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A.C. IMPEDANCE OF FARADAIC REACTIONS INVOLVING ELECTROSORBED INTERMEDIATES;

Part I: Kinetic Theory
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(Received: )

Abstract

The evaluation of the electrochemical adsorption behaviour of chemisorbed
intermediates generated in a multi-step Faradaic reaction at appreciable net
currents is important for understanding the reaction mechanism of the overall
process involved. Measurement of a.c. impedance of the reaction at controlled
potentials provides an important experimental route to the required information
about the "overpotential-deposited" ad-atom species. Interpretation of the
measurements requires, however, further examination.

Based on an extension of Armstrong's treatment, it is shown that inter-
pretation of a.c. impedance measurements directly in terms of the components
of an intuitively assumed equivalent circuit is rarely correct; only in the case
of underpotential-deposition of an ad-species, where no continuous Faradaic
currents pass, is such an approach satisfactory. Kinetic analysis is given
for the behaviour of a multistep process with examples from the cathodic H
evolution reaction where electrochemical and H-recombination desorption
pathways are involved. The kinetic analysis enables the steady-state adsorption
pseudocapacitance C, for H to be evaluated as a function of overpotential. Its
behaviour is c]ear]? distinguishable from the quantity C,. commonly written as
the pseudocapacitance element in the equivalent circuit Bor this type of
reaction.

* Present address: Surface Science Group, Chemistry Department,
University of Western Ontario, London, Ont., Canada.
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INTRODUCTION

The a.c. impedance technique is widely used to study electrode processes.1

Most of the experimental data obtained from such experiments are analysed in
terms of an "equivalent circuit", an electrical circuit which is considered to
model correctly the electrical behayiour of the electrode interface when its
calculated impedance, as a function of frequency, agrees with the experimentally
measured impedance behaviour. In the simplest, or "intuitive" method of analysis,
it 1s assumed that the elements of the experimentally derived equivalent circuit
may be identified with parameters of the electrical behaviour of the individual
constituent steps of the reaction mechanism, viz. charge transfer resistances,
pseudocapacitances and diffusional impedances.

A more rigorous method of analysis involves comparison of the experimentally
measured impedance directly with that theoretica]]y derived for an assumed
reaction mechanism. If agreement is found, the adsorption parameters and the
réte constants of the constituent steps of the mechanism can be readily calculated.
The concept of an equivalent circuit is not a necessary part of this "kinetic"
method of analysis, although the theoretical derivation can be used to assign
acceptable equivalent circuits. The analysis shows that the significances of
the equivalent circuit elements assumed in the "intuitive" method are rarely
correct. In particular, it will be shown that-the one-to-one assignment of
resistances to individual reaction steps, as is commonly done, is not usually
valid.

In this paper we discuss the significance of the equivalent circuit elements
in relationship to the theory for a multi-step reaction with one adsorbed inter-

mediate, without diffusion control. The treatment is an extension of Armstrong's
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kinetic theory for the two-step case.2 Although theoretical treatments have

been given for generalized méchanisms, of which this is a specific case,3 the

consequences for this cése and the 'derivation of equivalent circuits have not

been pursued. After deriying acceptable equivalent circuits, the physical

significance of the constituent resistors, capacitors and inductors is discussed,

We also examine the concept of adsorption pseudocapacitance and its relationship to

the equiyalent circuit elements, and introduce a useful new quantity, the a.c.

pseudocapacitance. While some of the points presented here have been indicated

previously in the Titerature, as cited, it is useful to mention them again as

part of an integrated discussion of the a.c. method for study of surface reactions.
A mechanism was chosen in which a single electrosorbed intermediate is

formed, as in the hydrogen eyolution reaction (h.e.r.). In the paper which

foHows4

, an experimental a.c. impedance study of the h.e.r. at platinum elec-
trodes is described and analysed using the methods given here. We therefore

apply the theory to the mechanism of the h.e.r., considering the reaction steps

of proton discharge with electrosorption (Volmer reaction, eqn. (1)), electro-
chemical desorption (Horiuti reaction, eqn. (2)) and H recombination (Tafel
reaction, eqn. (3)). The recombination reaction is an important component of

the h.e.r. at Pt, but does not seem to haye been incorporated into preyious

impedance analyses, except those of Gerischer and Meh]5 and Brug et a16.

M+a + e = MH_ 4 (rate vi) (4
+ - . .
Mﬂads +H +e =M+H, (rate vzl (2)
! _ (rate vo)
MH 4o + MHyqs = 2M + By 3 (3)

The analogous bromine eyolution reaction at vitreous carbon electrodes

in acetonitrile has also been studied in this laboratory and the results have

been analysed by the methods given in this paper'.7
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The h.e.r. 1is perhabs the most widely studied electrochemical reaction.
ATthough the a.c. impedance method has been used to study the upd of hydrogen on

8,9,10,11

platinum » there are surprisingly few impedance studies of the h.e.r. in

the overpotential region. Gerischer and Meh1® made impedance studies of the h.e.r.at
mercury, silver and copper electrodes but the theoretical treatment presented there
applies only to the Tafel region. This restriction means tha t the important potential
region in whi ch the surface coyerage by the electroactiye intermediate

is changing appreciably with potential could notbe considered. Also,

the experimental results were not fitted by the theoretical model they proposed.
Brugetal .6 made a detailed experimental study of the h.e.r.at Au which showed

no eyidence of an adsorption capacitance associated with H and gave a theoretical
treatment for several 1imiting cases. This paper was the first to treat theoret-

ically the impedance in the potential region where the coverage © is changing.

Other experimental impedance studies of the h.e.r. have been reported by

11 13 14

Armstrong and Be11]2, Breiter Knorr and Vo1kl » Frumkin et al " and

15

, Durand

Sluyters-Renbach and Sluyters ~, as discussed in more detail in Part II. However, *

these papers do not contain any further theoretical development releyant to the

present work. A series of papers by Epelboin and co-mn:nr‘ker's]6"]9 concerning

experimental and theoretical aspects of the dissolution of the iron electrode
is relevant insofar as one of the mechanisms discussed is similar to eqgns. (1)
and (2), but a recombination reaction was not considered. The theory here is

20

extended to the case of two adsorbed intermediates in Part III™" where it is

applied to the h.e.r. at Ni-Mo-Cd alloys involyving sorbed as well as adsorbed H,

THEORETICAL TREATMENT AND DISCUSSION

1. General Deriyation and Equiyalent Circuits

In this section we derive equivalent circuits for any mechanism with one

adsorbed intermediate, in which diffusion of participating species is not rate-



Timiting. In the following equations, r_ = i/F is the net rate (in mol em2 s_])

0
of production (ro positive) or consumption (ro negative) of electrons, r =

(q1/F)(de/dt) the net rate of production of the adsorbed species, e'is the fractional
surface coverage of the adsorbed intermediate and 91 is the charge required for
deposition of the ad-species to complete coverage. The international sign
convention is used, i.e. cathodic currents are taken as negative.

The rates of production of electrons or adsorbed intermediate have contri-

butions from several steps in the mechanism. For example, for the h.e.r. proceeding
with the mechanism represented by eqns. (1) - (3), ro and ry are given by eqns.

(23) and (24), developed Tlater,

When there is sinusoidal modulation of potential at frequency w/2m:*

E=E, +E, cos(jut + 6g) = E. + Re[Eexp(jut)] (4)
6 = 6, + 0, cos(jut + ee) = 0. *+ Re[Bexp(jut)] (5)
i= i+ 1, cos(jut + 8;) = i, + Re[Texp(jut)] (6)

Equation (4) gives the applied potential, consisting of the d.c. or steady- .
state (ss) potential E_. and the small amplitude sinusoidal component of
magnitude EaC and phase eE' E = Eacexp(jeE) is the complex quantity characterising
the a.c. component. Both g (eqn. (5)) and i (egn. (6)) will also vary sinusoidally
but with different phase and amplitude (contained in 7 and ). For small
perturbation from the steady-state, the rates may be expanded in Taylor series

form, neglecting second and higher order terms (eqns. (7) and (8)):

* These equations, and those following up to (15b) are related to those in
Armstrong's treatment? but they are written here (in a generalized form with
somewhat different notation) in order that the subsequent analysis and conslusions
given in this paper regarding equivalent circuits may be conveniently followed.



1/F = vy =1y gs * (arg/RE) (E - E) + (dry/20) (6 - 8, )  (7)
(q1/F)g% =1y =1y g * (B /BE)o(E - Eg) + (Bry/30)g(6 - 8.)  (8)

Here E - E.. and © - 6;¢ are the deviations from the ss values of E and
8, respectively, caused by the a.c. modulation.

To simp1ify the treatment which follows, it is conyenient to define three
parameters A, B and C as in egns. (9a,b,c). ©/E (eqn. (10) may then bBe obtained
by substituting eqns. (4) and (5) into egn. (8) (note that M,ss = 0). The
Faradaic admittance, ?f = ?/E (eqn. 11), may finally be obtained by using egns.

(4) - (7) and (9). Several forms of this equation are given: (11a) is the
simplest, (11b) conforms closely with Armstrong's notation and (11c) - (11f) are
written to show that the equation is the same as those for the equivalent circuits
shown in Fig. 1. The capacitative circuit, Fig. 1(a), has been given by Armstrong,2

the only difference from the presentation here being that his circuit elements

took into account only two reaction steps. Both the capacitative and inductive

ciréuits (Figs. 1a;ﬁi Eave been used by Epelboin and co—workers.17
It is convenient to define the following:
A = F(aro/aE)e : (9a)
B = (F%/a;) (or/20)g- (3r;/3E) (35)
¢ = -(F/gy) (ary/30); | | (9c)
e
B/E = (ar,/3E) o/Liway /F + (ar(/28) ] (10)
Ve =A+B/ (Ju+C) (11a)
= 1/R, + 1/R,(1 + jut) (11b)
= IR, + /(g + 3o, T (11c)
= /R, + 1/(R + jul) (11d)
= 1/Re + /(R + 1/juC,) (11e)

[Re + (/R + 174l )" T! (117)



where R,, = 1/A; © = 1/C; Ry = C/B; Re = C/(CA + B); Ry = -B/ALCA + B); C, = -A%/B;

P

Lo = 1/B; Co = -B/CZ; R. = -R =-C/B; R, = -R_=B/A(CA + B) and L_ = B/(CA + B)z.

S 0 L p p

It is clear from eqns. (9) - (11) that the parameters A, B and C have a simpler
meaning than the equivalent circuit elements, which are much more complex functions
of the kinetic parameters.

It is possible that adsorption of the intermediate might alter the charge
of the double-layer (additionally to the faradaic contribution) leading to a ¢
dependence of CC”.]6 However, in.this paper, we assume that this effect is small
and therefore make the usual simplification concerning the additivity of the
Faradajc and double-layer charging currents, i.e. the admittance of the double-
layer capacitance is added to Yf and the total interfacial impedance is then
given by:

7= 1/(V + juCyp) (12)

The possible shapes of this function when plotted in the complex plane
have been given by_ArmstrongZ; they approximate to two semicircles either both
above the real axis or one above and one below. For certain limiting conditions,
these may appear merged into one semicircle as is sometimes found experimentally
(Part II). It should be noted that some of tHe shapes given by Armstrong may
not necessarily arise for a given mechanism because the parameters of egns. (11)
are not independent but are related through the details of the specific mechanism,
We have only observed shapes 1ike those of Fig., 2 in the case of the h.e.r. (see

below).

2. Significance of parameters of eqns. (11) determining: the equivalent

circuit elements

Although all the forms of egn. (11) are mathematically equivalent, all

resistances, capacitances and inductances in a real circuit haye positive values.



This restriction is not implicit in eqn. (11), so that the possible signs of the
parameters require discussion.

These signs depend on the signs of the partial deriyatives of the rates
with respect to ¢ and E. At constant g, the rate of each electron transfer
step increases with increasing oyerpotentia], i.e. Laro/aE)e is therefore always
positive, 1e§ding to a positive A (eqn. (9a)). Therate of a step which produces
adsorbate genéra]]y decreases with increasing g, at constant E, because the back
reaction is promoted and the forward reaction inhibited. This leads to C being
always positive (egn. 9c). Consequently, for most cases of interest, Both A and
C are positive, but B may be of either sign.

From egqn. (11), it is seen that, for negative B, all elements of the
capacitative (Armstrong) circuit (Fig. 1a) are positive, while for positive B
all elements of the inductive circuits (Figs. 1b, d) are also positive. For the
series capacitative circuit, Fig. 1c, at least one of the elements will be
negative, regardliess of the sign of B. The "natural" equivalent circuit could
be taken as the one with all elements positive, the usual convention adopted (cf.
ref. 17, with Q instead of B). This chbice has the difficulty that different
circuits may have to be chosen at different d.c. potentials, if B changes sign175
Alternatively, recognizing that it is the kinetic scheme that actually describes
the reactions, each of the forms of eqn. (11) might be considered equally suitable,
whatever the signs of the parameters. We take the view that, for the purposes
of analysing data, whicheyer circuit is most convenient may be chosen, though the
data are probably most conveniently analysed in terms of A, B and C without
adopting any equivalent circuit. However, it is useful to have an equivalent
circuit whose elements correspond to something of mechanistic significance. We
show below that, in this sense, the inductive circuit, Fig. 1b, is to be preferred,

even though the elements may be negative for negative B.



The form of eqn. (11) is derived quite generally, without regard to the
actual potential-dependence of ro or rq, or the form of the adsorption isotherm
of the intermediate species. Consequently, any reaction mechanism with one
adsorbed intermediate and without diffusion control will give rise to an impedance
with a frequency dispersion governed by eqn. (15) and ;hou1d therefore be analysed
in terms of A, B and C. If the data are analysed in terms of an equivalent
circuit, only those of figure 1 are acceptable, since they follow directly from
the kinetics.

Other equiva]ént circuits which do not conform to eqn. (11) will not
provyide a suitable basis for treatfng the data for reaction mechanisms with one
adsorbed intermediate, i.e. we are not free to assume arbitrarily a form for the
equivalent circuit. This conclusion is implicit in the generalized theories given

by several authors]’3

» where tﬁe-genera1 formulation of the impedance function is
given without detailed referenée to implied equivalent circuits. Quite generally,
there may be several equivalent circuits for the same mechanism but the equations
describing their frequency dispersion behayiour will simply be different forms

of the same equation, in this case eqn. (11). Consequently, at each d.c. potential,
there shod1d be some set of parameter values which allows eqn. (11) to be fitted

to the expémeepta] data; a misfit implies that the reaction does not have a
sing]e-édsorbateumecﬁanism without diffusion control,

Howeyer, a correct fit with one of the acceptable equivalent circuits of

egn. (11), is seen to be insufficient to be diagnostic of the specific mechanism.

For example, suppose it is found that, at each d.c. potential studied, the data
fit the behaviour expected for one of the equivalent circuits given in Fig. 1,
It is not possible to conclude from this alone whether or not the recombination

step, say, should be included in the reaction mechanism. If the data do fit



eqn. (11), but the detailed potential-dependences of the parameters do not match
those predicted for the spécific reaction mechanism, then agreement may be
obtained by altering the specific mechanism. The term specific mechanism is
used here to mean a proposed series of steps, such as egns. (1) - (3), with
associated assigned rate constants and isotherm parameters,

It is to be noted that the equivalent circuit expected on intuitive grounds
may sometimes be incorrect. In the present case, the circuit of Fig, la is
often proposed with the interpretation that R_ 1s the charge-transfer resistance

of the electrosorption step, R is the charge-transfer resistance of the electro-

P

desorption and/or recombination steps and C_ is the pseudocapacitance of the

p
adsorbed species.Z] In a recent paper, R_ and Rp haye instead been assigned to
the "fast" and "slow" steps of tﬁe.mechanismzz. However, it is clear from the

above derivation, that R and Rp are each properties of two_or more steps in the
reaction, and therefore the above assignments cannot be justified. Additionally,
it will be shown below that Cp may not be identified with what is usually called

23,24

the adsorption psedﬁocapacitance , but is, however, related to it in a rather

complicated way.

3. Significance of Parameters

(i) The parameter T

As noted by Armstrongz, T is a time constant which measures how rapidly e
relaxes to its new value after the potential is changed. This has a quite precise
meaning in the case where the rates are Tinear in 6, such as for the h.e.r. under
Langmuir conditions with a negligible recombination rate. In this case, if the
potential is stepped to a new potential, Ess’ then 6 relaxes exponentially to
its final value with a time constant t (Fig. 3), the same value of T which would

be obtained in an a.c. impedance experiment at an applied d.c. potential Ess'
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(This may be shown by solving the differential equation for constant potential
conditions.) In more complex cases, such as the h.e.r. with recombination
considered, “the relaxation will not be exponential, though non-rigorously a

similar significance may be attached to t. The time constant T is equal to the
time constants of the series branches of the circuits of Figs. 1b and 1c (7 = L /R,
= CSRS) but is not simply related to the elements of the other equivalent circuits.

(i1) Pseudocapacitance and Related Quantities

The steady-state pseudocapacitance, C,, the equivalent circuit element, C_,

’ P
and qy (BVE) all haye the dimensions of capacitance. We discuss these in turn.

In order to calculate the adsorption pseudocapacitance, C,, the steady-state value

¢
of & at any d.c. potential, Ess’ is first found23 by setting the " equal to zero

and solving for o as a function of potential (Fig. 3). Differentiation of this

function and multiplication by 95 gives the quantity C, called the pseudocapacitance

¢
by most authors (Fig. 3). Extensive discussion of the C, function has been given

¢
in several papers hy Conway and Gj1ead123’25 for equilibrium and ss conditions.
Since r is zero in every steady-state, its derivative with ESS is also
everywhere zero.(egn. (18)), leading to an alternative formula for the steady-

state pseudocapacitance*, C,:

5
0 = dr/dEgs = (ary/a8)p dog /dE s + (arq/9E), (13)
Cy = -aydego/dE ¢ = +ay (arq/eE)y / (ory/8)g (14)

Because the derivative (ar]/aE)e appears in combination with another derivative

in B (egn. (9B)), the_pseudocapécitanceAat a given E cannot be obtained directly
from the impedance parameters at this potential. It can, of course, be calculated
from the rate constantsZB’25 once these are obtained from a full analysis of the

potential-dependence of the impedance parameters. This latter method has the

disadvantage that a spécific reaction scheme must be assumed.

* C, 15 defined here as-the negative derivative in order for C$ to- be positive for
the 'h.e.r. - S - T , _
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It should be noted that, since the coverage ¢ at a given potential depends
on the potential progfamme applied to the interface, the quantity q]de/dE is not
uniquely specified. For example, it has different values in a cyc]icévo1tammetry
or an a.c. experiment from that for a steady-state current-potential measurement.
The above definition of C, as derivative of the steady-state o-E curye is the one

¢
used by several authors, although different quantites* have also been defined as

pseudocapacitance in the Titerature, e.g. peak current divided by sweep-rate
in cyclic-voltammetry or the value of a capacitance in an experimentally-
determined equivalent circuit.

The complex quantity, q]g/f (eqn. 15), measures how the sinusoidal
variation of coyverage by the adsorbed intermediate (expressed as equivalent charge)
depends on the sinusoidal changes of the potential, analogously to the way
admittance measures the dependence of a.c. current on a.c, potential. We shall
call this quantity, which has the dimensions of capacitance, the "a,c. pseudo-
capacitance", E;c' i .
previously. Thus:

i

Coc = 978/E = aq(ary/3E), / Ljway/F + (arq/26)¢] (15)
with amplitude

Its significance does not seem to haye been recognized

|Cocl= aql(ary/aE) 4] / [u?a,2/F% + (ABY‘]/BS)‘SJ% (161

In the terminology of circuit theory, a pure capacitance is one where the
current leads the voltage by a phase-angle of 90° or equivalently the charge on
the capacitor plates is exactly in-phase with the potential across the plates at
all frequencies. The sinusoidal variation of the charge stored as adsorbate is
not in-phase with the sinusoida] changes in potential except at zero frequency.
Only then, in the steady-state, can cﬁanges in charge keep up with changes in

potential. At higher frequencies, a phase difference develops of course, and

less amplitude of charge variation is obtained for the same potential amplitude

* The relationship between C quantities determined by a.c., d.c. énd\potentia1—
sweep methods was treated by Conway, Gileadi and Kozlowska in an earlier paper28.
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(egn. (16)

) because of the slowness of the reaction. Accordingly a complex
quantity (E;C) describes the variation of ampiitude and phase of adsorbate charge

as a function of frequency (Fig. 3). In the 1imit of zero frequéncy, Eac becomes

25’263C¢, as may be seen by comparing egns. (14) and (15).

The third quantity with dimensions of capacitance, C

the pure capacitance

D’ (egn. (17)) may also
be compared with the steady-state pseudocapacitance (eqn. (14)) but it is seen

that these two quantities are not, in general, equal. Cp is a pure capacitance
and, in view of the preceding discussion, cannot be a true measure of the variation
of adsorbed charge with potential under a.c. conditions. That is, the charge on
its "plates" is not-the same as the charge residing Faradaically as adsorbed
intermediate on the e]eétrode in an a.c. experiment. Rather, Cp results from the
conyentional requirement that an equivalent circuit must contain only elements
whose values are real and frequency-independent i.e. pure capacitors, resistors

and inductors. (The Warburg impedance is an exception to this rule), C_ appears

P

in combination with the resistor Rp so that the combination correctly models the

phase delay of the reaction séheme. It is not therefore to be expected that a

definite physical significance can be ascribed to it. In the case of the h.e.r.,
however, the behaviour of,Cp is found to be surprisingly similar to that of C¢
over a limited potential range in the absence of recombination (see below and Fig.
5). We therefore seek criteria for the similarity of these two functions, writing

C_a
D S

C

5 = -A%/B = - q[(ar/aE) 1% / L(arg/28)¢(ar /3E) ] (17)

Comparison of egns. (14) and (17) shows that they will be equivalent if Ty
and ry are jdentical functions of @ and E to within an additive constant. (Other

more complex functions which lead to equivalence are not considered here because

they are unlikely to be physically reasonable.) The simplest case when Cp is

equal to C, is with "y = 1 T Vs i.e. where the adsorbate is formed and removed

o
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with accompanying electron transfer in one step only. This is the case of

underpotential deposition of hydrogen or other species. Mathematically, this

may be considered a special case df the h.e.r. with Vo = Vq = 0, although the

adsorbed species in underpotential deposition (UPD) are proEab]y in a dffferent

state from the electro-active (OPD) adsorbate species in the overpotential region.
In this UPD case, tﬁe capa;itatiye quantities, Cp‘and C¢ are identical.

Furtbermore, since Rp (egns. 11 and 9) is infinite, the equivalent circuit of

Fig. 1a reduces precisely to that of Fig. 4. If the specific rate expression

for UPD (following the Langmuir isotherm with g = 0.5, egn. (18)) is inserted

into egns. (11) and (9), the potential dependences of the circuit elements of

Fig. 4 accord precisely with the intuitiye expectations for}a simple charge-

transfer resistance and an adsorption pseudocapacitance (eqns. (19) and (20)).

This circuit has been widely used in the analysis of UPD data by Breiter and

10,8 8

others » and theoretical justification has been given by Dolin and Ershler-.

The question arises as to why the intuitive notion of the role of pseudo-
capacitance in the<équiva1ent'c1rcuit is in accord with the mathematica] predic-
tionsvin the case of UPD but not in the more general OPD case. The explanation
is thatx;€\§§\bn1y%jn UPD that eyery electron passed pfﬁduces an adsorbate molecule,
so that the Faradaic chafge passed, q, is identical with the charge stored as
adsorbate, g,8 (egn. (21)). There are no "leakage" reactions such as egns. (2)
or (3), corresponding to overall product formation, to upset this equality and

23,25

lead to the kinds of difference calculated by Gileadi and Conway for quasi-

equilibrium and steady-state/0PD C¢ quantities. Summarizing, for UPD only (with

-
|

o = 1 = K[(1-8)exp(0.5FE/RT) - exp( 0.5FE/RT)] (18)
= (RT/0.5kF%) cosh(0.5FE/RT) (19)

Pz
1

Cp = Gy (0°0) = C, = (Fqq/4RT)cosh™2(0. 5FE/RT) (20)
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and

i = dq/dt = q,de/dt | (21)

A]thougﬁ,ro = -ry is only strictly true for UPD, it can be approximately
true for more complex mechanisms if the adsofbed species is formed in an almost
reversible electron-transfer step and other following steps inyolving charge-
transfer or adsorbate reaction are rate-determining (quasi-equilibrium assumption).
For the h.e.r., this will arise when electrodesorption and recombination have
much smaller rate constants than that for electrosorption. In potential regions
where this applies, C_ and C

p ¢
potentials in the Tafel region, because there the electron-transfer step producing

will be similar. This condition may not hold at

the e]ectrosorbed‘species-fs polarized strongly in one direction.
(ii1) Resistances
As usual in impedance analysis, the impedance reduces to a charge-transfer
resistance, R_, in the high-frequency 1imit and a faradaic resistance, Rf, in the
Tow-frequency (d.c.) Tlimit. We note that o is the sum of the rates of the
various charge-tranéfer‘steps. Consequently 1/R_ is the sum of similar reciprocal
resistances ]/qu’ 1/R002 etc. for each charge-transfer step. It depends on the
rates of chemical steps only indirectly, through the dependence on O in these
steps.
The faradaic admittance may be written in terms of Cac(eqn. (22)):
Ve = 1/R, + F/a;(ar,/38)¢ C,. (22)
In this form,the two terms may be interpreted as follows: The first term, 1/R_ =
(Biss/aE)e is frequency independent and determines the instantaneous amount by
which the current increases when the potential is perturbed without allowing & to
change. - The second term represents the contribution to the admittance from the
relaxation of coverage following the potential perturbation. It is frequency

dependent because of the slowness of the reactions,



- 15 -

In the 1imit of zero frequency, CaC becomes C, and the second (relaxation)

¢

term of eqn. (22) becomes 1/R0. R, is therefore associated with relaxation of

0
coverage and i1s the energy-dissipating element associated with fhis process This
discussion indicates the significance of the sign of B (eqn. 9b), which is the
same as the sign of the relaxation term: B is negative if a small increase in
the magnitude of the overpotential (whether cathodic or anodic) leads to
relaxation-associated with a current that is opposite to that flowing before the
change.
(iv) Inductances
The inductances Ls and L

have a similar significance to C_, i.e. they are

p p’
ideal components which arise in combination with resistors (RO or RL) in order to
model the phase delay of the coverage relaxation, which is not 90°. When the
current in an inductor changes, an opposing induced emf is set up. Conversely,

we consider a negative inductor as a circuit element in which the induced emf is

in the same direction as the current change. With this in mind, a correspondence

is expected betweeﬁ-the terms of eqn. (22) and the parts of the series-inductive
circuit, Fig. Tc. Thus, the first term, 1/R_, is one parallel arm of the circuit
and is associated with the charge-transfer part of the current response which

occurs without change in 8. The second term, containing the a.c. pseudocapacitance,
is the RSLS arm of the circuit and is associated with the additional part of the
current résponse which occurs as 6 changes. This shgws why, for negative B, the
inductive equivalent circuit is a "natural' one, 1.e;§has positive elements: it

is in this case that the 6 relaxation current response opposes that due to charge
transfer at constant coverage. This circuit is to be preferred even in the case

of positiye B, where the inductance is negative, because similar mechanistic

significance can be assigned to its elements, even though the circuit cannot be

built from real components.
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AN EXAMPLE - THE HYDROGEN EVOLUTION REACTION

The aboye discussion is f1lustrated here for the mechanism of the h.e.r.
(eqns. (1) - (3)) which is readily treated by incorporating egns. (23) and (24)
for o and 8] into the steps of the derivation above, where Vis Vo and V3 denote
the net rates of the respective steps represented in egns. (1) - (3) in the
directions written. V3 is defined as the rate of H2 production in step 3, or
half the rate of consumption of H, expressed as 6, in that step; hence the
coefficient 2 appears in egn. (24). Explicit expressions for Vs Vo and v4 are
given in eqns. (25a-c) below. The Langmuir isotherm and g values of 0.5 have

been assumed, and the concentrations of H+ and H2 have Deen absorbed into the

rate constants:

ro = =(vq + v,) (23)
with

¥1 = ky(1-6)exp(0.6FE/RT) - k_q8 exp(_ Q.5FE/RT) (25a)

v, = kp8 exp(0.5FE/RT) - k_,(1-8)exp( 0.5FE/RT) (25b)

vy = kt® - k_5(1-8)" (25¢)
and

- 2 2 =

3
If the usual overpotential scale is chosen for the rate constants, then
they are not all independent but must be related through the equilibrium constant
for the overall reaction (egn. 26). The partial derivatives of-egqns. (25a-c) are
readily evaluated angzgzgérted into egns. (23), (24), (9) and (11)f:: give the
equivalent circuit parameters as functions of overpotential. The partial deriva-
tives appear in the Taylor series expansion around the steady-state condition and

must therefore be evaluated using the steady-state 6. This may be obtained by

setting egn. (24) to zero and solving for 6. Since these various algebraic
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manipulations are best evaluated as successive lines of a computer program, we
do not give the resu]ting complex expressions here.

The potential dependences of the equivalent circuit elements, derived in
this way, are depicted graphically in Fig. 5, for three cases of interest:

1) where the rate constants of the first step are much Tess than those
of the secogd step and where recombination is negligible, as is the case for the
h.e.r. OQZ%Q>or other metals not catalytic for the h.e.r.

2) where the rate constant of the first step is larger than that of either
the electrodesorption or the recombination step which compete to remove the
adsorbate, as is the case for the h.e.r. at Pt (Part II). The rate constants
for recombination have been deliberately chosen to be Targer than those found
experimentally in order to proyide a clear comparison between the behaviour with
and without recombination.

3) as for case 2) but without recombination.

We first note that most of the quantities plotted in Fig. 5 increase

exponentially (Tafel behaviouf) or decrease exponentially at high overpotentials,
Increasing the degree of recombination increases the potential range over which
non-exponential behayiour is obseryed, corresponding to the range over which
appreciable changes in ess occur. We note that the potential-dependent electro-
desorption rate must always exceed the recombination rate at high enough potentials,
and then exponential behaviour will be observed. The most striking effect of
recombination is observed in the case of the parameters B, LS and RO where a flat
region is obseryed to'high potentials in the presence of recombination, instead

of the exponential behayiour when recombination is absent. The flat region

arises even when other circuit elements show exponential behayiour, for the same

set of rate constants. The parameters B, Ls and RO are therefore the most diag-

nostic for participation of recombination.
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In case 1), as at Hg, both 6 and C, are small in the experimentally

accessible overpotential region, as expecied. Here o decreases as the reaction
is driven further iﬁ the forward direction, so that C¢ is negative in this case,
Fig. 5 shows that the total Faradaic resistance, Rf, has a maximum and
then falls exponentially toward zero on either side at potentials in the Tafel
region. Rf is the reciprocal of the slope of the steady-state i-E curve and
accordingly becomes small at high overpotentials. In the Tafel region, & is not
changing appreciably with potential and the relaxation term will contribute

negligibly to the total Faradaic resistance. Fig. 5 also shows that, R_ and 'I/Ro

P
are small at high overpotentials. The maxima aof Ro’ R and Rf do not, in general,
appear at the same potential and there is no simple relationship between the
peak potentials. The values of Rf and R, are largest for the case where the rate
constants for the first step are low and determine the rate. The plots show
that participation of recombination affects the value of R_, thus verifying
that this resistance cannot be associated with only the first step of the mechanism,
as discussed ear1ié}. |

The quantities T, C¢ and Cp show similar peaks, typically within 0.2 V of
the reversible potential (as found experimentally, Part II and in ref., 27 for
Ni) but without any simple reiationship arising between the peak potentials.
Unlike T and C¢, Cp becomes very large at high overpotentials, as we obéerved
experimentally for the bromine eyolution reaction at yitreous carbon in CH3CN7.

Cp superficially resembles the sum of the peaked C, function and a superimposed

¢
larger cosh function, although we haye been unable mathematically to decompose C
in such a simple way. The height of the peaked component is largely determined
by the monolayer charge, 91» but the peak is sometimes obscured by the much

larger cosh component (Fig. 5).
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In cases where H recombination is unimportant and 8 = 0.5, the maxima of
C¢ and T are at the same potential (eqn. (27)), as may be readily shown by differ-
entiation. The higher the potential of this peak, the smaller is K1, the

equilibrium constant for the first step:

Temax = ggmax = OF 10 LUy + )/ (k) + K p)] (27)

Finally, we remark that although B was allowed to be positive in the
theoretical section above, a set of rate constants for the h.e.r. could not be
found that leads to positive B in our simulations, nor have we found an example

in the experimental study of the h.e.r. at Pt (Part II).

CONCLUSIONS
The theoretical representation of the impedance of a multi-step mechanism
with a single adsorbate, in the absence of diffusion control, can be made in
terms of four possible equivalent circuits. Although there is no a priori reason
for preferring one over another for the purposes of data analysis, it is convenient

to be able to attach some mechanistic significance to the elements of the circuit

o

chosen. It is shown that the usual interpretation of the e]eﬁenfs of the
capacitative circuit, Fig. la, is incorrect: thus it is not possible to associate
individual steps of the reaction mechanism with individual resistances in this
circuit, nor does the capacitance (Cp) correspond with the steady-state adsorption
pseudocapacitance (C¢). However, in the special case of underpotential adsorption,
the resistance and capacitance of the circuit of Fig. 4 do, in fact, have their
usual significance.

The equivalent circuit whose elements are most readily given mechanistic
significance is the inductive circuit of Fig. 1h. The three parallel arms of
this circuit correspond to the two terms of the Faradaic admittance and the

admittance associated with the double-layer capacitance. The arm containing R_



- 20 -

is associated with the part of the current response which occurs without change
of coverage when the potential is changed. -This part is purely resistive because
the reaction can respond immediately to potential changes if the coverage does
not have to change. The arm containing RO énd Ls is associated with the part of
the current response which occurs as 6 changes. This coverage relaxation part of
the Faradaic admittance is related to the a.c. pseudocapacitance, which is a
function of frequency and reduces to the steady-state pseudocapacitance in the
Timit of zero frequency.

An emf 1is Tnducéd in an inductor to oppoée the current change occurring
and this corresponds to the coverage relaxation part of the Faradaic process
opposing the coverage-independent charge-transfer part (for positive B), The
converse is true for a negative inductor, corresponding to negative B, The
series resistor, Ro’ seryves to modify the phase delay of the current to the value
required by the reaction scheme, instead of the 90° provided by the inductor alone.

The potential dependences of the equivalent circuit parameters have been
given for the case of the h.e.r., and the effect of participation of significant

H recombination on these parameters has been evaluated.
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Captions to Figures (harrington and Conway)

Fig. 1 Equivalent circuits for single-adsorbate mechanisms without diffusion

control. (Definitions of the symbols are given in egn. (11). Circuits (a)
and (d),and (b) and (c),can be considered to belong together.)

Fig. 2 Impedance curves for the h.e.r.: a) Bode plot; b) complex-plane plot
(with frequencies in Hz); Cd] = 25 uF cm'z; qy = 210 nC cm'z.
. _ 1q-9 _1n-7. _ 1n~10, _ 1n-12. - _
Curve A: k-l =10 s k_'l = 10 s kz = 10 s k_z = 10 ) k3 k_3
0 mot cm'zs'1.
. - 1n-9. . - 1n-7. _ 1a-10. - 1n-12. _ an-7.
CUY‘VE B. -l - ]0 F] k'-l - ]0 s kz - -IO s k_z .IO E) [(3 -lO k)

k
k_3 = 1071 mol em™? 571,

Fig. 3 Coverage and capacitance functions for the h.e.r.
a) Steady-state pseudocapacitance, C¢; circuit element, Cp. Steady-state

. _ 1n~9 —1n-7 _ 1n-12 _ _ -2_-1,

coverage, 8 .3 k; =107, k_ 1 =107, k, =10 7, k3 = k_ 3 =0mol cm “s

qq = 210 uC cm™2.

b) Magnitude of the a.c. pseudocapacitance as a function of overpotential

and freguency.

S S [ _ q-12
=107, k=107, k= 10710, &, = 10714, &

O']1 moT cm'zs']; q; = 210 e cm 2,

K = 1077, )

1 3

Fig. 4 Equivalent ‘circuit for underpotential deposition of hydrogen,

Fig. 5  Potential-dependency of equivalent-circuit elements and other parameters
for the h.e.r.:
case (1) ky = 1071%, k_y = 10713, &, =10719, ;= 10712, Ky =k, =
0 mol em2 s71;
case (i1) ky = 1077, kq =107, k, = 10710, &, = 107"%, K, = 107,
k_3 = 107 mo1 em™2s71,
case (i11) k; =107, k_y =107, k, = 10710, k, = 10712, ky = k 5 = 0
mol em 2 571,

(Ed. Figure 5 to be set as a series/block of 9 graphs arranged as shown on the

attached sheet).
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