear then that over a wide range of valuer of 

r, the quantity AV is almost a linear function of r« The 

deviations of the ©lope of the AV -r plot at each extreme 

(r/HT « 0 to r/HT « lj.0) from th© mean slope at r/HT » 50 le 

less than 3$* »o that the error arising from the use of 

equation (Uj.0] Is negligible with respect to errors Involved 

la the determination of AV , as will be discussed below* The 

scope of this method is obviously not limited by the approximate 

nature of equation [l!i0]» Were AV obtainable experimentally 

with a high degree of accuracy, equation [1383 could be used 

instead to evaluate r with an accuracy corresponding; to that of 

AV • Such a calculation would be justified if the assumptions 

leading to equation (1333* In particular that regarding the 
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Figure 17* The width AV (and its component© 
I* 

AVa and AV0) of the C-V plot at a capacity 

C » {» C(m&x) along the V axis (cf* 

equation 11*0) as a function of the parameter 

r* 
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existence of a rate-determining step with the previous ion 

discharge step at quasi-equilibrium, were valid* 

numerically equation [Hj-O] i s 

&V0^ » 90 • r/90.3 x 103 

for i* taken as equal to 0*5• with AVQ .. expressed in stV 
-1 

and r in J* equivalent • Similar, almost linear expressions 

ean be obtained for AV as a function of * for other inter-

mediate values of p.* It is obvious that the r value 

calculated from a riven experimental C-V curve should be 

Independent of the fraction JA at which it Is determined and 

this requirement can, in fact, serve as a criterion for testing 

whether the experimentally obtained C-V curve has the theoret­

ically predicted shape* 

The fundamental advantage of the method Just 

described for the determination of r Is that It depends only 

on relative values of the measured capacity, and is therefore 

completely free from errors due to rather arbitrarily assigned 

values of the roughness factor* Moreover, determination of r 

by the method described above enables us to estimate the 

roughness factor, as we now proceed to show* 

The parameter r can, however, only be determined by 

this method when the adsorption pseudoeapaclty Is known over 

a potential region where It passes through a maximum and the 

shape of the C-V curve Is symmetrical with, respect to this 
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maximum. I t i s a lso required t h a t the i n i t i a l discharge s tep 

be a t quasi-equll lbrium wl th a following step ra te-determining, 

as diseussed above* 

( i i i ) Determination of the flourjhness Factor of Electrodes 

from Adsorption Pseudocapaeity Data 

The r a t e s of heterogeneous reac t ions are usual ly 

proport ional to the area of the in terface and speci f ic r a t e 

constants must hence be defined per uni t surface area* In 

e lectrode k ine t i c s the overpotent ial i s r e la ted In an unambiguous 

manner to the current dens i ty , defined in terms of the current 

passing across the metal-solut ion in ter face per un i t r e a l 

area of the interface* I t has been r ea l i sed early in the 

study of e lectrode k ine t i c s tha t the reometrlcai apparent 

surface area is not equal to the r e a l eiarface area avai lable 

for electrochemical reaction® even on hUhly pol ished, 

apparently smooth electrodes $ thus a method by which th© 

roughness fac tor f ( i . e* th© r e a l to apparent surfaee area 

r a t i o ) could be est imated, I s required* Frumkin and co-workers 

(k) have estimated the r e a l surface area of so l id electrodes 

by measuring the capaci ty associated with charging of the 

ionie double- layer , and comparing i t with the Ionic double-

layer capacity a t mercury (where obviously f * 1) a t a 
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r a t i ona l 
comparable7potential , preferably somewhat negative to the 

po t en t i a l of sere charge* This method has s ince been used 

in numerous electrochemical s tudies and i t probably y ie lds 

the r i ^ h t order of magnitude of the roughness factor* 

However, slr.ce the double-layer capacity behaviour a t sol id 

e lectrodes i s not usual ly well known, and the posi t ion of the 

po t en t i a l of zero eharge usual ly cannot be determined accura te ly , 

the quan t i t a t i ve comparison of ionic double-layer capac i t ies 

a t so l id electrodes with that a t mercury must remain somewhat 

dubious* 

Breiter, Knorr and Volkl (25) have attempted to 

estimate the real surface area of electrodes by measurSnr: the 

charge required to form an oxide monolayer during anodic 

charging at a constant current density* It has been pointed 

out by liockris and Devanathan (SI) that this method could not 

be regarded as satisfactory, since the oxide flint farmed could 

hardly be expected to be stoichiometric, particularly on the 

noble metals, the oxides of which are known to be non-

stoichiomotric even whon produced in the bulk phase* 

# The term "rational potential" was first introduced by 
Grahame, (17) and refers to the potential relative to the 
p*s*c* 

http://slr.ce
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alternatively oxides In different and unknown valency states 

could be formed* 

Recently (7#hQ) the JUfc.T* method has been used 

with krypton to determine the real surfaee area of porous 

eleetrodas* This method involves drying the eleetrode material 

and measuring the extent of adsorption of the inert gas* The 

B*E*t* method ean be expected to yield results of the right 

order of magnitude only, since the structure of the porous 

electrode may be altered to a significant extent during the 

drying process and, moreover, th© surface available for gas 

adsorption may not be equal to that available for electrochemical 

reactions, particularly at porous electrodes which may have an 

intricate fine strudture* 

Here we propose a new method for the determination 

of the roughness factor, developed by Conway, Gileadl and 

Dslecluch (9) and apply it to the measurement of real surface 

areas of Pt and Pd electrodes used In the studies of 

electrochemical decarboxylation of formate In pur© anhydrous 

formic acid solutions* 

The maximum value of the adsorption pseudocapaeity 

has been given above as 

c ( n M t ) - j j , ^ [ 5 7 B j 

We have shown in the previous section how th© parameter r, 

determining the rate of decrees® of tho free enerpy of adsorption 



- 169 * 

with increasing eoverage, could be determined by a method which 

does not require a knowledge of the real surface area of the 

eleetrode* Hence, If the experimentally determined value of 

the ?oariwum pseudoeapaclty per unit apparent (geometrical) 

surfaee area is divided by the quantity calculated from 

equation (57a], the roughness faetor is obtained. In ordsr 

to apply this method experimentally, we have to know k , which 

involves assigning a value to the number of adsorption sites 
2 p@r era* on the electrode surface* This Is generally achieved 

by estimating the number of site® e*g* on Pt ma HI electrodes 

(12,21,28) from the lattice parameters for the ratals, assuming 

for example that one hydrogen atom I® required per metal atom 

on the surface to form a complete monolayer* In examining the 

formate decarboxylation reaction, Conway and Dslecluch (9), 

have used Courtauld space filling models to estimate the 

masher of formate radicals per unit real surface area, &n& 

took this number as the reciprocal of the projected surface area 

of a single radical* !>oth methods are probably rather approximate, 

but it must be remembered that the uncertainty in the value 

of k causes a non-random error %fei©h la inherent in the 

calculation of the fractional coverage 9 from tho surface 

concentration even If the real surface area were known very 

aceurately» The proposed method of determining th© rouehnese­

tae tor f is hence not United practically by the error involved 

In k • 
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A second raethod may, under ce r t a in condi t ions , be 

employed for the determination of the roufhneas factor* I t 

depends on the fact tha t the smximum in the C-V curve w i l l 

always occur a t 9 « 0*5* provided t h a t the assumptions leading 

to the general equation (56a) for the pseudocapaeity ar# valid* 

The eharge required to cover half the surface can be obtained 

from the equation 

(V2 
Aq « I cm llkl} 

v l 

where Aq is the charge required to change the potential of the 

electrode fro*", a value V- to V~* Th® lower potent!al V, is 

chosen such that the coverage corresponding to it is negligible, 

and Vp Is taken as tho potential at which C Is a maximum* The 

integral In equation [lijl] can then be evaluated numerically, 

using the experimentally determined C-V relationship. Since Aq 

calculated in thie manner corresponds to 9 » 0*5, the real 

surfaee area ean be determined once k has been estimated, as 

discussed above* This method would be «*ost satisfactorily 

applicable to systems for which r wa<> rather small ©nd the 

position of the maximum in the C-V plot could be determined 

accurately* 

The two methods of determining the roughness factor 

from capacity measurements described above offer obvious 
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advantages over the R.E.T* method, alnoe they measure the 

electrochemically accessible area of the electrode under 

working conditions! thus whatever surface area ŝ available 

for adsorption of reaction Intermediates is obviously available 

also for the relevant electrochemical process as a whole* 

The pseudoeapaclty methods are to be preferred to the method 

depending on measurement of the Ionic double-layer capacity, 

since they do not depend on the rather dubious extrapolation 

from one system to nnother (i*e«, from a liculd mercury 

electrode to solid metnl eleetrodas). 

The same limitations apply here as in the case of the 

method for the determination of the parameter r, discussed 

above; namely, that the pseudoeapaclty must be known 

experimentally as a function of potential over a range where 

It passes throurh its maximum* The form of the C-V curves must 

be symmetrical (confirming that th® free enerpy of adsorption 

decreases linearly with coverage), and the Initial discharge 

step must oe at equilibrium with a following step rate-

determining, as discussed above. 

2. APPLICATION TO T11K PORHATK EH-CWajyYIATIOII FEACTIOH* 

we now apply the above analyeis to e*ra»f• decay and 

The experimental basis of the work discussed In this section 
has been reported in a recently presented thesis in this 
Department (27), in n series of papers by Conway and Dsleelueh (B) 
and in a joint theoretical paper by Convey, Qileedi and 
Dslecluch (9). 
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po la r i sa t ion curves obtained in a previous study (8) in t h i s 

l abora tory , of the mechanism of decarboxylation of formate 

ions in 100$ formic ac id examined as a model reac t ion for s tudies 

of the Kolbe synthesis* In t h i s r eac t i on , a sharp t r a n s i t i o n 

In the cu r ren t -po ten t i a l curve la observed (B) which i s 

analogous to ttoit found when anodic passivat ion of metals 

occurs* The t r a n s i t i o n behaviour in not asaoei&ted with a 

dif fusion-control led l imi t ing current and must be ascribed 

to some change of condition of the surface a t i c r i t i c a l 

current density* The r e s u l t s obtained bj ana lys is of the 

e*m.f* deeay and po la r i sa t ion data for t h i s t r an s i t i on replon 

enable an evaluation to be made of th© pseudoeaTmeity changes 

which occur in t h i s region* Examination of th© capae*ty-potenti%3 

curve than allows ca lcu la t ion of surface coverage hj the react ion 

Intermediates and estimation of the parameter r r e l a t i n g the 

free energy of adsorption of the Intermediates to surface 

coverage in a Temkin type adsorption is©therm (10,30,50,53)* 

<*) #K9evia»&ab 

<«) qenefe^ 

Current-potential curves, obtained from constant 

current anodic polarization runs, wer® used with conŝ lementary 

e*m#f* decay measurements, to examine th© dependence of coverage 

and pseudoeapaclty on potential* The current notential curves 

are in eourse of publication elsewhere. ('!) in a paper on the 
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k i n e t i c s of formate decarboxylation (and have been presented in 

the t h e s i s mentioned above, 27) and only a typ ica l p lo t wi l l 

be reproduced here (Pia* 18)* s i m i l a r l y , only a s ingle typ ica l 

e.m.f. decay curve (Fig. 19) i s given which i l l u s t r a t e s the 

a r r e s t of po t en t i a l normally observed in t h i s system on open-

c i r c u i t decay, and associated with an appreciable adsorption 

pseudoeapaclty* When t ime-variat ion of the electrode po ten t i a l 

occurred near the observed t r a n s i t i o n current region during 

po la r i sa t ion (Fig* 1 6 ) , the steady values obtained a f te r waiting 

5*10 minutes were taken* In the l inear Tafel regions above and 

below the l imi t ing current -dens i ty for t r an s i t i on In the cur ren t -

p o t e n t i a l behaviour, l i t t l e tlme-varlatSon of po t en t i a l was 

encountered* 

Decay of e.m*f• was followed by in te r rup t ing the 

polar iz ing current by means of a f a s t (2-3 ^sec*) mercury-

wetted vacuum r e l a y , a f te r a steady po ten t i a l had been reached* 

The e*Bt*f* measured with respec t to e i ther of a pa i r of hydrogen 

electrodes in the same so lu t ion , was fed to a ca l ib ra ted 

Hewlett-Packard osci l loscope through a Keithley electrometer 

(input impedance 1 0 ^ ohms)* The decay eurves were photographed 

and enlarged some ten times for quant i ta t ive measurement. Slopes 

dT/Vdt were obtained by th© prism and set-square method 

to * Z<* 
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Figure 1U Current -potent ia l curves sbowing typ ica l 

t r a n s i t i o n behaviour for anodic po la r i sa t ion 

of Pd, Pt and to In IOO7C formic acid • IH 

potassiism formate a t ^C* A typ ica l population 

of points for several e lectrodes In th® case 

of Au i s shown* Th® Tafel line® for Pd and 

? t are the mean l i ne s for eight electrode® 

in two solut ions* 



(S*|0A)H3 
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Figure 19* Typical e*m*f* decay curve following 

anodic polarisation to the trans* 

passive region In format® deearboxylatlon 

in pura anhydrous formic acid at a Pt 

electrode* 
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(b) Preparation of Kleotrodes and Solutionst 

Inetrunentatlon 

High purity methods were used as described previously 

(37)* All solutions were pre-eleetrolysed (2kh*l 10 kwp*om* ) 

and electrodes were prepared in protective glass bulbs (SI) 

and maintained thus in the solution during electrolytic 

purification of the eleotrolyte* Electrode metals were 

Johnson Hatthey spectrosoopleally pure gold, palladium and 

high purity platinum. 

Details of soiufclo-n preparation, electrical circuit 

and instrumentation have been described in detail previously 

(8*27)* Pure formic acid was prepared by dehydrating the 

reagent grade material over anhydrous boric oxide and anhydrous 

copper sulphate followed by distillation in vacuo* One raolar 

solutions of anhydrous potassium formte as the electrolyte 

were made up In the 100^ formic acid* Purified medical grade 

carbon dioxide was bubMed through the solutions during the 

pre-electrolysls and initial pol&riaatlonf purified hydrogen (87) 

was bubbled through the separate reference electrode compartment 

at tho time of the run* 

All runs were conducted at 5°C in order to minimise 

anodic attack of tho palladium electrodes which occurs 

significantly at roow temperature in this system* 



178 -

<*> genera l 

Typical s t eady-s ta te cu r ren t -po ten t i a l curves a re 

shown In F ig . 18 for V&, Au and Pt* I t in s#©n tha t a t Pt 

and Au, two Tafel regions ar« well defined and separated tuy a 

t r a n s i t i o n region associated with an ac t iva t ion-cont ro l led 

l imi t ing cu r ren t . Th® t r ans i t i on behaviour i r not associated 

with a diffusion-control led oxidation of Impuri t ies since I t 

remains unchanged even in th© most r igorously pur i f ied formate/ 

formic acid so lu t ions . Qual i ta t ive ly s imi lar behaviour i s 

observed in the t r i f l uo roaoe ta t e decarboxylation (B) and In 

the aqueous formate decarboxylation react ions* 

At Pd two t r a n s i t i o n regions a re observed with an 

intermediate l inea r Tafel region vhlch i s , however, l e s s 

reproducible* The s lgnif ieance of th® two t r an s i t i on regions 

observed wi l l be discussed below* In general , th© behavSour 

in tho l i n e a r Tafel regions above and below the t r a n s i t i o n 

region a re qui te reproducible and the data shown are based on 

runs conducted with ten electrodes of each roots1 in a t l e a s t 

two separa te ly prepared solut ions* The po ten t i a l s in th® 

t r a n s i t i o n reg ion , a t a given current dens i ty , vary with time and 

cannot, t he re fo re , be determined tpSt© as accurately as In tee 

l i nea r $afol regions (more precis® resul t : , can be obtained in 
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this region potentlostatioally)* However, as we have shown 

above, we require only the current-density which is approximately 

constant in this transition region, so that the capacity is 

mainly determined by &y/dt (equation 129a), vhleh 1® th® 

principal variable over this range of potential* The significant 

uncertainty in the potential as a function of current density 

in the transition ration h®nce does not seriously limit the 

accuracy of the capacities calculated for tbJa region* Below 

and above the transition region, where tho current varies more 

»dth potential than in the middle region, the current-potential 

relation can be defined experimentally with normal precisions 

hence the capacities can be evaluated again with satisfactory 

accuracy. 

In the present anhydrous formic acid system, there is 

little hysteresis in th© current-potential relationship for 

increasing and decreasing current densitiest the observed 

current-potential relationship for steady d.e. polarisation at 

successively Increasing constant current densities may hence be 

used in conjunction with the open-circuit decay curves for 

the calculation of tha pseudoeapaclty as a function of potential* 

When hysteresis Is observed (e*g* during format© decarboxylation 

in aqueous solutions (8)) the current-potential relation for 

decreasing current-densities would have to be used, as discussed 

above* 
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A typical e*m*f• decay curve for the anodic 

decarboxylation of formate (1M MCOQE) in 10O€ formic a©id at 

£°C is shown In Pig* 19 for the palladium electrode* 

<*> Intermediate^,,yn^Y<&JLn, the Formate 

Decarboxylation Reaction 

A general discussion of the meehanisn ©f deearboxyl*-

ation of formate In formic acid ha® been given by Conway and 

Dslecluch (?.)* It has been shown that the reaction is 

$C00* — H* * C0 g • 2e XI 

(or BCOOH -• 233* * co^ •* 2e) 

and that the intermediate steps at a site M on th© metal 

surfaee are probably 

BCOO* • M ~* WIG00 • e XII 

HHCOO —* m * co2 in i 

I® —> M • ft* + e XXV 

or 

MHCOO — M + COg • H* • • XV 

Reaction XIV will be very fast at the hit* anodic potentials 

involved (&H > • 1.5 V) so that significant coverage by H* Is 

unlikely* The ionlsation steps XIV or XV are thus preferred 

to 8 recombination to give Eg, a step ifcleh is not observed (8). 

Ttkln is presumably why a "Xolbe* reaction (to give Mg) does 
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not occur In formate decarboxylation* Any pseudoeapaclty 

w i l l hence be mainly associated with adsorbed HCOO In XII and 

XIII and the coverage wi l l be appreciable If the rat© constants 

for the forward and backward d i rec t ions of XII tend to be much 

greater than those for XIII or IV* 

(e) Lvaluation of Pssytdocauacltey In the 

Transi t ion Region 

The eleetrode capacity i s evaluated using equation 

(128) In which the se l f -dlseharge current 1 exp J «/b passing 

a t the p o t e n t i a l ^ * on the e*m*t* deeay p l o t , I s iden t i f i ed 

with the ac tua l current passing a t the same po t en t i a l determined 

from the s t eady-s t a t e cur ren t -po ten t ia l r e l a t i o n s (Fig* IB)* 

In the t r a n s i t i o n region i t s e l f , which i s of specia l i n t e r e s t 

h e r e , the current (wtiieh we denote by 1~) i s almost independent 

of e lee t rode po t en t i a l over about 0*$ - 1.0 V. Hence, a t any 

point in the e.m.f. deeay curve over t h i s range of p o t e n t i a l , 

the se l f -d ischarge current passing w i l l be approximately constant 

and equal to i T and i t s exact dependenee on J w i l l not be of 

c r i t i c a l Importance In the evaluation of C* 
e 

The values of C as a function of overpotent ia l for 
m*m**mmmmm**m0i*m0mmmmmmtmmmMmvmmh~<^mmm*amMmmmmmm**ii»**m*mmmmm*m^^ mmmmmmmmmmmumw I > . I . M H I M . I I I I W M I I I . I I I H 

Here we have used the overpotent ia l referred to a theore t i ca l 
p o t e n t i a l , with respect to the hydrogen eleetrode in th© same 
so lu t ion , for the reac t ion MCO0H—fcCQg-HU a t 2*?°C* An estimate 
of the standard entropy change (99) for t h i s reac t ion ind ica tes 
t ha t the r eve r s ib l e p o t e n t i a l w i l l be approximately 17 mV* 
di f fe ren t a t 5^C. This wi l l not s ign i f i can t ly change th© 
calculated values of capaci ty or surface eoverage deduced below 
for the t r a n s i t i o n region but wi l l only sh i f t the po t en t i a l seal® 
for the po t en t i a l dependence of these quant i t i es* 

http://mhim.iiiiwmiii.iiih
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the reac t ion (based on a theo re t i ca l r eve r s ib le po ten t i a l (8) 

for XI of Kg « -0*230 V (European convention] standard s t a t e 

un i t mole f rac t ion of HCOOH, 2$?C) are shown in Figures 20* 

21 and 22* I t I s evident t ha t th® value® of C are much la rger 
*»2 than those (ca,* fyO-100 i*.F. em* ) corresponding to an anodic 

ion double-layer capacity (17) and hence must be Ident i f ied 

with an adsorption pseudoeapaclty « the curves of C as a 

function of y a l so have the cor rec t (10,7©) form, v is* a 

maximum with C deereasing towards aero a t po ten t i a l s appreciably 

higher or lower than tha t of the maximum* We suggest tha t t h l a 

pseudoeapaclty I s associated with production of BCOO* rad ica l s 

a t the sur face , since the steady s t a t e concentration of H* 

wi l l tend to be very small under the condit ions of high 

anodic polar i sa t ion* 

In the ease of Pd, a region of appreelable paaude-

eapacl ty a r i s e s a t the f i r s t t r a n s i t i o n region (Fig* 18) 

and i s then succeeded by another pseudoeapaclty region a t a 

higher po ten t ia l* The magnitude and range of po ten t i a l 

dependence of t h i s second pseudocapaeity (Fig* 22) indica tes 

tha t i t approaches idea l Langmuir behaviour the most c lose ly 

in the present s e r i e s of r e s u l t s . An idea l Langpuir pseudo-
ft & 

eapael ty (10#30) w i l l have a nsjciwun valuo of k P/kM p«ca? 

where k* i e the charge associated with fo rmt lon of a monolayer 

of adsorbed r a d i c a l s on one cm* r e a l surfaee area* Ptor BCOO*, 
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Figure 20* Ihe variation of capacity with overpotential 

in th© transit ion region for the formate 

decarboxylation reaction at a Pt anode In 

pure anhydrous forralc acid* The capacity 

was obtained from open-circuit deeay and 

steady-state polarisation raeasuressents* 
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Figure 21* the var ia t ion of capacity with overpotent ia l 

in the t r an s i t i on repion for the formate 

decarboxylation reac t ion on a rold anode in 

pure anhydrous formic aci&« *Hie capacity 

was obtained from open-ci rcui t decay and 

steady-str t te po la r i sa t ion measurements* 
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Figure 22* the var ia t ion of capacity with overpotent ia l 

In the t r an s i t i on region for the formate 

decarboxylation react ion a t a Pd anode in 

pure anhydrous formic acid* the capacity 

was obtained from open-c i rcui t decay and 

s teady-s ta te po la r i sa t ion measuromenta* 



(M 
I 
E 
o 

L_' 

\ 
y 
\-
u 
< 

< 

600 

500 

400 

300 

200 

HIGH 
C.D. 

( LOW C.D. 

100-

I L J I I L J L 
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 

OVERPOTENTIAL (V) 



- 186 -

the molecular area is approximately 14 * (from space-filling 

Court wild models) so that k Is 113 ua* cm. and the maximum 

Langmuir pseudoeapaclty will be 1*1 x 10^ tiF.em*2* The 

pseudocapaeity found at Ft and Au, and at lower current 

densities at Pd, is less dependent on potential and M s lower 

values* this Is as expected theoretically, as we have shown 

above and elsewhere (10), since the more the overall pseudo-

capacity originates from a temkin term involving a linear 

dependence of eoverage upon potential (correspond!xif to a 

constant temkin pseudoeapaclty contribution) the lower will 

be the maximum value of the overall capacity and the wider will 

be its range of potential dependence* 

(d) Determination of the Parameters r and f at Ft and, 

Pd Eleetrodes In the Formate Decarboxylation Reaction 

The method described above and previously (9) m s used 

to determine r for HCOO* adsorption in th© formate decarboxyl­

ation reaction in pur® anhydrous formic acid on Pt and Pd 

electrodes* the calculations were based on an equation such 

as [HfOj. Data were also available for i:ol& electrodes (B) 

but the resultinp experimental C-V curve was skewed and the 

analysis developed above could not, therefore, be applied* 

this case will, however, be discussed further below* Prom the 

known value of r and th® experimental value of the maximum 
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pseudoeapaclty, the roughness factor was calculated uslni? a 

value of k « 113 i*o/em for th® charge required to form a 

monolayer of formate radicals on the eleetrode surface* These 

results ar© summarised in Table 1 below* the r values obtained 

are appreciable (though considerably less than these obtained 

in the intermediate coverage region In chemisorption of species 

such as Ht 0, t? from the gas phase (30)) and indicate significant 

deviations from Langrsulr behaviour* 

At current densities appreciably above the critical 

current et the transition region, anodic films thicker than a 

monolayer are eventually built up during extended periods 

of anodic electrolysis (8), particularly at palladium* Under 

such conditions, the analysis discussed above will be 

Inapplicable* However, it is important to note that the 

electrode passes from an active to a passive region as a 

monolayer of adsorbed intermediates is formed on the surface 

and further formation of a thicker layer is to be considered 

a secondary effect, not fundamental in reaching an Initial 

passive state* 

(III) Discussion of the Capacity Calculations 

(«> Experiments ..ftrrar. in .the. Calculate on of ,q,,<t̂  

and f 

In this section we shall discuss the uources and 

approximate magnitude® of ©rrors involved in the experimentally 
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table 1 

Values of the Parameters r and f in tho fornate 

decarboxylation reaction at Pt and r"d 

de material 

Pd1 

Pd2 

pd2 

p&* 

ft? 

pt* 

Pt3 

v -i 
Kcal* ,p* equiv* 

(see note ij.) 

7.3 

2*6 

1*3 

2*6 

5.9 

7*2 

5.5 

Apparent 
routine as 
factor**' 

1.5 

0.9 

0*3 

3.9 

1.0 

1*0 

1*8 

Notes on Table 1 

1* Data given here ore for the first transition region 
observed in the current potentlnl curve (cf* 
reference 3). 

2* Data given here are tor the second transition region 
observed at higher current densities (cf* 
reference 3)* 

3* Only one transition region is observed at Pt* 

k» the data given In each ease are for eeveral runs on 
separate electrodes* 



- 189 -

determined quantities (I.e. in C,q,r, and f). 

fhe pseudoeapaclty Is obtained from a current measured 

to - 0»5'i (8) and a rate of deeay of potential (equation 120) 

estimated to * 2$, hence C Itself can be obtained to 

approximately - 2i* The capacity per unit apparent surfaee 

area can, however, only be obtained to - $%, with small wire 

electrodes, owing to the usual uncertainties of determining 

the exposed length of wire originally sealed In a bulb* 

The charge q is obtained by integration of the 

capacity-potential relationship* The potentials are 

reproducible to - 10 mV* in the upper and lower Tafel regions 

and determined to - 20 mV* in the transition region* This 

constitutes an error of $% - 10$ over the range «f potentials 

measured* The error Aq in q is of the order of the sum of the 

errors in C and ¥} more accurately 

so that the error in the total charge will be * c&* 10$ and 

the error in the eharge per unit apparent surfaee area will be 

**%• 155* • 

The error In r depends on« 

(a) The accuracy in the values of C tm& V which are 

used to plot the C-V curve, 

(p) possible deviations of this curve from th© form. 

which ean b© predicted according to equations (1003 and C101U 
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F̂ splrical graphical estimate® of the error In r arising 

In (a) lead to a value of * 20-30$ which Is consistent with the 

observed deviations between results obtained in * Identical*' 

duplicate runs* In this estimate we are only involved with the 

2$ error in the actual value of C (and not that per unit area) 

since only relative values of C (e.$r* C Q ^/Cjnas) are used in 

determining r* 

Deviations of the C-V plot from th© theoretical form 

(equation 101) are obvious if the curve is not symmetries!* 

Nevertheless, such a curve may be symmetrical, yet different In 

shape from that expected theoretically. This is revealed by 

an apparent dependence of r on the value of the parameter |t at 

which AV is measured (cf* equation (HiO))* This effeet was I* 

observed in one or two oases but the variation of r with |* for 

a given C-^ curve was rather small and well within the estimated 

limits of error ^Iven above* 

The error in the roughness factor f depends on the 

measured maximum capacity (per unit apparent surface area)* 

the calculated value of r and the numerical value assigned 

to k , the charge per unit real surface area required to form 

a monolayer* The maximum pseudocapaeity can be measured to 

about * $% and calculated (from equation £5?a)) with a relative 

error of the order of magnitude of the sum of the relative 

errors in k and r* However, since th© error in k is a 
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systematic one (the same value of k being used throughout) 

we may disregard i t and conclude t h a t the roughness faetor 

ean be calcula ted to about • 30$, with a possible b ias due 

to the uncer ta in ty In k • 

Experimentally much la rger f luctuat ions in f are 

observed (cf* Table 1 ) , and we bel ieve t h i s corresponds to 

s ign i f i can t va r i a t ions In the r e a l surface area of d i f ferent 

e lect rodes used In otherwise i den t i ca l rnnn, r a the r than to 

random e r ro r s in tho measurement of these areas and f factors* 

(b) The Quasi -Equilibrium Assumption 

I t i s c l e a r , as we have pointed out above, t h i t our 

ca lcu la t ions of r and f are only cor rec t i f th© pseudoeapaclty 

depends on po ten t i a l in the t heo re t i ca l way predicted by 

equations [100) and [101] , which were derived assuming 

(a) a l i nea r deerease of free ©nerpy of adsorption with coverage 

and (b) t ha t a rate-determining &tep ex i s t s with a previous 

discharge s tep e f fec t ive ly in equilibrium* We have shown above 

ths t a non-l inear r e l a t ionsh ip betwoon the free energy of 

adsorption and coverage should be eas i ly detectable experimen­

t a l l y from the skewnees in tho C-V re la t ionsh ips (Pi** 10)» 

the assumption of quas i*«eul l ibr lun t however, requi res 

further cons idera t ion . I t can be opprselnted t h n t , s?ncc th© 

formate decarboxylation reac t ion involves s teps other than those 
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to texich our dissuasion of non-equillbrlura conditions r e f e r s , 

a d i f fe ren t r e l a t i onsh ip between po t en t i a l and coverage resu l t®. 

Moreover, i t can be eas i ly shown* tha t in the present case 

( I . e . formate decarboxylation) we cannot derive an e x p l i c i t 

ana ly t i ca l r e l a t i o n s h i p to express th® pseudoeapacity a$ a 

function of e i t he r po t en t i a l or coverage under non-®quillbrlum 

condi t ions , and th© quan t i t i e s 9 and C can only he ca lcula ted 

numerically as a function of V. The general conclusions i s 

our previous discussion of cases for which quasi-equilibrium 

cannot be assumed to e x i s t ar® nevertheless probably v a l i d , 

and In p a r t i c u l a r i t must b© born® in mind tha t the pseudo-

capacity behaviour say be much more sens i t ive to ©light 

deviat ions from equilibrium condit ions in th© I n i t i a l 

discharge s tep than other k ine t i c parameters (e*g* Tafel 

slopes)* This nay l imi t the usefulness of our isethods of 

determining r and f, described In the previous sec t ion , 

unless the r a t i o of speci f ic r a t e constant® of th® i n i t i a l 

discharge s tep and the following step i s known to be very 

large* This e f fec t I s expected to be pa r t i ou l a r ly manifest 

a t high values of r (say, r/RT > 20) , s i n c e , 

however, r e l a t i v e l y small values of r were observed 

* A de ta i l ed discussion by Conway and Gileadi of th© pseudo-
capacity behaviour under steady stnt© condit ions tor d i f f e ren t 
reaction meehanlsmit 1® now in course of publ ica t ion , omd I s 
based in p a r t ©n the calculation© presented in Chapter I I I . 
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In the present c a s e , (of* Table 1) the quaai*equll ibrl im 

assumption can probably be considered an adeqfuat® approximation 

here* 

(c) The siimiflcanc® of the Two Pseudoeapaclty Begions 

a t Pd 

The cur ren t -po ten t i a l p lo t In Fig* IS shows two 

t r a n s i t i o n regions in the case of Pd (while only one such 

region i s observed a t Pt an<l Au e l ec t rodes ) , and correspondingly 

two regions of appreciable pseudoeapaclty are observed In th® 

C-V p lo t (P ig . 22)* Foxinally th i s behaviour could a r i s e for 

one of several reasonst (a) by Faradaic deposition of another 

en t i t y on a surface already occupied by a f i r s t intermediate} 

(b) on account of the existence of two separate populations 

of s i t e s a t the surface havinp d i f fe ren t and non-overlapping 

ranges of adsorption energies far a plven s ingle intermediate 

[ t h i s I s possibly the case for adsorption of H a t some metals 

(31,14.6)], (c) by oxida t ion , to a hlghor valence s t a t e , of the 

species already adsorbed more or l e s s to the extent of a 

complete monolayer* I f the po t en t i a l s associated with a •^electron 

oxidation of a previously deposited species obey a Kernst r e l a t i o n 

with respec t to th© a c t i v i t i e s of oxidised and reduced form of 

the ad-spec ies , or i f tho oxidised and reduced species behave 

Ideally we ean wr i te 
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E « E° • || In [•• j e ) (242) 

m o 

where eQ and &m are the surfaee concentrations of oxidised 

species at any degree of oxidation, and at cosipl^te oxidation, 

respectively (em - e is then the concentration of the speeles 

in the reduced form)* since the formation of the oxidised 

species from the redweeiu will be associated with a Faradaic 

process at the surfaee, the e and e ean be expressed in 

terms of corresponding charge q^ and a so that a pseudo-

capacity C given by 

will arise (39) and has a maximum when q^ « 0*5 \ m ^^auced* 

given by 

c ** max* 

i*e* a result exactly similar to that for th© normal maximum 

adsorption pseudocapacltance for Lanprcuir conditions (cf* 

equation 92b)* It is of Interest to note thnt the rsaxlwum 

pseudocapaeity In this ease will occur at the standard 

potential for the surface redox process* 

In the present case for Pd, it is difficult to 

envisage for (a), above, any radicals which are different 

from HCOO* which could be deposited, although deposition of a 

second layer of the same species Is feasible} for (b), the 
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behaviour observed is neither found for the other metals 

studied, nor for M when 5M MCGOK solutions are used, and Is 

therefore probably not associated with a general property of 

the metals2 explanation (c) is hence most plausible and would 

tend to give a more ideal Langmuir type pseudoeapaclty relation, 

since the specific coverage effects, Involvlnr an appreciable 

r value at the metal, have already been effective in determining 

the potential variation of the pseudoeapaclty In the lower 

current density region as ^.CCK). increased and tended to Its 

initial maximum value* Some confirmation of thla supposition 

is afforded by comparison of the value of r for the lower 

transition region at Pd with that for the single transition 

region at Pt (Table 1)} the two values are "uite comparable 

but appreciably greater than that for th© upper transition 

region at Pd* 

3* APPLICATION TO THE QXYQBf? EVOLUTIVE? PISAC'PIOH AT A CBftROBp 

3ICKEL OXIDE ELECTEQDS 

The electrochemistry of the nickel oxide eleetrode 

and the mechanism of oxygen evolution on a fully charged 

nickel oxide electrode have been extensively studied in this 

laboratory* A detailed account of techniquea used and 

experimental results, as well as a discussion of these results 
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have been given in a previous thesis (kD and in several 

papers by Conway and Bour^ult (? ,39*1*7 # 6 l ) . This work i s 

closely re la ted to the discussion of the role of adsorbed 

intermediates in electrode kinetics presented in the previous 

chapters since much of the experimental data ean best be 

interpreted in terms of the theories proposed her® and, In 

f ac t , the need for a proper explanation for these resul ts 

In i t ia ted par t ia l ly the theoretical work presented in th is 

thesis* 

In th is section we shall discuss some resul ts 

obtained for the oxygon evolution reaction a t a fully charged 

nickel oxide electrode a t re la t ively high current densities 

(up to 2 Amp.g®-1*) in relat ion to the comparison of three 

different methods for the determination of the adsorption 

pseudoeapaclty. In the next chapter, a study of the reversible 
I I i n potential for the Hi - HI system as a function of degree 

of eharge of the electrode will be presented, where again 

surfaee effects are shown to be of importance In determining 

the thermodynamic behaviour* 

—en m m — iiiis nut I I u .m r l i n n - — i r -iir-vr • •' • I " " " •—""—' ' '—' """ 1— 

«*. 

It has been found (7) most convenient to express the current 
densities at these eleetrodas pw unit weight of active material 
0fi(OH)2) rather than per unit surface area, since the latter 
can only be estimated from B*E,T. measturersenta on th© dry 
material and may not be equal to the real surface areas available 
for electrochemical reaction, as diseussed above* The area 
measured by th© B*B*T. method was k * X(P era* $R?** for the fully 
charged eleetrode* 
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Hlckel hydroxide electrodes were prepared In sintered 

nickel plaques as described previously (7,90)* Baeh electrode 

was charged and discharged three time® before use a t approximately 

a five hour charging r a t e in order to s tab i l i se i t s electro** 

chemical behaviour (7#39)* All solutions were prepared as 

described previously41 (7*l?l). l e la t lve ly small electrodes were 

used in th is series of experiments (the apparent surface area 
2 2 

was about 9 cm* as compared to about k® emi in previous 

work (7 »39,1}1) and in the study of reversible potentials 

discussed In the next chapter) and the electrodes were 

impregnated only ones, so that the amount of eleetroehemleally 

active material (l*e* HI(OH)g) In each eleetrode was only about 

10% of that In previous studies* This enabled the measurements 

to be extended to higher current densities and potentials than 

those used previously (up to about 2 x 10^ mA per $ram of 

active material , calculated as the gain In we i# t of the 

electrode upon impregnation)* A fast recorder (Brush, Mark 

I I ) operated from the output of a hirh Impedance Keithly 

electrometer was used with a maximum chart speed of 125 mm*see* 

The change of potential with time on e p w c l r c u i t eould be 
*jn,tl | n i -̂  t M t . ._ . j iU _ i ruijfL-.iii.—ii riiifir—rr.mir jrrTmiirrT-iiwiirHUiwirniu-i.rn^ ~~»i'n .m mnni.innini..i. j.iwmifiMiimi m x miiirr 

* High purity techniques are not required here owing to, the ^ 
large real surfaee area of the eleotredes (about k x 10-' cm* gj*» 
et !U(0H)- as discussed previously (hi))* 
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observed from about 0*01 sec. after cessation of polarisation* 

The actual potentials were measured on a Radiometer type S% 

hl^i stability electronic potentiometer (input impedenee 10 

ohms) and results obtained on the fast recorder were checked 

against a hiph impedance Philip® recorder, type PR2212-A/00, 

**ienever the rate of change of potential was such that It could 

be measured on both instruments (the maxisatm speed of the 

Philip, recover (1.2 „»....:*] » , almost oquul to th, lowO0t 

—1 

speed [1 mm*sec* ] avai lable on the f a s t recorder)* 

The steady s t a t e cur ran t -po ten t i a l behaviour was 

studied over 2*3 orders of magnitude of the current d e n s i t i e s , 

and open-c i rcu i t decay was followed a f t e r the steady s t a t e 

has been reached a t each current density* 
( i l l ) Resul ts 

Me have shown in the Introduction (of* page hX , 

equations [2. ] to (32$ t h a t the adsorption pseudocapaeity ean 

be obtained from the equation 

i. 
C « J&0 E32J 

D l 

where 1 ^ is the steady state polarising current density 

passing at an overpotential y i n* \ i 8 tJl® H a^ e r i a o Tafel 

That is, when the adsorption pseudoeapaclty la larr© 
compared with the ionic double-layer capacity, as previously 
diseussed* 
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slope for the relevant electrochemical process, 0 is en 

experimental parameter obtained empirically from a plot of 

V against log (t • 0), where 0 le chosen such that the above 

relationship will remain linear down to t « 0 (see* p. Ill )* 

We have used equation (32) to determine C as a 

function of potential, by determining 0 for different values 

of lin* Results are given in Fig* 23 a and b (for 1$ and 

ION KOH solutions, respectively), where we have included 

also the pseudoeapaclty values obtained from initial decay 

slopes (dV/dt)fcs0 and In Fig* 23a also from slopes in 

continuous deeayjruns (v* equations 123,129). The agreement 

between the various methods used to determine the capacity is 

seen to be satisfactory* Since the fast recorder used In most 

of these experiments was not reets lineal, the initial deeay 

slopes eould not be determined directly from the recorder trace* 

and values had to be replotted on squared graph paper* As 

a result, the estimates of (dV/dt)^* tend to be somewhat too 

small, leading to values for the calculated pseudocapaeity (cf• 

equation 128) which are rather too hifh. Thla, we believe, 

can account for the somewhat higher values of C obtained from 

initial deeay measurements shown in Fir* 23a and b than from 

the other methods* We note, however, tint the pseudoeapaclty 



- 200 -

Figure 23* The variation of capacity with potential 

during oxygen evolution at a nickel oxide 

eleetrode in the "overcharged" state* 

Capacity calculated from 

XXX initial deeay slopes 

000 deeay slopes and Tafel parameters 

Aaa from the parameter 0 in dV/d lag(t*$) 

a* II solution of KOH 

b* 10H solution of KOH* 
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ca lcu la ted by a l l three methods deiwidB on po ten t i a l In the 

same way and, i n f a c t , the difference between values of C 

obtained by d i f fe ren t methods a t various riven po ten t i a l s I s 

a cons tan t , within experimental error* 

I t was pointed out by Morley and Wetmore (36) tha t 

i t i s poss ible to superimpose open-c i rcui t e.m.f. deeay 

l i n e s p lo t t ed logari thmical ly in ( t * 0) and I n i t i a t e d a t 

d i f fe ren t overpotent ia l va lues . I f the cor rec t value of 0 i s 

used* Conway and Bourgault (1-1,61) have Ivon some experimental 

evidence to t h i s e f f e e t , and have a l so shown that a p lo t of 0 

agains t 1/i le a s t r a i g h t l i n e passing through the o r i g i n , as 

predicted from equation (32) i f the capacity were constant* 

Their conclusions were, howevor, based on r a the r few experimental 

r e s u l t s , and we accordingly present here further experimental 

evidence tha t open-c i rcu i t deeay p l o t s taken a f t e r po la r i sa t ion 

to widely d i f fe ren t current dens i t i e s can be superimposed 

(Fig* 2k) and the p lo t of 0 over a range of values of 1/1 l e l i n e a r , 

as expected (Fig . 2 5 ) , thus va l ida t ing the method of evaluating 

the capacity C. 

( lv) discussion of the Capacity Meaauroraents a t the 

Mekel Oxide Kleetrode 

Vfe have given d i r e c t experimental proof tha t the 

three methods (l«e* from i n i t i a l values of dV/dti from 
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Figure 2k* A p lo t of V as a function of log (t+0) for 

open-c i rcui t decay followlnr s teady-s ta te 

oxygen evolution a t an "overcharged" nickel 

oxide electrode in 10ri KOH solution* 

Results of twelve experiments on the same 

e lect rode are given (the s teady-s ta te 

current p r io r to cessat ion of po la r i sa t ion 
—1 % —1 

ranging from 6*6 mA.gm* to 1*97 x 10nsA*gR* )* 

The l i ne s in the ac tua l experiments are based 

on l$-25 p o i n t s , but are represented here 

by three points only for c l a r i t y , since 

the points form Indis t inguishable populations* 
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Figure 25* A plot of the parameter 0 against 1/i 

for oxygen evolution on an "overcharged" 

nickel oxide electrode in IH KOH solution* 
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analysis of the whole of the decay curve combined with the 

Imown steady state V - I relationship and from the parameter 

0 in semi-logarithmic deeay curves) discussed In the 

Introduction and used In our experimental work all give 

valued of C In agreement, within experimental error* The 

values of 0 are obtained by a trial and error method which 

may not seen accurate enough! however, since all deeay curves 

are seen to be almost Identical (Fig* 2k) when the values ef 

0 used to calculate th© pseudocapaeity are also used in 

plotting V against lag (t • 0), the 0 values should be considered 

reliable* Experimentally we estimate the error In 0 to be 

within - 10 in these series of experiments* 

Ifce "overcharged" nickel oxide electrode la seen to 

be rather unsuitable for the study of pseudoeapaclty behaviour, 

compared with the "formate" electrode* A relatively low Tafel 

slope Is observed and since at low current densities a steady 

state is reached extremely slowly (for 1 « 10 mA.gm or less 

It may be nor© than several hours before a steady state Is 

reached), the electrode reaction can only be studied over a 

rather limited ranp-e of potentials (about 0*12 volts)| as a 

result only a snail portion of the C-V curve can be obtained* 

As pointed out above, the discussion regarding the pseudo-

eapacity-potentlal behaviour of electrochemical systems can 
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bes t be t es ted in oases where a sharp t r ans i t i on region i s 

observed (3,86){ tha t I s , where the cur ren t -po ten t i a l 

r e l a t i o n s h i p , as well as the open-cl reui t deeay behaviour, 

can be studied over a lar^a po t en t i a l range of the order 

of 0*5 - 1*0 volt* 

Work i s now in progress in our laboratory to study 

fu r t he r , from the point of view of pseudoeapaclty behaviour, 

severa l other systems where a t r ans i t i on region In the 1-V 

r e l a t i onsh ip i s observed and i s associated with t r ans i t i on 

phenomena such as the f i l l i n g up of the surface with adsorbed 

r ad i ca l s formed in a pr ior discharge step* 

Th© main purpose of the work which has been 

described in t h i s thes i s has been to provide a theore t i ca l 

bas i s for such s tudies and to discuss appl ica t ions of the 

theory to two systems for which experimental data could be 

obtained* 
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CH&H'BR V 

Tm BQIJS OP SUBFACE EFFECTS Hi UKrHHCNIBP TOG RSVysiBLE 

POTElttAL OF THE H i 1 1 - S i 1 1 1 SYSTEM 

1 . IflgROPPCTIOS 

In the previous chapters we have discuseed in 

de ta i l the importance of adsorbed intermediates In determining 

the mechanism and kinetics of electrode reactions* Here we 

describe some work on the behaviour of the nickel oxide 

eleetrode during charging and discharging and with regard to 
T*T TTT 

the dependence of the reversible potential for the 11 - Ji 

system on the degree of charge of the electrode* This work 

forms a logical continuation of previous studies of the 

chemistry of the nickel oxide electrode carried out in this 

department (7, 2̂ 1,61) In particular, the study of the 
TT TTT 

reversible potential of the M - Ni couple at a constant 

state of oxidation of the electrode, as a function of KOH 

activity In the solution. The work described in this chapter 

is related to our discussion of surface effects In the previous 

chapters in that it will be shown that the composition of the 

surface phase can play a major role in determining? th® thenao-

dynamie as well as the kinetic behaviour of th® nickel oxide 

electrode. 
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The real reversible potential of the niOKel oxide 
II TTT 

(&i - ni ) electrode has been the subject of controversy 

for some years and previously reported values are misleading 

since they have not been based on well-defined ©stullibriuai 

conditions or a well-defined state of the system. Determination 

of the reversible potential ie oorspllcated by the self-discharge 

processes Which occur at the electrode In th© oxidised form and 

also because the eleetrode may exist in a ranp© of chemical 
II 

states corresponding to the extent of conversion of U±' to 

Ni (and possibly 11 under certain conditions) in the hydr®ted 

oxide. 

The true reversible potential of partially charged 

nickel oxide electrodes at a single controlled state of oxidation 

"tfi0^ g e n V&B examined (by Conway and £>ourgault;7) as a function 

of potassium hydroxide and water activities in aqueous alkali 

solutions, and distinguished froas the mixed potential assumed 

erroneously In previous work (91,9$ ,96) to b© the reversible 

potential. A polarization decay method was employed, in which 

the reversible potential was approached both from th® anodic 

and the cathodic directsons and has been described and discussed 

in detail previously (7»39,l4.1). 

In the part of the wor'r to be described in the present 

chapter, the same method has now been applied to the study of 

the potential of partially charged nickel oxSde electrodes as 
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a function of the degree of charge, at constant electrolyte 

composition. This method was found to bo applicable only 

over a limited range of degree of oxidation of the electrode 

(f,Si01^10
w -"iriO^—") owing to problems of extrapolation to 

the reversible potential to be discussed below* Stationary 

potentials taken at very long times on open-circuit, were 

therefore also measured as a function of the degree of charge 

over a much wider range of dep»ee of oxidation ("WiÔ  0g^
w -

The role of the surfaee 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 surfaee phase 

alone is being charged} in the Intermediate region, the Faradaic 

current Is used to eharge both phases, until the surface phase 

is 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 In all three regions described above* It does not, 

however, become appreciable until most of the bulk material 

has been charged) 
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2 . gXPKRIHEWTAL 

(I) General 

nickel hydroxide electrodes were prepared by 

impregnating sintered nickel plaques with reerystallised 

Si(W0,)g followed by conversion to !fi(0H)g by cathodic 

polarisation in 20f KOH, as described previously (7.90). Each 

electrode was charged and discharged three times before use 

at a five-hour charing rate In order to stabilise its electro­

chemical behaviour (7,39,1̂ 1 )# Electrodes were used at least 

one week after preparation In order to minimise changes In 

behaviour due to aging effects (93,99) during the experiments* 

All solutions were prepared from reagent grade (see 

footnote on p* I97 ) materials as described previously (7»HD. 

«ost experiments were sarried out in lit KOH at 2g°C. Some 

comparative runs were also performed in 7 •2?* KOH. 

(II) Reversible Potentials 

II III 
The reversible potential of the Hi * - Hi* system 

was obtained by extrapolating anodic and cathodic e.m.f* deeay 

lines, plotted logarithmically in time, to the potential of 

their intersection, as described previously by Conway and 

Bourgault (7.UD* 

The "discharged" electrodes still contained a small 

amount of the higher oxide of nickel >whioh, at the apparent 
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end of discharging is evidently inaccessible, probably due 

to insulation by the less conducting HI(0H)g (92). The 

electrodes were reduced completely by prolonged cathodic 

polarisation until a total of JF* eouiv*"* 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 two-hour charging 

rate I.e. at Uj.3 ma* g. of active material calculated as 

Ni(on)2. 

a* The electrode was charged for 2k mln. to an extent 

of oxidation of 20$ ($10, 1 Q) based on th® oxldntlon change 
II XTI 

Hi —* Mi in the oxide* The current was then interrupted 

and open-circuit deeay of potential followed for about an 

hour* 

b* Charging was continued for 2k mln., followed imme­

diately by discharge for the same length of time. The current 

was then interrupted and build-up (I.e. recovery of potential 

on open-circuit to i-nore anodic values) was followed for an 

hour, the degree of charge again belnp 20$ as In (a). 

Anodic and cathodic open-circuit decay and recovery of potential 

were followed in a similar manner at the k0%, 601' and 80^ 
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charged electrodes corresponding to formal degrees of 

oxidation of K*0x.20» HIO^ -Q, ̂ i«1#kO respectively. Charging 

and discharging curves for one of these experiments are shown 

In Fig. 26. Similar charging and discharging cycles were 

carried out to obtain data for electrodes in 2£>, 503 md 7S% 

degrees of oxidation (see Table 2). 

(ill) Stationary Potentials 

In this series of experiments, the electrodes were 

charged to a given degree of oxidation and decay of e.m.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 Irv. per day or less* 

(Iv) atparlnrly Charged Electrodes 

A series of experiments was conducted on electrodes 

charged to a very small extent (0*33* to %•< of their total 

eharge capacity). In this part of the work, only open-circuit 

decay measuret«enta followlnr anodic polarization could be 

studied* 

3* RESULTS 

Plots of decay of e*ra*f* after anodic and cathodic 

polarisation vs.* log (t • 0) are shown In '!g* 27. The signi­

ficance of this type of plot, of e.m.f. decay slopes and of the 
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Figure 26* Anodic and cathodic po la r i sa t ion curves 

for the n icke l oxide electrode in 

IH KOH, 2 hour charring ra t e* Ver t ica l 

broken line® correspond to opssn-eireult 

e*m*f• deeay or recovery* Solid l ines 

correspond to changes of po ten t i a l 

associated with changes of degree of 

charge between successive open-ci rcui t 

measurements* 
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Table 2 
I I ITI 

Reversible po ten t i a l for the Ni -Wl sys,tem ns a function 
of ^he defgree of cliarge of the e lectrode a and open c i r c u i t 

decay and b u n a - u ^ l o n e s , 
Anodic decay slope Cathodic » _ number 

Degree KOH i n i t i a l Lowe* build-up ferev. of 
of concent- f } * } 8 } W * \ slop© C*^*) experi-

eharge r a t i o n V " v ' ' V m V * ' b^m?*) ments 

-12.8 -18.2 *U*0 k23 1 

-9#5*0.6 -18.3*3*5 •13*1*2.1 k2k*k $ 

-12*0 -15.2 4^#0 1̂ 2? 1 

-10*8*1*5 -19.8*5*0 +10#9-1«6 1*23*S 9 

-35*3 -17.8 +U.U * 1 

-32*13 -22*2*3 +9.l4.*l*2 • 5 

-60 -21.0 +lk*3 ** 1 

20% 

« 

ko% 

$0* 

6a; 

72* 

SO* 

over-

l H 

1 I? 

1 If 

1 If 

. 1 H 

1 H 

1 1? 

charge* 1 B -J$5*2*6 
6 

4) 
See comment in t ex t with regard to these degrees of 
oxidation* 

# # The reve r s ib le po ten t i a l s are grlven vj.. tha t of a Hg/Hg0 
reference eleetrode in the same ~%lu 

v s . %\ 
ition* 
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Figure 27* Becay and recovery of e*m*f* of the 

nickel-oxide electrode in log (time) 

at various degrees of eharge after 

anodic and cathodic polarisation, 

respectively (Bate for IH KOH), 

compare ref* 7« 
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parameter 0 have been discussed above (of. p. IpL) and previously 

(7,35,36,39). 

All e.m*f* decay lines from anodic polarisation are 

seen to have two distinct regions* For electrodes charged 

to 50^ ("SiO, 2£W) or less, an initial low slope (about -l€tes¥) 

is followed by a higher slope (about -20raV), 'iJhen the 

eleetrode is charged to 75^, a high initial slope (about -32ra¥) 

is followed by the aasae slope (-20wV) mentioned above In the 

lower potential rerlon, E*«uf• recovery lines frets cathodic 

polarisation have a slope of about +11 mV, independent of 

degree of charge. Besult© for a typical individual experiment 

are given in Fig> 27* Seme slight increase of recovery alope 

is apparent as the charge Is reduced! however, this trend does 

not appear to be very significant statistically (e*F* see Table 

In Table 2, the reversible potentials for th© 
TT TTT 

Hi - Sll system, obtained by extrapolating cathodic and 

(initial) anodic •*m*f* decay lines (7) are piven for different 

degrees of charge (between 20» and f>0" formal degree of 

oxidation) of the eleetrode at 25°C, together with other kinetl 

parameters* An liaportant result obtained her© is thpt the 

reversible potential I© seen to be independent of formal 

degree of chars® °vtr the above range of charpe* Similar 

conclusions were arrived at from two comparative runa In 

7*2 * KOH. 
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For reasons to be diseussed, I t i s not possible to 

obtain the t rue r eve r s ib le po ten t ia l s by extrapolation of 

cathodic and anodic e*m*t* deeay l i ne s above degrees of 

oxidation of about £0"* In o rder , however, further to study 

the po ten t i a l s of the nickel oxide e l ec t rode , the "s ta t ionary" 

po ten t i a l s were examined a t higher s t a t e s of oxidation* 

In Table 3 , the "stationary*1 po ten t i a l s iseasured 

a f t e r k * 10* sec* and 6 x 10* sec* on open-ci rcui t are given 

for various degrees of charge of the electrode between $$> 

and 100$ ("overcharged" e l ec t rode ) . These r e s u l t s were obtained 

by reducing the electrode completely, polar iz ing i t anodically 

to the appropriate degree of charge, and then leaving I t on 

opon-circult for 6 x 10* sec* or longer* I t I s seen tha t the 

"stat ionary po ten t i a l " measured af ter a long period of standing 

on open-e l rcul t i s s t i l l independent of the degree of charge 

above 10?* extent of oxidation ("fflO^ Qg")# a*J<3 l l J ** l ia respect 

exhibi ts a behaviour s t e l l a r to tha t of the t rue r eve r s ib l e 

p o t e n t i a l s . 

Results of experiments on sparingly charged electrode* 

(0*33 * to $p degree of oxidation) are shown in l i p * 2 8 , where 

the e*m*t* - time r e l a t i o n la p lot ted for decay on open-c i rcui t 

a f t e r anodic charging for various d a d o e s of charge* i t I s 

seen tha t the decay process changes qua l i t a t i ve ly once «guite 

low degrees of charr© are reached* These r e s u l t s can, for the 
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W » 3 

Stationary potentials of the nickel oxide 

electrode in IH KOH. 25°0* 

Potential reached after Potential reached aft 
Degree of charge k x K P sec* 6 x 1GP sec. 

(mV. Hg/HgO) (m¥. Hg/HgO) 

k22*e 

424*0 

m*2 
U9*9 

k<0k*B 

399.3 

'overcharge*' 

50& 

20^ 

10$ 

7% 

$% 

U26*5 

426*5 

k2Q*k 

1*22.6 

406.0 

401.5 
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Figures 23. Plots of e*m*f* decay at sparingly charged 

electrodes, for various degrees of charge* 
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purpose of Interpretation, be best represented graphically 

as plot® of th® degree of eharge, Q* held by the electrode vg,* 

the time repaired for the electrode potential to deeay to a 

given value (Pif> 29) or In terms of the charge held j£* the 

potential reached after a given time (Fig* 30)* These plots 

are e<|uivalent to taking cuts at a given value of the abscissa 

or ordinate In Pip* 28. 

It is seen from both these derived plots that two 

linear regions are observed for each of th® twe families of 

lines, which intersect at a degree of chare® of !**> * Q*l%* 

Thla observation leads to th© Important conclusion that 

electrodes charged to !*$< or less are in a fundaxwsntally 

different state than electrodes charged to a greater extent* 

This point Is further demonstrated by examining th® deeay 

*l©s»eg listed in Table 4 below* It was shown previously (7) 

that the initial low slope (eg* -10 raV) la character is tic of 

Uio oxidation of the bulk nickel oxide* In the present work, 

this slope was only observed for electrode® 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 wuch more rapidly* 

k* fflacrcssioH 

The reversible potential for the Mi11 - f i m systen 

In the eleotrecheiitleally forraed nickel oxidtj has been shown to 
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Figure 29* The length of tlsse necessary for the 

electrode to reach a certain potential on 

open-circuit, vs.* the degree of charge of 

the eleetrode* (Lines show inflection at 

common degree of charge Q «* 1*6 - 0*1; )• 
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Figure 30* The potential reached after a given length 

of time on open-elrcul t , vju the degree 

of charge (lines show Inflection at 

common degree of charge of 

Q • 1.35 * 0*1$). 
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Iti&tik 

S*j6j{i*jg*iiiand e«vi*f * - decay behaviour at ajmvtnrlj 

charged nickel oxide e lec t rodes . 

Deeay slopes &.m*t* Tls&e of l a s t 
Degree b^fav^^bofov*) (mV.) a t raeasureiment, aV/at 

°* (aa in Table 1) * l r a e Q^ i a 8 * (••©•) a f t e r for the l a s t 
Charge * ' measurement cessat ion of . „ ., ,«»w*l 

po la r i sa t ion d a * ' •*•*•* 
<*J*)*^»MWW»M»WW»J*»*J*«MMW»»fc*Www*»W*W**W**M^ II • *^|*fc»*l*»|*a»«p*M*M»***»»*»t*»*M«*»w^ 

7% 404*8 6 x l O 5 0.2 

5>". -12*3 -23.2 398.3 7 x 105 0,8 

3$ -15»5 -34.1 366*5 2.8 x lO5 £ 
231 -12.6 -34*2 356.1 6 x 10 s 2 
1$ -34.3 > | l 00 | 186.6 9.5 x 105 8 

1 / 3 -40 >|iool 41 4»i x io* 1 

1/3% -4B >|300| 18 0.7 x 10* 1 S 

* Measured against the Hg/HgO electrode In the same solution. 
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be independent of the degree of eharge of the eleetrode over 

an appreelable ranpe of degrees of oxidation* Between 20% 

and $0% degree of charge, it was measured by extrapolating 

anodic and eathodio e.m.f. deeay lines, plotted logarithmically 

in time, as described and discussed earlier (7)* Values ef the 

reversible potential eould only be obtained over a limited 

ranre of degrees of oxidation (20$ - $Qf> ot total charge) 

sinoe at a higher degree of eharge the initial low anodle slope, 

characteristic of the oxidation of the bulk material, was not 

observed (see ?If> 27) and at a very low degree of chare®* 

cathodic e.m.f. recovery line© were irregular and difficult 

to reproduce. 

It Is of Interest to discuss why th® reversible 

potentlni cannot be obtained by extrapolation of anodic and 

cathodic polarisation decay lines above a de^es of charge of 

about 50-'* In Fig* 27 it is evident that the e.uuf* decay 

line, e.r> for 753 degree of charge shows two linear regions 

in "concave" relationship to one another as also found for the 

"overcharged" electrode (7)# whereas at lower degrees of eharge, 

a "convex" relation Ie observed between two linear regions* It 

has been shown previously (66,7,16) how such relations arise 

from two processes in an overall wechani am which are 

consecutive or alternative (i.e. in parallel) respectively, 

abovo #0& degree of eharge (for exaraple, with the 75> charged 
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eleetrode). It is clear that the former type of process is 

operative, as It Is In oxygen evolution at overcharged nickel 

oxide electrodes (7)$ moreover, the Tafel slopes are similar 

to those obtained for the oxygen evolution process at the 

overcharged electrode. We cannot hence identify the initial 
T T TT'T 

process as involving the M - HI oxidation reaction as has 

been done for the 50$ charged electrode and so cannot obtain 

the true reversible potential by the extrapolation procedure 

under these conditions. We ean have, in effect, two pathwaya 

for the anodic reaction which could be written, for example, as 
K • oil" —* MOH * e I 

A « B 
oxide oxidation 0« evolution by further steps (see p. 85) 
In bulk of * 
material. 

e.g. MO • MOH -* MHOg XII 

or 

or 

MHOg • mn —* Og • HgO • 2W VI 

WO • OR — MHOg + « V 

MHOg • MOH — Og • HgO • 2M VI 

2M0 ~» 0 o • 2M III 

At the higher degrees of charge (> ca. $0$) * the 

pathway Is evidently one Involving consecutive rate-determining 
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steps and is therefore probably associated with the scheme I, 

IX with pathway B to oxygen evolution with, for example, II 

or III (cf* 61) rate-determining. 

At low degrees of charge, $0% or less, the course of 

the e.m.f. decay corresponds to alternative reactions, on© or 

the other of Which becomes predominant as the potential changes* 

as shown previously (7)« The pathway is thus probably I, II 

and A at short times after deeay (higher anodic potentials) 

and I, II and B to oxygen evolution at longer times when the 

pathway which is faster at lower anodic potentials dominates 

the kinetics of the deeay process* 

The above discussion is Intended only as a qualitative,, 

plausible explanation of th® effects associated with the e*ss.f* 

deeay behaviour as a function of charge* The evidence for 

assignment of some of the mechanisms involved in th© oxygen 

evolution process In the scheme shown above has been discussed 

in detail by Conway and Bourgault (7,41*63.)* 

In order to supplement the above data on true 

reversible potentials, steady or "stationary" potentials were 

measured over a wider range of degrees of oxidation (5/ - 100.). 

The significance of these potentials as klnetically determined 

zalxed potentials has been discussed previously (7)* They 

cannot be related directly to the reversible potential of the 

system at different degrees of charge, since the exchange 
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II TIT 
current for the ail** —»- Wt oxidation process may strictly 

depend on the degree of charge* Kevertheles® , the constancy 

of these potentials over a large ranpe of formal degree of 

oxidation of the electrode ("M10, -J" to HH10* £0
W)# combined 

with the fact that the true reversible potential has been shorn 

above to be Independent of degree of charge in the rang® where 

It is directly accessible, makes it noet probable that the 

reversible potential la, in fact, constant over the whole 

ranpe of degrees of oxidation where the steady potential is 

found to be constant* This is contrary to conclusions reported 

by Lukovtsev and Temerin (33) who claimed that th® apparent 

reversible potential of this system follows a Mernst type 

equation with a slope of 0*050 volt* The observed variation 

of actual potential during eharping; and dlscharring on which 

the latter conclusion was based is probably due to a eoncentratio 

polarisation in the solid phase (33*92) or a change In effective 

current density due to a change In available surface area, and 

not due to a variation of the true reversible potential of the 

system, as claimed by Lukovtsev and Temerin* 

Our preeent findings are not in conflict with the 

equation 

E - a • b ' log (.V Vfl) 
* '•red 

diseussed by Lukovtsev and Temerin and examined and evaluated 
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by Conway and Bourgault (39*4D since that equation refers to 

the variation of eleetrode potential with degree of oxidation 

of the surface phase In the overcharge region, and In faet the 

potential of the eleetrode was shown (7) to Involve a terra 

corresponding to uptake of adsorbed ROB* 

For electrodes charged to less than 10$, the open-

circuit steady potential was found to depend on the degree 

of charge to a large extent* Electrode® charged to 1% or less 

behaved quite differently from those charged to a greater extent. 

The results suggest that up to a degree of eharge % » 1*5 * 0*1% 

(i.e., the average value of Q at the points of interaction of 

the lines in Fig* 29 and Fig* 30) only a surfaee phase is being 

charged. Above that, and up to a degree of oxidation of about 

10$ both surface and bulk phases are being charged* ¥hen the 

electrode has been charged to 10$ of its total cliarge capacity. 

It appears that the surface phase la completely charged, and 

any further* charging can then only affect the bulk material. 

The variation of the observed true reversible and 

stationary or quasi-equilibriuja potentials as a function of 

eharge In IH KOE is shown in Pig. 31. The electrochemical 

behaviour of th© electrode is evidently determined by the 

surface phase, since the reversible (or steady) potential is 

Independent of the degree of charr® ®o lour as th© surface 

phase Is apparently completely charged. I.e., above 10$ formal 
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Figure 31. True reversible potentials and "stationary1* 

potentials of the nickel oxide as a 

function of degree of oxidation* One-

electron theoretical Mernst slope Is 

shown for comparison* 
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degree of oxidation* The theoretical Mernst plot for a one-

electron transfer process (in terms of formal degree of charge) 

which would be observed for ideal solid-solution behaviour 

with the bulk material potential-detenalninr is shown in 

Fig* 31 for comparison* 

The independence of reversible (or steady) potential 

demonstrated above a degree of oxidation of 10$ eould formally 

arise for either of the following reasons! (a) If the electrode 

were a two-phase mixture of lower and higher oxide, the potential 

would be independent of apparent degree of oxidation so long as 

both oxides were present| (b) If the potential were determined 

by a surface phase of constant composition, superimposed on a 

bulk-phase of varying degree of oxidation but not potential-

determining, the observed potential would be independent of 

cotaposi&ien of the bulk* 

The latter situation (b) is consistent with previous 

kinetic conclusions (7) en the mechanism of charging of the 

bulk material via a surface phase, and the observation of a 

large adsorption pseudoeapaclty associated with the (over­

charged) nickel-oxide electrode* The former possibility (a) is 

rendered unlikely by the X-ray diffraction pattern of nickel-

oxide at various degrees of eharge (93*%) where it was shown 

that there was a continuous variation of the pattern consistent 

with a complete range of solid solutions of HI II and III oxide 
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s t a t e s* The observed var ia t ion of po ten t i a l between 2% and 10$ 

degree of oxidation confirms that a two-phase mixture cannot be 

present and potential-determining since each a mlxtwre should 

give a constant po t en t i a l except a t a s t a t e of complete 

oxidation or complete reduction* We must conclude that the 

surface-phase i s potentlal-determlninf and above a degree of 

oxidation of 10$ ef the whole mater ia l in the oxide e l ec t rode , 

a more or l e s s constant po ten t i a l i s reached* 

We may conclude by summarising the reasons why 

previous assignments of revers ib le po ten t i a l s (91»9£,96) a re 

of l imited va l id i ty} 

a) i n most c a se s , k lne t i ca l ly determined mixed po ten t i a l s 

were Involved which d i f f e r from the t rue r eve r s ib l e values by 

0 - 30 mV. depending on conoentr t t lon of KOBE. 

b) the species e*r>« MH10gw, (97) to which the po ten t i a l s 

were assumed to r e fe r have not been iden t i f i ed or character ised 

and t h e i r existence I s doubtful (such species probably correspond 

only to the surface phase a t the overcharged electrode*• 

c) the phase to which the potential® re fe r i s evidently not 

the bulk phase oxide but the electrochemlcally ac t ive 

surface phase* 

d) po ten t i a l s a t ta ined during charging or dlsehar&ing of 

the e lectrode d i f fer subs tan t i a l ly and ne i the r ©an be Ident i f ied 

with a thermodynamically s ign i f ican t revors lb le po ten t ia l* 
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CLAIMS TO OBIOIMAL BBBBftftCd 

1* The r o l e of coverage-dependent free energies of adsorption 
6 0 ads o f ^bermedia tes in electrochemical react ions has been 

exanlned pa r t i cu l a r l y for reac t ions Involving more than two 

consecutive s teps and hence several simultaneously adsorbed 

intermediates* Models which can lead to a l i n e a r dependence 

of Aft-ag o n coverage (Temkin isotherm) have been diseussed 

for eases of adsorption both of s ingle and. several species a t 

the surface* I t has been concluded that Boudart*a pos tu la te 

of an "induced heterogeneity" effect la the most appropriate 

for examination of coverage effects on &&**- ®®& hence on 

electrochemical free-energies of act ivat ion* 

2* Kinetic equations have hem derived for react ions Involving 

more than two steps and Tafel slopes have been deduced for 

various condit ions of coverage by adsorbed in termedia tes , cases 

for which adsorption of the product gases i s e i ther ac t ivated 

or non-activated have been distinguished* Generalisations 

regarding the electrochemical k ine t i c behaviour have been 

proposed for condit ions of intermediate coverage, and the 

r e s u l t s are dis t inguished from those which a r i s e under l imi t ing 

Langmuir conditions* 

3* The adsorption pseudocapaeity behaviour associated with 

the potential-dependence of coverage by intermediates has been 
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dedueed In the general case where significant coverage arises 

and the adsorption isotherm passes from a Langmuir type to a 

Temkin type and baek to a Langmuir type as the coverage 9 

foes from aero to unity* The calculations show that the over­

all pseudocapaeity can be expressed as a series combination of 

two capacity terms, on® associated with pre-exponential terms 

(Langmuir) and the other with exponential terms (Temkin) in 9 

in the rate equations* 

4* The potential and coverage dependence of th© pseudo­

capaeity has been evaluated explicitly for various values of 

the parameter r which determines the variation of free energy 

of adsorption with coverage* Values of pseudoeapaclty which 

are constant with potential are only predicted with rather 

unreasonably high values of r* 

$* When the free energy of adsorption varies with coverage 

on account of lateral Interaction effects and hence depends on 

9*/2 o r w3/2 (yafckag, *fam 9n a linear function of 9 as 

postulated by Temkin) characteristic, non-symmetrical relation­

ships between pseudoeapaclty and coverage or potential have 

been shown to result* 

6* The pseudoeapaclty behaviour Is shown to be determined to 

an Important extent by the degree of equilibrium existing in 

the primary ion discharge step (In which th© adsorbed interme­

diate Is formed)* This effect becomes nore pronounced tho 
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larger Is the value of the parameter r. It is shown in 

general that cases may arise for which the Initial discharge 

step can legitimately be considered at equilibrium for the 

purpose of discussing the kinetics of th® reaetlon sequence, 

while the pseudoeapaclty behaviour is significantly different 

from that obtained assuming complete equilibrium In the 

initial discharge step* 

7* Under aon-eiuillbrium conditions in the Initial discharge 

star, limiting values of the eoverage, leas than unity, are 

predicted at hiph overpotentiala and have been evaluated for 

various ratios of the rate constant a for the primary discharge 

step and an assumed potential dependent radical-ion desorption 

step* The limiting values of 9 are also dependent on the value 

of r involved for the intermediate concerned* These conclusions 

depend, however, on the mechanism assumed* 

8* A method has been developed which allows the parameter r 

to be evaluated from the width of th© observed pseu&ooapaeity-

potential curves when they are symmetrical* It la also shown 

how the surface roughness factor can be deduced under 

conditions which are specifically relevant to the electrode 

process occurring Applications have been made to the pseudo-

capacity behaviour associated with the anodic formate 

deearboxylatlon reaction* 
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9* Experimental studies on the nickel oxide electrode have 

enabled the pseudoeapaclty associated with adsorbed O-contalnlng 

species to be evaluated over a small range of potentials* 

Several methods of determination of the capacity have been 

shown to lead to consistent results* 

10* Studies on the reversible potential of nickel oxide 

electrodes have demonstrated that this potential Is independent 

of the degree of charge held by the bulk oxide except below 

ca* 10*1 degree of charge* These observations indicate the 

important result that for this eleetrode system, the reversible 

potential is determined largely by processes at the surface. 

11* The charging characteristics ef a completely discharged 

nickel oxide eleetrode have been evaluated* Three regions are 

distinguished, corresponding to the charging of the surfaee 

phase alone, then both surfaee and bulk phases and finally the 

bulk phase alone* 
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