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NOMENCLATURE

Subscripts
a anodic
A adsorption
ac alternating current
ac+dc small amplitude ac signal superimposed on

variable dc bias

b bulk

CPA constant phase angle
CT charge transfer

dc direct current

dl double laver

e a) electrolyte

b) electrical

£ faradaic
F forward
HF high frequency
i interface
L limiting
LF low frequency
m metal
M.T. mass transfer
n.f. non faradaic
0 oxidised
P parallel
R reduced
s a) surface

b) series
rev, reversible

W Warburg



AcC

Conp

Roman Symbols

area (cmz)

activity of substance i in a phase & (M)
adsorption coefficient, potential independent
adsorption coefficient, potential dependent
a) concentration (M, mol/cm3)

b) capacitance (/’F)

complex capacitance

adsorption pseudo capacitance QUF)
Langmuir's adsorption capacitance (//F)
capacitance of the diffuse layer QuF)
double layer capacitance (}/F)

a) integral capacitance gpF)

b) series interfacial capacitance

concentration of species j (M, mol/cm3)
bulk concentration of species 3 (M, mol/cm3)

surface concentration of species j(M,mol/cm3)

limiting value of the capacitance at high

frequencies (})F)

limiting value of the capacitance at low
frequencies (/IF )

an adsorption capacitance, where

AC = Cpp - Cygp (WF)

Outer Helmholtz Plane capacitance

QUF)

parallel capacitance (/UF)

seriles capacitance 9VF)

diffusion coefficient of species ) (cm2/sec)

distance {(cm)



potential of an electrode versus a

reference (V)

standard potential of an electrode (V)

reversible potential of an electrode (V)
quantity of charge on the electron (C)

error function of x
error function complement of x

the Faraday; charge on one mole of

electrons (C)
a) F/RT (v~1)

b) frequency (sec“1)

highest frequency component, fj, = 1/tg
Gibbs free energy (kJ)

Gibbs free enerqgy change in a chemical
process (kJ)

standard Gibbs free energy of activation
( kd/mol)

electrochemical free energy (kJ)

conductivity(f)."'1 cm"1)

amplitude of ac current (A, mA)
Bessel function of order zero
current (A, mA)

anodic component current (A, /U A)
ac current (A, mA)

cathodic component current (A,/VA)
dc current (A, mA)

diffusion limited current (A, mA)

faradaic current (A, mA)

limiting current of linearity (A, mA)

nonfaradaic current (A, mA)



| S exchange current LA,/LA)

ipoTAL total current = i,¢ + i¢g (A, mA)

Jj flux of species j (mol cm—2 sec“1)
3 a) current density (A/cmz, A/cmz)
b) /-1
K a) faradaic charge required to form a

monolayer of adsorbed ions (C,f/C)

b) magnitude of Znpa impedance (J) sec"/g)

c) potential dependent rate constant

KO standard, potential independent,rate constant
(cm/sec)
Kp potential dependent rate constant for the

forward reaction

KR potential dependent rate constant for the

reverse reaction

1l depth of surface pores (cm)
M metal electrode in the reaction MZT—/M+e
m fractional power constant
n electrons per molecule oxidised or reduced
0 oxidised form of the standard system O+ne =R
P reciprocal of penetration depth (cm_l)
0 charge (C, /C)
q- excess charge of anions (C,/VC)
gt excess charge on phase cations (C{/’C)
4 excess charge on phase J (C,//C)
qS(CA) charge of ions coulombically adsorbed
onto the surface (C,/!C)
qS(SA) charge of ions specifically adsorbed

onto the surface (C,}/C)



R
Rep

Rer(ac)

Rer(de)

a) reduced form of the standard system,
0 + ne2R

b) gas constant (J mol~1 K‘1)

c) resistance ({2 )

adsorption resistance () )

charge transfer resistance (())

charge transfer resistance measured under

ac large signal conditions ((})

charge transfer resistance measured under

dc large signal conditions () )

Rer(ac+de) charge transfer resistance measured under

'ac + dc' large signal conditions (2)

RerecTROLYTE Tresistance of electrolyte ({1)

R

resistance of electrolyte per unit length of

surface pore ( ﬂcm-l)

series interfacial resistance ({2)

resistance of leads (QQ)
parallel resistance (1)
series resistance ()

resistance of saline () )

total series resistance (1)

resistance when.k>= o (1)

resistance when L\)= o (())
radial distance from the centre of a

spherical electrode (cm)

Laplacian operator, s = a+j

a) absolute temperature (°k)
b) time period i sec)

total sampling period (sec)

time (sec.)




<

acC

<<

ecm

<
oF
0

. |_-<;

K X X X g
"

pulse duration (sec)
sample length (sec)
normalised time = t/T
a) volume (cm3)

b) Voltage (V)

ac voltage amplitude (V)

electro capillary maximum voltage (V)

dc voltage (V)

limit voltage of linearity (V) -

flux of species j (mol cm_3 secC -1)

reactance (())

series reactance of interfacial impedance (())
series reactance ({))

admittance (<) %)

impedance (() )

constant phase angle impedance ({))
charge transfer impedance (())
faradaic impedance (())

interface impedance (€))

mass transfer impedance (())
nonfaradaic impedance (() )
impedance of surface pore (())

Warbug impedance ((})

Adsorption pseudo Warburg impedance ((})



Greek symbols

transfer coefficient
fractional power dependence on fequency of

Scpa

gamma function

surface excess of species j at equilibrium
(mol/cm)

saturation coverage

a/ surface tension (dyne/cm)

b/ activity coeffecient

Nernst diffusion layer thickness (cm)

naximum thickness of the Nernst

diffusion layer (cm)
dielectric constant

limiting value of permittivity at high

frequencies

limiting value of permittivity at low
frequencies

dielectric constant of free space(CzN-lm-z)
dielectric constant of medium

complex dielectric constant of medium
overpotential, E - E.. (V, mV)
charge transfer overpotential (V, mV)
mass transfer over-potential (V, mV)
fractional coverage of an interface by
species J

chemical potential of species j in
phase X (kJ/mol)




fjj standard chemical potential of species 3
in phase « (kJ/mol)

/;: electrochemical potential of species j in
phase & (kJ/mol)

% resistivity () cm)
diffusion coeffecient ( ) - secl/2)

rr time constant (sec)

’I; coverage time constant (Sec)

¢:f a) electrostatic potential (V)

b) phase angle (degrees, radians)
¢ phase angle of faradaic impedance

(degrees,radians)

: 0
lP loss angle, where‘fj= 90 - @ = mr/2 = (1-/3)/2 rads
[J angular frequency (sec ‘1)

LJO value of[a.) at which XS has its maximum

10% angular frequency at which the impedance

changes by 10% due to nonlinearities

Abbreviations
DDRT Distribution of Dielectric Relaxation Times
DR Decay Ratio
DRT Distribution of Relation Times
ECM ElectroCapillary Maximum
FFT Fast Fourier Transform
IHP Inner Helmholtz Plane
OHP Outer Helmholtz Plane
PZC Potential of Zero Charge

RHE with Reference to the Hydrogen Electrode
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Chapter 4

Ac Nonlinearity of the electrode-

electrolyte interface impedance



4.1 THEORETICAL SECTION

-Introduction
In this chapter the complex problem of the ac

nonlinearity of the interfacial impedance 1is reviewed,

and, it is hoped, clarified.

Many investigations of the electrode system's
nonlinearity have been made using large amplitude
signals (eg Schwan 1968). Although empirical
expressions have been proposed which describe the
observed relationships between frequencies at which
'distortions' are observed and the applied signal
amptitude, no adequate physical model has been put
forward to date capable of explaining this behaviour.

Before studying experimentally the ac nonlinearity
of the electrode system, predictions will be made based
on the proposed equivalent circuit model (figure 2.2.1)
and the physical interpretion of 1its component
elements. It will be shown that the equivalent circuit
model successfully models the observed nonlinear
behaviour.

The nonlinearity of each element of the equivalent
circuit will initially be investigated in order to

derive that of the overall circuit.



4.1.1 Nonlinearity of Individual Circuit Elements

The simplest equivalent c¢ircuit model of the
interface impedance comprises the parallel combination

of a nonfaradaic, constant phase angle impedance, Zcpar

and a faradaic charge transfer resistance, Ren.

4.1.1.1 Nonlinearity of the nonfaradaic, Z¢gppr

impedance

- Introduction

It was shown 1in chapter one that the high
frequency interfacial impedance in the presence of
specific adsorption effects was well modelled
empirically over a wide frequency range by a constant

K(jw)"ﬁ

In electrochemical circles, however, the' high

phase angle impedance, Zppp, Where Zepa

frequency electrical properties of the electrode-
electrolyte interface 1in the presence of adsorption

effects are more commonly expressed in terms of a
"pseudo capacitance", Cp,, which has been found to be
frequency and voltage dependent . One can write C, in
terms of K and ﬁ, ie
cp = (V) (3P

and deduce that K must also be potential dependent.

The derivation from first principles of
expressions for Cp 1in terms of voltage and frequency
will be reviewed in order to give some insight into the

physical processes responsible for the experimentally

observed Zgopp pehaviour and to give an appreciation of



the nonlinearity of the non-faradaic impedance.

- Surface excesses

The properties of the interface are governed by

excesses and deficiencies in the concentrations of ions
at the interface relative to their concentrations in
the bulk of the electrolyte. These differences, due to
coulombic and specific adsorption, are termed "surface
excesses",r_.

Gibbs (1877) suggested a means of measuring the
total adsorption at an interface by considering laminae
of the solution near the electrode surface, calculating
the number of ions in them and subtracting the number
of ions which would have been there in the absence of
adsorption. He then summed the excesses of each of the
laminae to obtain the total surface excess. This sum

of the excesses is termed the Gibbs surface excess and

is expressed as,

o0
Lol -c ] da
s L [C (d) ~¢Cy] av
1/A/n-nb 4 (An)
O
D/A - nb/A 4.1

-

where C(d) is the concentration as a function of
distance d,

C, 1s the bulk concentration,

n 1is the actual number of moles of a species in

the interface region,



nb is the number of moles that would have been

present in the absence of adsorption,

d is distance from the interface,

v, the volume of the laminae and

A, the area of the interface.

Note: the amount of adsorbed material per unit
area, n/A, is not equal to the surface excess, |_, but
to the sum of the surface excess and the amount of
material present in the absence of adsorption.

Unfortunately the surface excess can only be
measured directly with difficulty eg using radio active
isotopes. One can however measure the surface excess

indirectly by measuring some property which depends on

the surface excess.

One such way of calculating the surface excess 1is
by measuring the surface tension,a’ , as it is related
to surface excess. This is due to work having to be
done against surface tension in order to increase the

area of coverage of the electrode and hence create a

surface excess.

- Nonfaradaic impedance in the absence of specific

adsorption.

As an example let us first consider the case where
there is no specific adsorption of ions present. A
plot of surface tension,a/ , (obtained by electro-
capillary measurements) versus voltage, V, 1s in this

case found to be almost parabolic (Bockris and Drazic,

1972) - see figure 4.1.



Interfacial
Tension, 5

Ssurface
Charge,q

Differential
Capacitance,

Ca

PLOTS OF 8, q AND Cd VS. APPLIED POTENTIAL

IN THE ABSENCE OF SPECIFIC ADSORPTION

Vecm ©F E

/

Applied Potential, E

Applied Potential, E

Applied Potential, E

Figure 4.1

pPZC

223



224

The potential at which the surface tension is a

maximum is known as the electrocapillary maximum
voltage, Vecm.

The relationship between interfacial tension and

voltage is given by Gibbs adsorption equation and from
this one can calculate the surface charge density and
surface excesses of adsorbed species.

If no faradaic reaction occurs the Gibbs equation
is (Sluyters-Rehbach and Sluyters, 1970)

- db/-

Where}Ji are the electrochemical potentials and qp

A dv + Ei r_i dPi 4,2

is the charge on the metal electrode.

For a solution of fixed composition dPi = o and

equation 4.2 becomes
d2{= dn 4V 4.3
Hence the slope of the electro capillary curve at

a given potential is equal to the charge on the metal,

Um
l.e. 9m :"'-(ab//(av) const. comp. 4.4
Equation 4.4 is termed the Lippmann equation.

Note: The gradient at Vac is zero and hence the

m
charge, q,, must be zero at this voltage / potential.
For this reason V,,, is often referred to as the
Potential of Zero Charge, PZC.

there 1is

As q, XS O for v. X vV

ecm’

electrostatic attraction of anions by the electrode for

qd> o and attraction of cations for q < o. Ions which
are attracted to the electrode surface are repelled
from each other and hence the work needed to expand the

layer is smaller than in the absence of electrostatic
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interaction with the electrode i.e. when g = o0 and V =
Vacne Hence the interfacial tension decreases as /q/

increases, or as the voltage is moved to either side of

Veem and ions are adsorbed. Vg tends to represent

the dividing line between the adsorption and desorption
for a given ion at the electrode and it is the voltage

at which there 1is no excess charge upon the metal

electrode.

For the above simple example where the
electrocapillary curve is a perfect parabola, g, is
found to vary linearly with potential (figure 4.1).

As these charges are accumulated or depleted at
the interface relative to the bulk of the electrolyte,
the interface has the ability to store charge and act
as a capacitance. This capacitance may not
necessarily be constant and independent of the
potential, and hence the differential capacitance, Car

will be used, where

Ca = (JB qﬁ)
B V/ const. comp 4,5

Ca s used 1instead of the integral capacitance,
C;, which is the ratio of the total charge q, at a
potential E to the total potential difference putting

it there (Bard and Faulkner 1980),

ecm!
A drawback with the integral capacitance is that

Vecm must be known in order to determine its value and

it therefore cannot be measured directly.
From equation 4.5 it is obvious that Cq 1s given

by the slope of the plot of dy versus V at any point
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and can be obtained by differentiating equation 4.4.

In the simple case where there is no specific
adsorption of ions and hence where the 5 - V curve is
an ideal parabola and the q, - V plot is linear, the
differential capacitance, C5, will be constant and
independent of V (fiqure 4.1). This constant, voltage
independent capacitance is the Helmoltz double layer
capacitance, Cgy, in the absence of specific adsorption

effects.

It can be shown mathematically that a constant,

potential independent capacitance, such as Cgy, gives
rise to a perfent parabola on the g - V plot (Bockris

and Drazic, 1972).

For the Helmoltz model (equation 1.5)

_ 4114
vV = 3 dm
(where voltage is referred to V.., i.e. V = o at
Veem!
hence A4V = 4774 d q, 4.7
As BX/SV = - g, (equation 4.4)

then ]dd/ = /qm dv 4.8

therefore (substituting equation 4.7 into egqn 4.8)

- 4
-/dJ = __'é_T_c_i_ d, 4d9n, 4.9

Integrating equation 4.9 gives

. - 4Trd 1 2
d + const 6 /o g m

As q, = O when X =J max,

therefore

g =g max - 4Td q° /5

e o

6 m
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or (using equation 1.5)

¢
5 =Xmax - 47a 1/2 V2 4.10

This is the equation of a parabola symmetrical

about 2{max or Vacm )

- Nonfaradaic impedance in the presence of specific

adsorption

Unfortunately the electrocapillary curve 1is
generally not a perfect parabola, and as a result the
dn - V plot 1is not 1linear and the differential
capacitance is not constant and independent of voltage.
Deviation from a perfect parabola is greater for some
solutions than others, showing a marked sensitivity to
the anions present in the electrolyte, especially for
potentials more positive that Vg.,. This deviation
from "Helmoltz" behaviour is due to the contact or

specific adsorption of anions which decreases the

surface tension,5 , at a given potential, Anions

exhibit this effect in the following order

I >» Br™ > C1™ > OH™
(Bockris and Drazic, 1972). The resultant asymmetry of
the electrocapillary curve (figure 4.2) has important

implications for the capacitance of the electrode

interfaces,

p1
Ca = “(gzg/’av) const. comp.
which will now vary with potential (figure 4.2).

In order to derive an expression for the

differential capacitance one needs a new expression of

the Gibbs equation (equation 4.2).

For an ideally polarisable (Rcp = ©@ ) electrode
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the Gibbs equation was given by equation 4.2. This

equation cannot however be used for a nonideally
polarised electrode (O<Rap< o ), For an 1ideal
reversible metal-metal ion electrode, the modified
Gibbs equation has been derived as (Sluyters-Rehbach
and Sluyters, 1970)

_dbf = (qp + nff,)av + (|5 +ﬁ)dPR+ Ei (i dFi

4.11
IFor constant composition
dPi = o and d/jR

hence equation 4.11 becomes

O

-db‘ = (g, +nF[, ) av
or

-35/3 V =aq, + nF(g 4.12
i.e. a modified Lippman equation (see equation

3y (g +nFr)
Ca = - (W const comp. - ""5',:,_""" const comp

4,13
Hence the differential capacitance can be

considered as the sum of two parallel "capacitances"

C3 = 0dy/0dV +  nF3[/3V 4.14
ie Cd = Cdl + CA
where cdl = 'éqm/'év and CA = nFB G/A \'4

The first term of the right hand side of
equation 4.14 1is the 'double layer' Helmholtz
capacitance.

The second ¢term 1s the adsorption pseudo
capacitance, Cp, and is due to changes in surface
coverage with voltage. In order to derive the

expression for this 'capacitance' one needs to know the
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relationship between surface coverage,[ , and the
applied voltage.

In chapter one it was shown that the pseudo
capacitance, Cp, could be expressed as (equation 1.30)

Cp = 9gS2/ v

Where qSA is the charge specifically adsorbed

at the inner Helmholtz layer, IHP.

As the degree of coverage of the electrode

surface, 9, (where © =r7/E:) is proportional to the

faradaic charge passed, 1i.e.

g°oA = K6 (1.32),

hence

Chn = dg°* =1xda® = nFd[ (1.33)
v av av

(where K = nf_ )

In order to derive an expression for Cp one needs
to know how either qSA, © or r_vary with the electrical
state of the system.

Adsorption isotherms are just such theoretical
relationships, relating the degree of coverage, the
activity or concentration of the species in the bulk of

the solution and the electrical state of the system.
Such isotherms, of necessity, are based on an idealised
physical model of the electrode interface. The
different isotherms, and other assumptions made have

given rise to different expressions for the adsorption

pseudo capacitance.
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~ Isotherms
An isotherm is obtained from the equality of
electrochemical potentials for bulk and adsorbed
species. The electrochemical potentials, /71 , will be
equal when there is equilibrium between species, i, in
the adsorbed state and in the bulk of the solution

(Bard and Faulkner, 1980), Therefore

- A - b
V. = PV
or fO'A + RT In(f = (70D +RT Inab 4,
,Ji [ (I—) ] }/ i 15
Where the Pio terms are ‘the standard

electrochemical potentials.

f(| ) is a function of the surface concentration,

A

[, and represents the activity of the adsorbate, CY I

Rearranging the equation one obtains

£ ([[) = aP exp (- AGO/RT) 4.16
Where ZXEO = P oA _ Po'b is the standard
electrochemical free energy change accompanying the

migration of a mole of ions from the OHP to the IHP.

[ Note: the electrochemical free energy G
differs from the chemical free enerqy, G, by inclusion
of the effects from the large scale electrical
environment 1i.e. A_C-; = NG + (AG ) 4

Where (AG), is the electrical component. The
overbar indicates the dependence on interfacial
voltage]

Letting B = exp ( -EEO/RT) 4.17

(B is termed the adsorption coefficient) then
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— b g
£(f ) = (a7 B) 4.18a
or alternatively
The surface excess, [_ ’ (or the degree of

coverage, © ) 1is some function of the activity in the
bulk, a‘l? , and the adsorption coefficient, B, which in
turn depends on the electrical state of the electrode.
As the adsorption capacitance 1is proportional to the

change of surface coverage with voltage (egqn 1.33), it
can be expressed as
Cp = K d [f(aP B)) 4,19
dv

The best known and most commonly used theoretical

isotherm 1s known as Langmuirs. In Langmuir's rather
simple model it is assumed that the rate of adsorption
of ions onto the electrode surface is the same as that
of desorption of ions at the surface. It is also
assumed that the ions adsorbed on the surface do not
interact with each other and that there 1is no
heterogenity of the electrode surface.

In order to 1illustrate the derivation of
expressions for the pseudo capacitance, C, , one will

be derived usingLangmuir's rather simplistic physical

model of the systen.

- Adsorption pseudo capacitance under Langmuir's
conditions.

In the presence of an applied electrical fieldjﬁ_(:‘-o
can be separated into a potential 1independent

0
(chemical) term, AG" 439 a potential dependent



(electrochemical) term, (AG® ),. In this case the
standard Gibbs free energies of activation of the
forward and reverse processes, A_EOF and EEOR can be
expressed as
AGP; = AG®; + X nFE 4.20 a
AGPr = AG°, - ( 1-cX) nFE 4.20 b
Where A_EO is the standard Gibbs energy of

activation (kJ/mol),

AG®; and AG®, represent the chemical part of the
activation energy independent of electrical (E = E©)
and adsorption (0 = O) work items and

A 1s the transfer coefficient.

The forward and reverse rate constants for the

adsorption / desorption reaction
Ry

M+A - T MA

< ads + €

Kr

can therefore be written as (Bard and Faulkner,

1980) RT - /\G°;
Kp = npk eXp( RT )
=  Kg° exp -CKnFE>
=
where Kp® = RT  exp ( AN )
nF RT 4,22
Kp = RT exp ( -EG—GR )
oF " RT
= K% exp (1-A) nFE
-
where K°% = RT exp ( —AG°2>
'nF RT 4,24
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Kp® and KRp° are independent of potential and are

equal to the forward and reverse rate constants in the
absence of potential. Kyp® and Kr® are termed "standard
rate constants'".

The electrochemical rate equations are therefore

Ve = (1-6) ap Kg° exp( - C"nFE)

RT 4.25
Vg = 0 ag Kg°  exp [(1-6aL )nFE]

RT 4,26

At equilibrium, Vi VR, and it follows that

0 = ap KFO exp ( nfFE )
T-_e- ap Kg° RT 4,27
As Kp® = exp / -AG°\ = B
_K;S ( RT ) 4.28

[where AG®° ( =AG°; -/\G°, ) is independent of
applied potential and equal to nFEC°.
Note: There 1is no bar above B as it 1s now

independent of potential, see equation 4.17]

then ( 0 ) (aF> (nFE)
1-0/ ap/ B exp\ RT 4,29

Equation 4.29 is known aslLangmuir's isotherm and
relates the fractional surface coverage, 0, to the
activity of the species in the bulk of the solution and
to the electrical state of the system.

Rearranging equation 4.29, one has in terms of

potential or voltage

E or V = RT 1n 0 1 aR
nF 1-6 B aF 4-30
Differentiating equation 4.30 with respect to 6

one obtains
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dav RT 1

do nF 0(1-0) 4,31

The adsorption capacilitance for Langmuir

conditions, CAL, is therefore given by (using eqn 1.33)

Cpl = K do _ KnF ©(1-06) 4.32

e
L L

dv RT

A plot of CAL against surface coverage, 0, 1is

symmetrical about 0 = 0.,5. Hence the adsorption

capacitance increases with surface coverage up. to a

maximum of KnF/4RT at 6=0.5 and then decreases to zero at
0 = 1.
In terms of potential CAL can be written as

Cp* = KnF  0/(1-0)

RT [1+(6/(1-0))]72

KnF (aF/aR)B exp(nFE/ RT)

RT [1 + (aF/aR) B eXp(nFE/RTﬂ2 4,33
which 1is also symmetrical with respect to
potential at 6 = 0.5, Hence the adsorption
capacitance, CAL, will at first increase exponentially
with voltage, reach a maximum when 6 = 0.5 and then

decrease towards zero.

In Summary - Using the Langmuir isotherm the
derived equivalent circuit model of the adsorption
pseudo capacitance 1is a voltage dependent capacitance,
CAL, which shunts the voltage independent double layer

capacitance, Cj; (see equation 4.14),

-~ Short comings of the Langmuir Model

In the Langmuir model the adsorbed 1ions are

assumed not to interact with each other and hence the

adsorption coefficient and Gibbs energy of activation
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are assumed to be independent of the fraction, 0, of
sites occupied by the adsorbed species. The adsorption
coefficlent has, however, been found to be coverage
dependent (Bockris and Drazic, 1972). This 1is due to
interactions between adsorbed species whose interionic
forces make further adsorption progressively more
difficult. These interactions cause the energy of
adsorption to be a function of surface coverage.

A more realistic model will take into account the
dependence of the energy of activation on the coverage.
In the Temkin isotherm, for example, the Gibbs energy

of activation 1is assumed to wvary linearly with

coverage.

The use of different isotherms, and the other
assumptions and approximations made have resulted in
many different expressions for the adsorption pseudo
capacitance, Cp. Some of these even account for the
frequency as well as potential dependence of the
"capacitance'.

Perhaps the best expressions so far derived for
the impedance/admittance of electrode systems where
adsorption of reactants 1is occuring were derived by
Timmer et al in 1966. The work of this group will

therefore be briefly reviewed.

-Timmer et al's equivalent circuit model

Using Delahay's (1966) coupling concept (section
1.1.2.3) and a new version of the electrocapillary

equation for reversible systems, such that

6
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- (%) = [ Naenrl)] - 222 9G
%Ez)Pi | OE | RT o2 (EE)

-

4,34
(Where Ob and OR pertain to the Warburg
coefficient of the oxidised and reduced component,
O =0, + COg) instead of equation 4.13, Timmer et al
derived an equivalent circuit model of the electrode-
electrolyte interface impedance (see figure 1.25)

As a consequence of the derivation being based on

the coupling concept, the usual double laver

capacitance [(dqm/dE)/‘ji ] is replaced by a high
frequency capacitance, Cyp., which includes a term due
to reactant adsorption
Cyr = g(qm + nF[j)
Ok (2 +[R ) 4.35
Note that although equation 4.35 appears very

similar to equation 4.13, containing the sanme
thermodynamic quantities (q, + nF[, ), in the latter
case it was derived for constant composition, i.e. |—o
and [ were assumed constant.

The adsorption pseudo capacitive branch 1s now
represented by a pseudo Warburg impedance, 2Z2yp, in

series with a capacitance, /AC, where

Za = (1-3IAW 70+ 4.36
with
A = |i'a( lo +|—I-1)J 1 T = Como * CR'[BR

g\V E\/z_(Ac)r



with CiF = [’3 (qm+nF|_o)] MR
T3 by @ LTRe
4,38

Although the 2ya and AC have physical
significance it has been found that the empirical Zppp
better represents the experimental findings over a wide
frequency range. As yet there is no satisfactory
physical explanation of the observed fractional power
dependence of the interfacial impedance on frequency,
though it is known to be caused by adsorption effects
(in the absence of surface roughness). Timmer et al's
physical and equivalent circuit models come closest to

successfully representing the observed behaviour of

electrode interfaces.

- Potential dependence of the "differential"

Capacitance.
The phenomena associated with specific adsorption

of substances onto an electrode's surface can be
studied by analysing the "differencial" capacitance as
Cq is extremely sensitive to adsorption effects.

A "differential" capacitance-potential plot is
obtained by measuring an electrode system's impedance
at a given frequency 1in terms of a parallel
using a small

capacitance, C and resistance, R

p’ p’
amplitude ac signal superimposed on a variable dc bias.
The "differential" capacitance can be plotted against
the applied dc bias for a given frequency provided the

ac voltage, ch used in the measurement does not exceed

a few millivolts. In this case the measured values of

- nF OR [%( rc_.)-l-I_R)}

2328

\.1/
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"differential" capacitance will be independent of cgv.

It will be noted that what is generally termed
"differential" capacitance (i.e. the parallel
capacltance measured at a certain frequency and dc
bilas) is not the same as the differential capacitance
described by equation 4.14 i.e. C3 = C3; + Cp.

The measured parallel capacitance, Cp' is a more
complex function of the double layer capacitance and
the adsorption pseudocapacitance.

For example, the admittance of Timmer et al's
equivalent circuit with a shunting charge transfer
resistance, Rpp, is given by

z=1 = Wegp + ( 1+ (jWx) 1/2> -1 4 Rep!

JWAC
where x = ( )\ AC?)

4,39

Hence the expressions for Cp and Rp of the

equivalent parallel model are

C, = AC [ 1+ (wx/2) /2] +Cyp
1+ Wx + (2Wx)1/2 4.40
1 = AC (Wx/2)1/2 1
OJRP 1+ Wx + (2&):{)1/2 (IR 4.41

At high frequencies the parallel capacitance, Cp,

tends to that of Cyp (where Crp = Cyp +/AC and is part

of the adsorption pseudo capacitive branch).

For a given frequency (especially a low one) Cp

will increase as /A\C increases or>\ decreases i.e. it is

proportional to the admittance of the adsorption

branch.

A typical Cp - potential plot for platinum

electrodes in a chloride containing electrolyte is
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shown schematically on figure 4.3 (Dolin and Ershler

1940, Ohsaka et al 1976, DeRosa and Beard 1977).

The plot can be divided into three important
regions as shown.

Region 1 In this potential region, between
approximately 0.4 and 0.8 volts RHE (relative to the
hydrogen electrode) the plot is the flat bottomed

valley of the 'U' shaped curve (Ohsaka et al 1976).
The parallel "differential" capacitance is almost
constant and independent of voltage and frequency
(Ohsaka et al, 1976, Iseki et al 1972). In this region

relatively little specific adsorption takes place and

the observed capacitive behaviour is largely due to the

voltage and frequency independent, Helmholtz double

layer capacitance. One can imagine a plate of the

capacitor located on the metal surface and the other on
the OHP, the IHP being almost free of contact or
specifically adsorbed ions.

In this potential range, more negative than V_ . 4,

the electrocapillary curve will approximate fairly well

to a parabola in the absence of any significant
adsorption effects (figure 4.2).

Minimal frequency dispersion is observed in this
region (i.e. ﬁ 2~ 1) and what dispersion there is, will
probably be due to surface roughness effects and the
specific adsorption of chloride ions present (Breiter,

1963).
As the double layer capacitance dominates the
overall nonfaradaic impedance in this potential range,

the trough 1s generally known as the double layer
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region (Breiter 1963).
Region 2 (i) For more anodic potentials, i.e.
above approximately 0.8 volts RHE, adsorption and the

eventual evolution of oxygen takes place (Breiter 1963)

Chloride ions adsorbed in the double layer region
cause the retardation of the formation of the oxygen
layer, causing it to take place at more anodic
potentials and thus extending the double lavyer
potential range. Only part of the adsorbed chloride
ions are replaced by oxygen and hence both ions are
present at the IHP for potentials more anodic than the
double layer region. The specifically adsorbed ions

populating the IHP give rise to an adsorption pseudo

capacitive branch in parallel with the double layer
capacitance, Cgjy- The 1impedance of this branch
decreases rapidly with potential in this region and it
soon dominates that of the total nonfaradaic branch.
The measured parallel capacitance, Cp increases rapidly
in this region (Iseki et al, 1972; De Rosa and Beard,
1977) giving rise to the observed 'U' shaped plot.

As the adsorption "capacitance" 1is frequency
dependent, greater frequency dispersion is noticed in
this region (Iseki et al, 1972).

In Timmer et al's model the adsorption pseudo
capacitive branch 1is represented by the series
combination of Zy, and AC. The observed increase in

Cp 1is therefore interpreted as a decrease in the

magnitude of Z,, and an increase in AC (Timmer et al,

1968).

The adsorption impedance is however generally
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better approximated by a constant phase angle

impedance, Zcpps Over a wide range of frequencies
(Iseki et al 1972).
In this case K, which is inversely proportional to

the parallel capacitance, should decrease outside the

double layver region and /B y an 1inverse measure of
frequency dispersion, should decrease from its '"double
layer" value.

Mund et al (1979) plotted calculated values of K
andﬁ against potential for platinum electrodes in 0.15
M NaCl. In the double layer region K and/B were found
to be almost constant and independent of the applied dc
bias. Outside the double layer potential range (0.2 to
O.8 RHE in their case) K and /5 were observed to

decrease as eXpected, due to the growth of the

frequency and potential dependent adsorption pseudo

capacitance,

(ii) For potentials more cathodic than the double
layer region (i.e. below approximately 0.4 volts RHE)
adsorption and eventually evolution of hydrogen takes
place (Breiter 1963). Again the adsorption impedance
dominates the total nonfaradaic interfacial impedance

is observed to increase (Ohsaka et al 1976, De Rosa
and Beard 1977) and greater frequency dispersion is
observed (i.e. ﬁ decreases).

Although Ohsaka et al (1976) used Timmer et al's

equivalent circuit model to represent their electrode

system in this potential range it would appear that the
nonfaradaic impedance is better approximated by a Z,pp

(in parallel with Rep)  yhose values of K and /E)
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decrease as the applied dc potential is altered away
from those of the double layer region (Mund et al,
1979).

Region 3 The observed capacitance, Cp, does
not continue to increase 1indefinitely as the voltage
leaves the double layer region (i). It is observed to
increase up to a maximum and then begins to decrease
again - giving rise to a 'hump' in the curve. This
hump 1implies that as the electrode charge, qu-
increases beyond a certain point the rate of growth of
the adsorbed layer begins to decrease.

In the Langmuir model this decrease would begin

when 6 = 0,5 and is due to the rate of adsorption

being proportional to the free area, 1-0. In other
models, however, the increasing lateral interaction
forces between the adsorbed ions are also taken into
account. In such a case the increasing population of
specifically adsorbed ions at the IHP establish and
gradually accentuate lateral repulsive forces which try
to inhibit further increases in surface coverage. The
rate of growth of the adsorbed layer will therefore
decrease which would result in the observed decrease in
the adsorption pseudo capacitance, Cp, as
Cp = dgq°P/gy = K d6/av (eqn 1, 33)

At higher potentials the capactiance, C is

pf
observed to increase again due to the evolution of

gases, hydrogen at the cathode, oxygen and / or

chlorine at the anode.



- Summary and conclusions

The nonfaradaic impedance is well approximated by
a constant phase angle impedance, Zgpp (Mund et al
1979). Over a range of potentials, termed the double
layer region, the nonfaradaic impedance is relatively
constant and K and ﬁ have their maximum values., For
potentials on either side of the double layer region
the adsorption pseudo capacitance increases rapidly in
magnitude, dominates that of the double layer and
causes the measured values of K and_ﬁ5 to decrease.

If it is assumed that the electrode system, in the
absence of an applied dc bias, operates close to the

centre of the double layer region trough (Simpson et
al, 1980) which is approximately 0.4 to 0,6 Volts wide
(De Rosa and Beard, 1977; Mund et al 1979), one should
be able to apply ac signals of up to 0.2 or 0.3 Volts
amplitude before gross nonlinear effects are noticed.
The "Voltage limit of linearity", Vy,, in such a case

would be approximately 250 mV.

245



246

4.1.1.2 Non linearity of the faradaic charge transfer
resistance, Reqe.

The parallel resistance in the proposed equivalent
circuit model (figure 2.2a) 1is, the author believes,

the charge transfer resistance and the major source of

the observed nonlinearity of the interfacial impedance.

Ror will therefore be studied in some length in this
section.

In section 1.2.2 the expression for the charge
transfer resistance was derived from the Butler-Volmer

equation (equation 1.19)

R

(f_{) - AnF/) <csR> (1-c)nF/)
i 'QXP - exp

i = ig Cp° RT Ch RT

As there is no mass transfer involved, C_.° = Cb°
R _ R

and CS = Cb .
Hence the Butler-Volmer equation becomes

-o(nF? T [ (1 -o()nFS_) 1 l

i =1 exp RT - exp RT S 4.42

o
Letting £ = F/RT, equation 4.42 becomes
1 = io{e}:p [ -A nf? ] -exp [(1-A )nf? ]}4.43

i -7 Plots for various values of & are shown on
figure 4.4. As similar plots have been obtained by
Shigemitsu et al (1979) for glassy carbon electrodes in
0.9% NaCl, for Pt-Ir electrodes in 0.9% NaCl (Great
bach et al, 1969) and for platinum electrodes in 0.01M

(Simpson et al, 1980), the faradaic current flowing

through an electrode system is given by equation 4.43

and the faradaic impedance by the charge transfer

resistance Reqp, which is derived from the above i-C)

relationship - as postulated in chapter two.

—
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In deriving an expression for Reqp in chapter one,
two approximations were made (i) the i-f) characteristic
was "linearised" (the exponential expanded and the
higher terms neglected) and (ii) it was assumed that

the characteristic was symmetrical about the

equilibrium potential, Epqy, i.e. A is equal to 0.5
(see figure 4.4).

In the above approximate case an ac current
signal, when applied to the electrode system, will only
result in a sinusoidal voltage of the same frequency as
the charge transfer resistance is linear.

However the i - 17 characteristic is generally not
symmetrical about E,.o, and it only approximates to a
linear relationship for very small signal amplitudes
(figure 4.4). The charge transfer resistance (= !7/1) is

therefore generally nonlinear.

The nonlinearity of the charge transfer
"resistance"” can be subdivided to two categories

according to its causes.

(i) Asymmetry of the i - !7 characteristic., This
non-linearily is simply "curvature" of the
characteristic about the point i=o, I7 =0 when ok# 0.5.
Asymmetry can greatly affect the response of the system
to even small amplitude ac signals (see section
4.1.1.2.1)

(i1) Curvature of the i -f) characteristic. Even

if the characteristic is symmetrical about E (ie

rev
A= 0.5) there is curvature of the characteristic as
the 1 -? relationship is not a linear one (equation

4.43). This nonlinearity will be most marked for large
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amplitude signals (see section 4.1.1.2.2).
4.1.1.2.1 Small signal nonlinearity

If one applies a small amplitude ac current to an
asymmetrical system the average voltage of the

electrode system is found to differ from that in the

absence of the ac perturbation i.e. the voltage
response of the system contains a dc component as well
as the expected ac component (figure 4.5). This
phenomenon 1is generally referred to as "faradaic
rectification'.

A similar effect occurs if an ac voltage 1is

applied to the system resulting in a dc¢ component in

the current response.

Simpson et al (1980), for example, showed that for

applied signals of the form

I) = Vo SinWt + Mg 4,44
the current response is given by
i = io{e}cp[d nf(VacSinLJt-rVdc)]-eXp[-(1-ok )nf(VacSinLJt
+ Q dc)]} 4.45
The dc current through the interface, including dc
due to rectificatiqp, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>