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INTRODUCTION

Originally a.c. polarography merely implied the study of the potential
dependence of the periodically varying component of the cell current when the
voltage applied to the electrodes of a polarographic cell has a small com-
ponent varying sinusoidally with timel. The term today embraces many
techniques, often related to the simple technique introduced by Breyer and
coworkers! but differing from it in detail and in complexity of apparatus and
theory. The value of many a.c. techniques in analytical work is recognised,
but what is less well appreciated is the potential value of a.c. polarography
for the study of electrode processes. However, the gap between polarography
and the study of electrode processes has narrowed in the last two decades
and this trend is likely to continue as the advantages offered by the dropping
mercury electrode (d.m.e.), by automatic recording of data and by in situ
formation of reactants find wider recognition. As more compact and more
reliable a.c. polarographs of sophisticated design become available they may
be used increasingly for the study of electrode processes as well as for purely
analytical purposes. The former application demands a clear understanding
of the factors influencing the impedance of the electrode-solution interface
to alternating current. This impedance forms the subject of this paper but
in view of the large number of “linear” and “non-linear” a.c. techniques
already described and currently under development, no attempt will be
made to derive expressions for the cell current when particular techniques
are employed. Instead attention will be focused on aperiodic (valid for any
single frequency or any combination of frequencies) equivalent electrical
circuits for the faradaic part of the interfacial impedance and for the entire
impedance, particular attention being given to the influence of reactant
adsorption on the impedance.

The faradaic impedance has been studied theoretically by many workers
— Warburg?, Frumkin and coworkers3, Randles?, Gerischer3, Vetter®,
Tachi?, Delahay8, Matsuda®, Sendal® and Lorenzll, to name but a few —
and periodic (valid for any single frequency) equivalent circuits for some
systems have been derived. Account has been taken of complications intro-
duced by coupled chemical reactions, the diffuse double layer and specific
adsorption of reactants. The treatments (for a review see ref. 8b) have
usually led to explicit expressions for the faradaic current which although
exact or reasonably exact solutions of the treated diffusion problems (taking
account of only one complication at a time), give a somewhat diffuse picture
of the faradaic impedance when, as is often the case, several complications
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occur simultaneously. In the present paper a basically different approach to
the interfacial impedance is outlined which casts new light on the anatomy
of the impedance and makes it possible to deduce almost instantaneously
an aperiodic equivalent circuit for a system of great complexity. Once such
a circuit has been obtained it is often, but not invariably, a trivial step to
proceed further to the derivation of an explicit expression for the cell current.
Such circuits are also of considerable help when the theory of coulostatic,
galvanostatic and potentiostatic relaxation techniques is under consideration
provided the deviation of the potential from the equilibrium value is small.

ASSUMPTIONS

All circuits appearing later refer to 1 cm?2 of the electrode-solution interface.
Any concentration (Ci) usually is the mean or equilibrium value at the
interface expressed in mole cm 8. A circuit is valid in a case in which reactants
are formed in situ at the surface of the d.m.e. only if the activation over-
potential in the absence of the small alternating component of the potential
is negligibly small.

Relative surface excesses (I'1) of reactants are expressed in mole cm~—2 and
unless otherwise stated it is assumed that the Henry’s law isotherm is obeyed
and that consequently it is possible to write

I't = y1Cr (1)

where y1, the adsorption coefficient (cm) for reactant I, is a constant at
constant potential. This assumption implies constancy of the activity
coefficient of the reactant in its adsorbed state and hence low surface coverage.
This is by no means an unrealistic simplification as several sensitive a.c.
techniques make possible the use of exceptionally low reactant concentrations.
It is further assumed that at all times the interface is in equilibrium with
the two bulk phases at the interface as regards the adsorption of all components
of these phases.
Reactants O and R in a charge transfer reaction which is formally written
as
O+ ne- = (a)

are assumed to be very minor constituents of the system and the supporting
electrolyte concentration is supposed to be large enough to suppress electro-
migration in the neighbourhood of the interface connected with the diffuse
double layer field. Mass transport of reactants by pure linear diffusion is
assumed when the equilibrium between the phases is disturbed.

No specific assumptions are made about the nature of O or R which may be
charged or uncharged entities. Usually O will be present in the solution
but R may be located in either phase depending on the type of reaction.
Reaction (a) and other coupled reactions may involve unmentioned
reactants. If so, it is implicit that these additional reactants are present at
sufficiently large concentration for all reactions to be treated as pseudo first
order reactions.

The variation of the potential from the mean value or from the equilibrium
value is taken to be minute in comparison with RT/nF, where R, 7" and F
have their usual significance.
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CHARGE UTILIZATION AT THE
ELECTRODE-SOLUTION INTERFACE

So far few attempts have been made to discuss the thermodynamic theory
of the electrode-solution interface when species present at the interface
participate in an electrode reaction. Misconceptions about the theory are
not difficult to find in the literature and therefore we start with a qualitative
discussion of the way in which charge supplied to the electrode is utilised at
the interface.

If the potential is suddenly made more negative then, as indicated
schematically in Figure 1, cations of the supporting electrolyte tend to be
transferred to the interface and anions of the supporting electrolyte present at
the interface tend to be released into the solution. A transient current thus

Solution Interface Electrode

O

@,__

O

Figure 1. Motion of ions and reactants when the potential is changed

flows in the external circuit and this current is normally termed a non-faradaic
current as it is connected solely with a change in the structure of the
electrical double layer at the interface. If the solution also contains a
reducible species O the change in potential may result in some reduction of
O, forming R which may dissolve in the mercury phase. Additional current
connected with this charge transfer reaction flows in the external circuit and
this current is usually regarded as an independent current and is usually
termed the faradaic current. The total current is the sum of these two
supposedly independent currents. Unfortunately we find, if we look more
deeply into this matter, that this artificial division of the current into two
independent components has no strict thermodynamical basis although in
cases where neither O nor R is adsorbed at the interface no errors are
incurred by making such a division.

This result stems from our inability to establish by experiment the form
of an adsorbed component at the interface. We can determine the relative
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surface excesses of the various components of the system but it is impossible,
unless a particular model is assumed, to arrive at any conclusions about their
form in the interfacial region. Thus experiment might indicate that the
specific adsorption of an iodide ion at constant potential is on the average
accompanied by the removal of say 0-75 electrons from the mercury surface.
This might mean that for some of the time the adsorbed ions are co-valently
bound to the electrode and hence that part of the current flowing in the
external circuit is connected with an electrode reaction. The current thus
might be regarded as partly faradaic in nature. On the other hand it may
be supposed that the charge on the adsorbed ions is unchanged at all times and
that the current is purely non-faradaic in nature. Thermodynamic reasoning
shows that we cannot distinguish by experiment between these two possi-
bilities.

The reduction of O to R can be regarded as proceeding in three fairly
distinct steps. First the adsorption of O forming an adsorbed entity which
will be denoted by O° Next the conversion of O° to R°, using the latter
symbol to denote adsorbed R, and finally the release of R® from the interface
producing reactant R dissolved in the mercury phase. Usually the first step
in this sequence will lead to the transfer of some charge to or from the
mercury surface and the associated current might be termed faradaic or
non-faradaic depending on whether the charge on O° is the same as that on
O, a point which cannot be settled by experiment. Similar uncertainty about
the classification of the current associated with the last of the two subsequent
steps also exists and we thus see that if the cell current in polarography is to
be divided into two parts for descriptive reasons more precise definitions
of the two current components are needed.

In the present paper the “faradaic” current density is defined by
equation (2) where ¢ is the net rate (mole cm~2s~1) of conversion of O° into

it = —nF ¢ (2)

R°. The two adsorption steps are formally represented by the (hypothetical)
charge transfer reactions (b) and (c) which do no more than indicate that,

O + ae~ = O°(ads) (b)
Re(ads) + be- =R - (c)

on the average, a and b4 electrons respectively are supplied to the electrode
when, at constant potential, one molecule of O is adsorbed from the solution
and one molecule of R is desorbed into the phase containing reactant R. The
signs of a and b depend on the signs of (dyo/dE)c, and (dyr/dE)cg. The
“non-faradaic’ current density 7p¢ is given at all times by Eq. (3) where Cdl

. dr dr

iut = Car Fcll_f — aF d_to + bF mc—ﬁf-‘ (3)
is strictly the differential capacity for constant I'g and I'R, i.e. (dg/dE) ro, I's,
where ¢ is the charge density on the mercury surface.t For low values of the
surface excesses it readily follows from the Gibbs adsorption isotherm that
this capacity differs little from the capacity at the same potential in the

t Ca1 may alternatively be regarded as the differential capacity at infinite frequency.
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absence of components O and R if the two adsorption coefficients y o and yr
are large and not greatly potential dependent. The total current density is

i =1 + in 4)

The assumption of equilibrium at the interface for reactions (b) and (c)
simplifies the analysis of the “faradaic” part of the interfacial impedance as
it is possible to ignore these reactions completely and consider simply the
impedance associated with the overall reaction (a). If this is done, the surface
excesses of reactants must not be ignored when the parts of the impedance
connected with the diffusion of reactants are being considered. Also, it has
to be borne in mind that any rate constants and transfer coefficients will be
only apparent parameters. For example if this procedure is followed, for the
rate of reduction of O we write £;Co where £ is an apparent charge transfer
rate constant, whereas we should write £y’ I'p where £’y is the real rate constant.
If accurate adsorption data are available it is a simple matter to deduce the
actual rate constants from apparent values referred to reactants O or R.
If the variation of adsorption coefficients with potential is known it is possible
also to calculate the actual transfer coefficients. Thus there is no need initially
to take account of the detailed mechanism in so far as the faradaic part of
the impedance is concerned. The adsorption steps must, however, be
allowed for when the non-faradaic part is being considered, though in
practice the effect of reactant adsorption on this part of the impedance is
often much less important than its influence on the faradaic part.

SIMPLE CHARGE TRANSFER REACTION

We consider first the aperiodic circuit for the faradaic impedance associated
with the simple charge transfer reaction

when the system is initially at equilibrium and this equilibrium is slightly
disturbed by a small aperiodic change of potential. The total overpotential
AE when the system is not at equilibrium is the sum of terms due to mass
transport polarization and an activation overpotential. The faradaic current

-

density is given by Eq. (5) where Co(#) and Cg(f) are concentrations of
ir= — nF[kCo(t) exp( — aAEnF|RT) — k:Cr(f) exp(l — «)AERf{RT] (5)

reactants at the interface at the time in question, the (apparent) rate constants
ks and £y refer to the initial equilibrium state and « is the (apparent) transfer
coefficient of the forward process, the reduction of O. This equation, after
writing Co + ACp for Co(#) and Cgr + ACR for Cr(#) where Co and Cr are
equilibrium values, expanding the exponentials and dropping terms of high
order, can be written in the form

RTACo RTACm RT < ( RT)

f

AE ~ -~ = - E < ==
nF  Co nF Cr n?F%:Co AB < nF

(6)

The first term on the right hand side of this equation is the change in the
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“instantaneous” equilibrium potential due to the small change in the
concentration of reactant O at the interface. The second term is the corres-
ponding change due to the change in the concentration of R and the last
term is the activation overpotential due to the irreversibility of the charge
transfer reaction. Thus at all times the total overpotential AE can be re-
garded as the sum of three independent components which we will denote
by AEg, AEg and AE¢. We expect the equivalent circuit to consist of three
parts connected in series as indicated in Figure 2(a) since each component
of the overpotential is linearly related to the magnitude of iz if all other factors

T TLR) >

(b) AE Ret

(a) AE

TLO)

(c)

ZW:ZO +ZR

I

Figure 2. Equivalent circuits for the faradaic impedance: (a) elementary circuit; (b) aperiodic
circuit; (c) periodic circuit

remain constant and the condition AE & RT/nF is satisfied. The impedances
Zo and Zg across which the potential components AEg and AEg appear in
this elementary circuit are often termed the diffusion impedances for reac-
tants O and R respectively.
I't follows from the last term in Eq. (6) that
: RT .
Eey = X 7

AE 2FCo 125 (7)
and thus irreversibility is represented in the circuit for the faradaic impedance
by a charge transfer resistance R.; defined by Eq. (8), where ® = n2F2|RT.

1 1
— e = (®)
OkCo  OkCr
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The impedances Zg and Zg are dependent on the way in which the
reactants are transported to and from the interface and we now proceed to
ascertain their form when only pure linear diffusion is involved. This we
can do most readily by taking note of the fact that the linear diffusion of a
reactant in a semi-infinite medium is the analogue of charge diffusion along
a special type of transmission line. One of the conductors of this line has uni-
form series resistance Ry, per unit length and the line has uniform shunt
capacity Cry, per unit length between the resistive conductor and a perfect
conductor (the base of the line) running parallel to the resistive conductor.
The line contains no inductance, is of virtually infinite length and in an
electrical circuit it is best represented by a conductor running close to and
parallel to a resistance.

The equation for the linear diffusion of reactant I (I = O, R, etc) in the

unsteady state is
ﬁ(x;t) =D Szcl(xat)
St ke

©)

where Dj is the diffusion coefficient and Cr(x,¢) refers to the plane x. The
analogous equation for charge diffusion along the transmission line TL is

S_V(x,t) . 1 8_2[/_'(x,t) (10)
St - Ry1.Cr1, 8x2
and it is not difficult to show that if
CTL(I) = @CI (farad cm*l) (11)
and
1
R =_— - (oh 12
L0 = go e (ohm cm) (12)

the voltage developed between the input terminals of the line will equal
|AE1| and any change in the voltage across the line (referred to the steady
state value) at distance x from the input terminals will numerically equal
RT/nFCy times the change in the concentration of the reactant at a plane
distance x from the electrode surface. The voltage across the line is thus
simply related to the concentration at the corresponding plane in the
electrochemical diffusion system,

Strictly in the initial equilibrium state the line voltage will be finite if
the diffusion of reactant I is to be represented by the diffusion of electrical
charge along a line. However, we are most interested in changes of con-
centration and the line can be regarded as uncharged when the system is at
equilibrium. Thus we see that the unknown impedances Zo and Zg in
Figure 2(a) are transmission lines of virtually infinite length. Provided that
the frequency is not so large as to render our assumption of pure linear
diffusion invalid (in reality charge transfer seldom can be strictly assumed
to take place with equal probability at all points on the electrode surface
and at very high frequencies hemispherical diffusion centred on species
adsorbed at the interface may become important) the complete aperiodic
circuit for the faradaic impedance is the one in Figure 2(b) where the lines
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TL(O) and TL(R) are defined by Egs. (11) and (12). TL(R) is inverted in
order that the line voltage (the voltage with respect to the base of the line)
shall be of the same sign as the change in the concentration of R at the
corresponding plane. The overpotential is thus developed between the bases
of the two lines. It should be mentioned that the charge stored in any short
length of line is equal to nF times the change in the amount of the reactant in
question in the corresponding region of the electrochemical system.

This aperiodic circuit is valid however AE may change with time provided
the deviation of the potential from the equilibrium (or mean) value is small.
When the potential varies sinusoidally it follows from standard transmission
line theory that the input impedance of a line associated with linear diffusion
is at angular frequency w

ZTL(I) = [ch];,([)/j(.()C'T]:,(I)]‘i where I = O,R
= [RrLm/2 oCrrm]? [1 + (1/5)] (13)

Thus, as indicated in Figure 2{(c), in the periodic circuit for the faradaic
impedance each line can be replaced by a capacity and a resistance connected
in series, and, after combining the new resistances and capacities, the periodic
circuit consists of the charge transfer resistance Rt in series with a capacity
and a resistance. The latter two components together exhibit a phase angle
of 45° and are sometimes termed the Warburg impedance or the diffusion
impedance of the system.

An explicit expression for the faradaic impedance at angular frequency w
readily follows from equations already given and is identical with that
obtained by more conventional methods. Clearly the approach to the faradaic
impedance just outlined offers no substantial advantages over normal ana-
lytical methods in the case of a simple reaction. It is with more complex
systems that the real benefits of the present approach are felt and, although
it is not our intention to consider systems of outstanding complexity, it is
desirable perhaps to illustrate this point by considering briefly the influence
of several complications on the circuit for the faradaic impedance before
turning to the effects of reactant adsorption.

COUPLED CHEMICAL REACTIONS AND PARALLEL
CHARGE TRANSFER REACTIONS

We have seen that the linear diffusion of a reactant is represented in the
aperiodic circuit for the faradaic impedance by a simple transmission line.
Let us now suppose that reactant O exists in solution in two forms O and Oy,
the latter reactant being the precursor of O. For the homogeneous chemical
reaction we write simply

ka
Op=0 (d)

At first it will be supposed that the interconversion of O and Oy proceeds
very slowly in the solution but that both entities are readily reduced at the
interface forming R, so that initially the system is at equilibrium, the
equilibrium being established by way of the charge transfer reactions.
This more complex system can be treated in exactly the same way as the
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simple system just considered and one then finds that the aperiodic circuit
contains all the components of the previous circuit and in addition two new
components. One of these is a transmission line TL(Op) defined by Egs.
(11) and (12), the base of which is connected to the base of TL(O) (see
Figure 3). The other is a second charge transfer resistance Reto, defined by an
equation analogous to (8). This resistance not unexpectedly links the resistive
conductor of the new line TL(Op) with the resistive conductor of TL(R).

o—— -
TL(R)
(a) (Rci)OP
G
O
(b) TL(R)
(RC()OP (Ret)o
Rhom
TL(O,)
O

Figure 3. Coupled chemical reaction, parallel charge transfer reactions: (a) general circuit;

(b) circuit when Co<Coy
It is thus easy to make allowance for two parallel charge transfer reactions
involving the same number of electrons and leading to the formation of a
common reactant. Additional parallel reactions of the same type would
merely require the introduction of further lines and further charge transfer
resistances. It is invariably a simple matter in such cases to derive an ex-
pression for the impedance when the variation of potential with time is
sinusoidal.

The next step is to “unfreeze” the homogeneous chemical reaction and
allow the conversion of O into Op and the reverse process to take place in
the solution near the electrode. For a small disturbance of the equilibrium
we find that at plane » the net rate of conversion of Oy into O is Copka
[ACo,(x)[/Cop — ACo(x)[Co] where ACo,(x) and ACo(x) are the deviations
of the concentrations of reactants Op and O at plane x from the equilibrium
values Cop, and Co. Now ACqp(x)/Cop = Vop nF/RT and ACo(x)/Co = Vo
nF/RT where Vo, and Vg are the line voltages at distance x from the input
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terminals. It readily follows that the homogeneous reaction can be allowed
for exactly (small deviation of E from the equilibrium value) by uniform
resistance linking the resistive conductors of TL(Op) and TL(O) where
the linking resistance per unit length is defined by
N 1

"~ OkaCop

The final circuit for this system is thus the one shown in Figure 3(a). It is quite
complex and it is not always easy, if the contributions of TL(Op) and TL(O)
to the impedance are of comparable magnitude, to proceed further to the
derivation of an explicit expression for the periodic impedance, (unless Rg is
relatively large). However, if Cp is considerably smaller than Cgp, a case
which is occasionally encountered with solutions containing complexing
ions, the circuit reduces to the approximate circuit in Figure 3(b). In this
“kinetic” case the interconversion of O and Oy, is confined to a thin reaction
layer near the electrode and if the input impedance of TL(O) is large
compared with the resistance Ryom in this approximate circuit, the latter
circuit describes fairly well the behaviour of the system. The resistance
Rpom is evaluated by treating the resistive conductor of TL(Oy) as a perfect
conductor and then transmission line theory indicates that the resistive
conductor of TL(O) and the distributed resistance linking this conductor
with TL(Oy) can be replaced by the resistor Rpom where

Ryom = [RrnoyRs]? = 071 DoCokyCo,] (15)

Systems with coupled chemical reactions are invariably the most difficult
to handle whatever approach may be employed but there is still something
to be gained by considering first the form of the aperiodic circuit as it
indicates immediately those parts of the diffusion problem that can only
be solved by conventional analytical methods. In the case of the system
Jjust considered we see for example that if Rt can be ignored a conventional
approach is only needed to obtain a two terminal circuit equivalent to that
part of the aperiodic circuit representing the linear diffusion of Oy and O
and the chemical reaction. In this case use can be made of results given by
Gerischer® and an explicit expression for the faradaic impedance at angular
frequency w readily follows (taking account possibly of other complications
considered later such as reactant adsorption at the interface).

(14)

]

CONSECUTIVE CHARGE TRANSFER REACTIONS

Consecutive charge transfer reactions by way of contrast present few
difficulties. The procedure in the case of the simple reaction scheme

O+e-=0OR, OR-+4e- =R (e

is to assume first that the two reactions are completely independent and to
deduce aperiodic circuits for the two faradaic impedances. It is found that
the circuits have a common component TL(OR) and thus it is to be expected
that the circuit when the reactions are coupled will be obtained by “fusing”
the two circuits at the common component TL(OR). The resulting circuit
is shown in Figure 4(a). It contains a new circuit component, an ideal
transformer, to allow for the simultaneous effect of the overpotential on
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TL(R) -
1
(a)
1
i (Rct)o,oa
TL(O)

TL(R)

TL{O)

Rct = (Rct)

+ (Ret)

OR,0 OR,R

Figure 4. Coupled charge transfer reactions, O+e~-=0R, OR+e~-=R: (a) general form of
circuit; (b) circuit for Cor<€Co, Cor<€Cr when Ret is small

both charge transfer reactions. In this case, where each reaction involves
only one electron, the transformer ratio for each half of the secondary
winding -is unity. If the reactant OR is a minor constituent of the system
TL(OR) often can be disregarded and the circuit reduces to the one shown
in Figure 4(b). This circuit has essentially the same form as that for the
single reaction O + ne == R but the charge transfer resistance is now
differently defined and may vary in a rather different way with the equi-
librium potential. The transmission lines and charge transfer resistances in
the circuits shown in Figure 4 are of course defined by Eqs. (8), (11) and (12).

ADSORPTION OF REACTANTS

Turning now to the influence of specific adsorption of one or both reactants
it is first necessary to recall that if linear diffusion of a reactant is represented
in an equivalent circuit by a resistive transmission line, the charge stored
in any portion of the line is usually numerically equal to the electrical
charge required to produce electrochemically the excess or deficit of the
reactant in the corresponding part of the electrochemical diffusion system
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when the system is not at equilibrium?. Also, that CrL the shunt capacity
per unit length equals 6Cy, where C7 is the reactant concentration at equi-
librium. So far we have been considering systems in which the concentration
throughout a phase is uniform when the system is in equilibrium. This is
not always the case. For instance, if a diffuse double layer is introduced
into the picture it may be supposed that at equilibrium the reactant concen-
tration is Cr*exp (zyF/RT) where ¢ is the potential with respect to the bulk
of the phase, z is the number of electronic charges carried by the reactant
and Ct1* is the concentration at a plane sufficiently far from the interface
for ¢ to vanish. In this case if we look more deeply into the diffusion problem,
we find that the earlier expression for Cyy, still holds but C; must now be
identified with the equilibrium concentration at the plane in question. Thus
when the diffuse double layer cannot be ignored the capacity per unit length
may increase or decrease progressively as the input terminals are approached
depending on whether the reactant is attracted to or repelled from the
interface. A small positive surface excess associated with non-specific
adsorption thus should strictly be allowed for by introducing additional
distributed shunt capacity in the part of the line representing the diffuse
double layer. The diffuse double layer also affects the series resistance of the
line but this point will not be discussed.

The line capacity for a given charge transfer reaction thus is determined
by the amount of the reactant present in the corresponding region of the
electrochemical system when the system is at equilibrium (or in a pseudo
equilibrium state). If in any region the apparent activity coefficient of the
reactant changes there must invariably be a change in shunt capacity in
the corresponding part of the transmission line. Thus in a hypothetical case
in which the equilibrium concentration is enhanced in the region between
the planes x1 and x2 (due perhaps to a film of ion exchange resin), as
indicated in Figure 5(b) additional shunt capacity would be added to the
transmission line from a point distance #1 to one distance xg from the input
terminals.

It is clear that a surface excess (positive or negative) of a reactant produced
by non-specific or specific adsorption must be represented in the equivalent
circuit (Figure 5¢) by what will be termed an adsorption capacity C(I)
defined by

C(I) = 0I (16

where I'7is the surface excess. If the adsorption is non-specific this additional
positive or negative capacity should strictly be distributed over the part of
the line representing the diffuse double layer but as the thickness of the layer
is so small no significant error is introduced by connecting the adsorption
capacity between the input terminals of the line. It should be noted that the
charge stored in the adsorption capacity is equal to nFAI'y where AT is the
change in the surface excess in the non-equilibrium state?.

If there is positive adsorption of a reactant, it is evident that it will be more
difficult to change the concentration of this reactant near the electrode
surface. In other words the apparent diffusion impedance for the reactant is
lowered and this is allowed for in the aperiodic circuit by shunting the usual

t This may not be true if the circuit contains a transformer.
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Figure 5. Influence of reactant concentration on the diffusion impedance: (a) circuit for linear
diffusion of I (b) uneven reactant concentration in solution; (c) adsorption of reactant I
at interface.

linear diffusion transmission line with an adsorption capacity. It is not
difficult to show that the behaviour of the resulting circuit, when the
adsorption coefficient is considerably smaller than the thickness of the region
in which the reactant concentration is disturbed, is virtually the same as
that when the adsorption capacity is replaced by a negative resistance R(I)
connected in series with the line, (Figure 5¢) if

R(I) = — y1RrL
== — y1/0CtD1 (17)

This simple circuit transformation often is of value when charge transfer
irreversibility is combined with specific adsorption.

So far our treatment of specific adsorption has been inexact in that account
has only been taken of the dependence of the surface excess on Cy, the
reactant concentration at the interface. No allowance has been made for the
finite value of (dyr/dE)¢;. This defect, although seldom a particularly
serious one, will be remedied in the following section.
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EQUIVALENT CIRCUIT FOR THE INTERFACIAL IMPEDANCE

We are now in a position to construct an aperiodic equivalent circuit for
the entire interfacial impedance and in the case of the three step reaction
mentioned earlier it takes the form shown in Figure 6. The faradaic part of
the impedance comprises the two transmission lines TL(O) and TL(R)

-Non-faradaic : Faradaic
I
0y H -
' i(R) = CIR)
| { TL(R)
: VI(R)
|
o I(O)é IR :
l l l if ‘ Rct
|
|
}
]
| (e} Clo)
|
, V) TLO)
o = .

Figure 6. Aperiodic equivalent circuit for the interface when reactants O and R are strongly
adsorbed but I'o and I'g are small

[defined by Egs. (11) and (12)] which are shunted by adsorption capacities
C(O) and C(R) defined by Eq. (16) and linked by a charge transfer resistance
Ry defined by Eq. (8). If it is supposed that (dy1/dE)¢; = O for both react-
ants then the charge transfer numbers ¢ and 4 for the two adsorption steps
[reactions (4) and (¢)] both equal zero and the circuit is completed by
connecting the differential capacity Cq; across the faradaic part of the
impedance. As indicated earlier Cq = (d¢/dE)r,, ry-

However, more generally (dy1/dE) ¢y is finite and allowance should be made
for (a) the direct effect of potential on the surface excesses, and (b) non-
faradaic current connected with the adsorption steps as the charge transfer
numbers @ and b are now finite in value. Considering first the changes in
the faradaic part of the impedance, we have earlier noted that the charge
stored in an adsorption capacity equals nF times the change in the surface
excess. This is a strict equality which must always be satisfied whatever the
cause of the change in the surface excess. If the adsorption coefficient is
potential dependent it can be satisfied by inserting in series with the adsorp-
tion capacity a voltage generator which supplies a small (positive or negative)
fraction of the total overpotential AE. Thus two voltage generators V{O) and
V(R) have to be inserted in the faradaic part of the circuit in the positions
indicated in Figure 6, and it is readily found that
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(18)

where V(I) is the voltage with respect to the generator terminal closest
to the base of the associated line. What we term the “faradaic” part of the
circuit is now complete.

The “non-faradaic” part of the circuit must satisfy equation (3) and the
charge transfer numbers connected with the two adsorption steps have to be
more precisely defined. Making the assumptions mentioned earlier and
assuming also that the adsorption coefficients for the reactants greatly exceed
the integral adsorption coefficients (I%/Cy) for ions of the supporting electro-
lyte, it follows from the Gibbs adsorption isotherm that ¢, the charge density
on the mercury surface is given by

dlo
~ RT (= 19
q = gse + (dE)Co (19)
if the system contains only reactant O. In this equation gg is the corresponding
charge density when component O is absent. As the adsorption coefficient is
supposed to be a constant at constant potential, Eq. (19) can be written in
the form

dE

dq d ln'y()
— | .~ RT 20
(dPO)E— ( dE )Co - @0

As low surface coverage is assumed for both adsorbed O and adsorbed R
we expect Eq. (20) to be valid when the system contains R and the electrode
reaction takes place at the interface. Thus the fractional charge transfer
number appearing in adsorption reaction (b) is defined by

RT dln'y()
2 21
F ( dE )co @D

and with a change of sign 4 is given by an analogous equation. These results
we can check by treating each adsorption step as a real charge transfer
reaction involving a fractional number of electrons. For example, writing

dl
g% g + RTPO( —EYP)C
(o]

Hence

Q
fie

RT . Co
E ~ E —= In== 22
> o-l—aF nFo (22)

where Ey is a type of standard potential and differentiating with respect to
potential holding Co constant, Eq. (21) is again obtained.

As the transfer of molecules of O from the solution to the interface in-
volves the supply of electrons to the electrode and the rate of transfer is
linked to the current flowing into the adsorption capacity CG(O), it is evident
that the non-faradaic current associated with changes in I'o with time can
be accurately represented in the equivalent circuit by an infinite impedance
current generator I(O) connected across the faradaic part of the circuit.
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The dependence of g on I'y is likewise represented by a current generator
I(R), and the differential capacity Cq; takes account of changes in ¢ due
solely to changes in gs with potential. The currents supplied by I(O) and
I(R) are proportional at all times to the currents ¢(O) and i(R), respectively,
flowing through CG(O) and C(R) and in Figure 6 the directions of linked
currents are indicated by arrows. The following equation relates I(I} with

(It

1) = RT(dg’E”I) % i(T) (23)

Apart from the inclusion of the two voltage generators the final circuit is
identical with one advanced some years ago!2. 10, The latter circuit is often
sufficiently accurate since adsorption coefficients frequently vary quite
slowly with potential and hence, without incurring serious errors, the
voltage and the current generators in the circuit in Figure 6 often can be
ignored.

The system just considered with simultaneous adsorption of both reactants
has recently been studied theoretically by Delahay and Susbielles13. The basic
assumptions made by these workers resemble those made here although
their treatment follows conventional lines and leads to rather complex
expressions for the resistive and reactive parts of the impedance at angular
frequency w. Some measure of agreement between their findings and con-
clusions to be drawn from the circuit in Figure 6 would be expected. In fact
it can be shown that if in the treatment of these workers the variations of the
surface excesses and g are more rigorously allowed for the two approaches
lead to identical results at least when the surface excesses are small but
yo and yg are large.

INFLUENCE OF REACTANT ADSORPTION ON THE
ELECTROCAPILLARY CURVE

Strong adsorption of one or both reactants tends to lower the surface
tension of the mercury surface and in the vicinity of the half~-wave potential
a break in the curve may be observed due to changing reactant concentrations
at the interface. Figure 7 shows schematically the variation of the surface
tension o with potential, and also the variations of (d¢/dE)zcpt and
(d20/dE?)scpi, in a case in which reactant R is not adsorbed. To simplify
the discussion it is assumed that the adsorption of O is not directly potential
dependent, i.e. (dI'o/dE)Co = 0. At potentials appreciably more positive
than the half-wave potential E}, the surface tension is uniformly lowered. At
potentials more negative than Ej, the surface tension curve coincides with
that for the base solution. The derivative of ¢ with respect to potential passes
through zero three times and it might be supposed, by analogy with the
perfectly polarizable electrode, that at three different potentials the double
layer charge density is zero. Such, however, is not the case. The quantity

t If yo and yr are small, Eq. (23) must be replaced by

I = »L (:1?,) X i(T)
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Figure 7. Influence of the adsorption of reactant O on the surface tension (o),
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(do/dE)gcpt must be regarded only as an apparent double layer charge
density, as it may include charge components connected with the reduction
of O when R is adsorbed, and with the oxidation of R when O is adsorbed.
The latter component is responsible for the hump seen on the (do/dE)scpt
curve in Figure 7. At the half wave potential the apparent charge density
greatly exceeds the corresponding charge density for the base solution.
At this potential Co is half the value at much more positive potentials and
the real double layer charge density is the same as that for a solution
containing half as much component O (we assume here that yp is a constant)
when, by unspecified means, the electrode reaction is “frozen”. Also, as
we assumed earlier that (dI'o/dE)¢, = O, the real double layer charge
density is at all potentials close to that for the base solution. Of the
three potentials at which (do/dE)zcpt = 0, only the most positive of the
three really represents a point of zero charge.
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SPECIFIC ADSORPTION OF REACTANT —
NO ELECTRODE REACTION

If the circuit in Figure 6 is correct it should be possible to derive from it
an equivalent circuit for the system when the electrode reaction does not
take place but one of the reactants is present and is adsorbed at the interface.
In this case Rey is infinite and as only one of the two reactants is now present
one of the transmission lines, the associated adsorption capacity and the
associated current generator are removed from the circuit. We are left with
the differential capacity Cai, a current generator I(I), an adsorption capacity
C(I), a voltage generator V(I) and the transmission line TL(I) where I
may be O or R. The remnants of the original circuit present a peculiar
appearance and although current flows through C(I) and TL(I) in the
non-steady state this current does not flow in the external circuit. The only
observed current is that supplied by the current generator I(I) which is,
of course,; linked to the current passing through C(I). As V(I) is related to
AE by Eq. (18) and I(I) is similarly related to i(I) by Eq. (23) it is not
difficult to see that the remains of the original circuit are equivalent to the
circuit shown in Figure 8(a) where

M _ Zmw _ [R_T d_lnﬂ) ]2 (24)
G(I) ZTLI(I) nF( dE Cy

and Zyy, = (Rr1/Crrw)t. The final circuit is exactly that predicted by an
earlier treatment of specific adsorption of a minor constituent!4.

Such adsorption, from a thermodynamic viewpoint, can be treated as a
charge transfer reaction involving the transfer of — RT(F(d Iny1/dE)¢,
electrons to component I when it enters the interfacial region. Thus it should
be possible to derive the circuit in Figure 7(a) by regarding the interfacial
impedance as having a non-faradaic part (Cq) shunted by the faradaic
impedance for this hypothetical charge transfer reaction. We may assume
that the reaction leads to the formation of an entity I° which is present at
vanishingly small concentration in both phases but which is strongly
adsorbed at the interface. Thus the faradaic part of the circuit (Figure 8b)
consists of a transmission line TL(I) in series with an adsorption capacity
C(I°). These components are defined by Egs. (11), (12) and (16) and after
substituting the value —RT/F(dIn y°/dE)¢, for n it is found thatin all
respects the circuit is identical with the one in Figure 8(a). These tests
confirm the accuracy of the present approach to the interfacial impedance
and the latter test demonstrates clearly the difficulty of distinguishing
experimentally between charge transfer to the interface as a whole and
charge transfer to a particular component of the interface.

METAL ION-AMALGAM REACTIONS

The circuit of Figure 6 refers to an assumed model involving three distinct
steps and it is pertinent to enquire to what systems may it be applied. It may
be expected to be valid whenever one or both reactants are adsorbed in well
defined forms at the interface. Thus one would expect it to describe well the
impedance when O and R are organic species differing somewhat in structure
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Figure 8. Circuit for the interfacial impedance when component I is adsorbed: (a) circuit
derived from the circuit in Figure 6; (b) circuit when the adsorption process is treated as a
charge transfer reaction, I4-ge~<I° (ads)

or when O is a metal ion which is strongly adsorbed at the interface in the form
of a complex ion or an undissociated molecule. It is possible, however, that
for some metal ion-amalgam reactions the model should be somewhat
more diffuse than this three step model. One might envisage adsorption in
a variety of forms resulting in an average value for the apparent charge
of an adsorbed metal ion less than its normal value and it is of academic
interest to consider the form of the equivalent circuit when, following
Lorenzll, the overall reaction is regarded as involving an infinite number of
minute charge transfer steps. First, however, we consider the impedance
for the two step sequence

O +n1e-=O0R, OR + (n —m)e- =R

If the earlier treatment of coupled charge transfer reactions is slightly
extended it is found that the equivalent circuit for the faradaic impedance
has the form shown in Figure 9(a). The transformer in this case is an auto-
transformer so tapped that the voltage developed between the bases of TL(R)
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and TL(OR) equals n1/n times AE and this transformer takes account of the
fact that both reactions are simultaneously affected by the overpotential.
Now we may assume that the entity OR is present only at the interface. Then
the line TL(OR) is replaced by an adsorption capacity C(OR) and we now

(a)

(b

0 +nye” == O0R, OR + (n—n;)e-==R

TLR) o

AE
ny PC'O/OR
AL
TL(O) _
P n2F2
“RT
[00]
C(OR)
[ 0]
o y > —
C(OR) = £E2 T (OR)
PD

©)

0+dg'==0"0"+dg?==02%....,0"" + dg"==R

Figure 9. Circuits for metal lon—amalgam reactions: (a) two step charge transfer reaction;
(b) circuit when the intermediate OR is only present at the interface; (c) circuit (schematic)

for multi-step ion transfer.

have a circuit (Figure 95) which not only takes account of the faradaic
current but also non-faradaic current connected with the dependence of the
double layer charge density on I'og. The circuit for the entire interfacial im-
pedance would be complete if we connected between the terminals of the
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transformer the differential capacity Cq; (for constant I'gp). The circuit in
Figure 6 can also be arranged in a similar way?}. By introducing an auto-
transformer and connecting the adsorption capacities C(O) and C(R) to
tappings on this transformer it is possible to eliminate voltage and current
generators from the circuit, a change which some workers may welcome.

The circuit in Figure 9(b) shows how difficult it is to justify a division of
the current into non-faradaic and faradaic parts as some of the “faradaic”
current flowing through R opjr may flow through CG(OR) and appear
after transformation in the auto-transformer as a ‘“non-faradaic” current
passing between the input terminals of the transformer. Similar considera-
tions apply to current flowing through Reigjor. One further point should
be mentioned. If the first step in this reaction sequence was in reality an
adsorption step and n; was negative in sign, the lower part of the autotrans-
former in Figure 9(b) would be extended downwards and C(OR) would
be connected to a point below the lower of the two transformer terminals.
Likewise, if #n; were to be larger than n, the adsorption capacity would be
connected to a tapping above the upper of the two terminals.

From this discussion it readily follows that the equivalent circuit for a
multi-step charge transfer process when a metal ion moves from a solution
to the mercury phase takes the form shown in Figure 9(¢) (Car has been
again omitted for simplicity). The various capacities are related to the surface
excesses of the ion at different planes in the interface and the various tappings
on the transformer supply appropriate fractions of the overpotential at
different planes. The resistance Rp replaces the charge transfer resistance
or resistances of less general circuits and is to be regarded as a diffusion
resistance connected with the diffusion of the ion in the interfacial region.
No longer is it possible to clearly distinguish it from diffusion resistance in
the region of the diffuse double layer or even from diffusion resistance (Rry)
in the bulk of the phases.

CONCLUSIONS

Thus we see that in principle it is not difficult to develop accurate equiva-
lent electrical circuits for the interface when an electrode reaction takes
place provided all chemical or electrochemical reactions are first order or
pseudo first order reactions. Linear diffusion of reactants.invariably is
represented in the circuit by simple resistive transmission lines. Homo-
geneous chemical reactions lead to the presence of distributed resistance
linking these lines and coupled charge transfer reactions can be allowed
for with the aid of a transformer. Specific or non-specific adsorption of
reactants can be allowed for with fair accuracy by additional capacities
shunting the input terminals of the transmission lines. Strictly, however,
voltage generators and current generators should also be introduced to
allow for the direct dependence of the surface excesses on potential. Alterna~
tively accurate allowance can be made for reactant adsorption by combining
an autotransformer with one or more adsorption capacities and with lines
associated solely with mass transport. It is also possible to construct an

t This change is permissible as the coefficients of AE and i(I) in Egs. (18) and (23) are
identical.
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equivalent circuit for the interfacial impedance when charge transfer is
regarded as a multi-step process.

The aperiodic circuit may be quite complex in practice if several compli-
cations occur simultaneously. However it often happens that the circuit
reduces to one of the forms shown in Figure 10. Thus the circuits in Figures
2(b), 3(b) and 4(4) after combining the transmission lines take the form o
the one in Figure 10(a) and as the faradaic part of this circuit is the electrica

(a)
Cat -[.
o ¢
° L
(b)
== Rct
Ca
o

T
© ¢, la 'L-E C2 Ret
. % {

“ Ca IVVVVVVV\;—’

e,
Figure 10. Basic forms of the equivalent circuit for the interfacial impedance.

analogue of heat conduction in a semi-infinite medium with radiation at the
place x = 0 it is possible, using known solutions of this problem, to write
down immediately an expression for the faradaic current if the potential
variation with time is sinusoidal, or if it can be broken up into potential
steps appropriately spaced in time. If slight specific adsorption of reactants
is combined with charge transfer irreversibility, the circuits may again
reduce to the one in Figure 10(a). If strong adsorption is combined with slight
irreversibility and the circuit may be approximately identified with that in
Figure 10(b), it can be rearranged in the form shown in Figure 10(c), and
expressions for the currents flowing through the various vertical limbs of
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this circuit are usually not difficult to obtain.The combination of R¢; and
a transmission line is the analogue of the heat conduction problem mentioned
above. The combination of €} and a resistance presents no problem and the
series combination of Cz and a transmission line is the electrical analogue of
heat conduction in a semi-infinite medium in contact with a well-stirred
liquid at the plane x = 0, a diffusion problem solutions of which are
known for various boundary conditions. These solutions also are of value
when the circuit for the interfacial impedance takes the form in Figure 10(d)
and, if the potential variation with time can be broken up into potential
steps, an expression for the interfacial current is obtained almost immediately.
There are, however, situations where the aperiodic circuit may be of little
help in deriving an expression for the cell current, but it often is then the
case that the system contains many unknown parameters and that an
expression for the current is of limited practical value. Whatever methods
may have to be used in the development of the theory of a.c. polarography
and low level relaxation techniques, there clearly is always something to be
gained by first considering the structure of the equivalent circuit for the
interface.

The author is indebted to Professor Paul Delahay for a pre-publication copy of a
paper (with G. Susbielles) on the theory of the double layer impedance.
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