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~ Sometimes it is advantageous to analyze ac circuits in terms of the admittance, Y,
which is the inverse impedance, 1/Z, and therefore represents a kind of conductance. The
generalized form of Ohm’s law, (10.1.10), can then be rewritten as I = EY. These con-
cepts are especially useful in the analysis of parallel circuits, because the overall admit-
tance of parallel elements is simply the sum of the individual admittances.

Later we will be interested in the vector relationship between Z and Y. If Z is written

in its polar form (Section A.5):
Z =Ze - (10.1.14)
then the admittance is
== .]—'. -Jj¢
 ¥=ze (10.1.15)

Here we see that Y is a vector with magnitude I/Z and a phase angle equal to that of Z, but
opposite in sign. Figure 10.1.13 is a picture of the arrangement.
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P 10.1 INTRODUCTION

In previous chapters we have discussed ways of studying electrode reactions through
large perturbations on the system. By imposing potential sweeps, potential steps, or cur-
rent steps, we typically drive the electrode to a condition far from equilibrium, and we ob-
serve the response, which is usually a transient signal. Another approach is to perturb the
cell with an alternating signal of small magnitude and to observe the way in which the
system follows the perturbation at steady state. Many advantages accrue to these tech-
niques. Among the most important are (a) an experimental ability to make high-precision
measurements because the response may be indefinitely steady and can therefore be aver-
aged over a long term, (b) an ability to treat the response theoretically by linearized (or
otherwise simplified) current-potential characteristics, and (c) measurement over a wide
time (or frequency) range (10* to 107% s or 107 to 10° Hz). Since one usually works
close to equilibrium, one often does not require detailed knowledge about the behavior of
the i-E response curve over great ranges of overpotential. This advantage leads to impor-
tant simplifications in treating kinetics and diffusion.

In deriving the theory below, we will rely frequently on analogies between the elec-
trochemical cell and networks of resistors and capacitors that are thought to behave like
the cell. This feature may seem at times to disembody the interpretation from the chemi-
cal system, so let us emphasize beforehand that the ideas and the mathematics used in the
interpretation are basically simple. We will do our best to tie them to the chemistry at
every possible point, and we hope readers will avoid letting the details of interpretation
obscure their view of the great power and beauty of these methods.

R Sor s 4

10.1.1 Types of Techniques (1-12)

The prototypical experiment is the faradaic impedance measurement, in which the cell
contains a solution with both forms of a redox couple, so that the potential of the work-
ing electrode is fixed. For example, one might use 1 mM Eu®* and 1 mM Eu?* in 1 M
NaClO4. A mercury drop of fixed area might be employed as the working electrode, |
and it might be paired with a nonpolarizable reference such as an SCE, which would act §
also as the counter electrode. It is probably easiest to understand the measurement of 3
impedance by considering the classical approach with an impedance bridge. The cell is |
inserted as the unknown impedance into one arm of an impedance bridge, and the |
bridge is balanced by adjusting R and C in the opposite arm of the bridge, as shown in
Figure 10.1.1. '
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Figure 10.1.1 A bridge circuit
for measurements of
electrochemical impedance.

This operation determines the values of R and C that, in series, behave as the cell
does at the measurement frequency. The impedance is measured as a function of the fre-
quency of the ac source. The technique where the cell or electrode impedance is plotted
vs. frequency is called electrochemical impedance spectroscopy (EIS). In modem prac-
tice, the impedance is usually measured with lock-in amplifiers or frequency-response an-
alyzers, which are faster and more convenient than impedance bridges. Such approaches
are introduced in Section 10.8. The job of theory is to interpret the equivalent resistance
and capacitance values in terms of interfacial phenomena. The mean potential of the
working electrode (the “dc potential”) is simply the equilibrium potential determined by
the ratio of oxidized and reduced forms of the couple. Measurements can be made at other
potentials by preparing additional solutions with different concentration ratios. The
faradaic impedance method, including EIS, is capable of high precision and is frequently
used for the evaluation of heterogeneous charge-transfer parameters and for studies of
double-layer structure.

A variation on the faradaic impedance method is ac voltammetry (or, with a DME, ac
polarography). In these experiments, a three-electrode cell is used in the conventional
manner, and the potential program imposed on the working electrode is a dc mean value,
Ej4c, which is scanned slowly with time, plus a sinusoidal component, E,., of perhaps 5-
mV peak-to-peak amplitude. The measured responses are the magnitude of the ac compo-
nent of the current at the frequency of E,. and its phase angle with respect to E,..! A
typical experimental arrangement is shown schematically in Figure 10.1.2. As we will see
presently, this measurement is equivalent to determining the faradaic impedance. The role
of the dc potential is to set the mean surface concentrations of O and R. In general, this
potential differs from the true equilibrium value; hence Cq(0, #) and Cg(0, ¢) differ from
C3 and Cg, and a diffusion layer exists. Note, however, that since Ey, is effectively
steady, this layer soon becomes so thick that its dimensions greatly exceed those of the
diffusion zone affected by the rapid perturbations from E,.. Thus, the mean surface con-

| Alternatively, one could measure the current components in phase with E,; and 90° out of phase with E,.. They
provide equivalent information.
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10.1.2
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Figure 10.1.2 Schematic diagram of apparatus for an ac voltammetric experiment.

centrations Cq(0, #) and Cg(0, ) look like bulk concentrations to the ac part of the experi-
ment. This same effect is exploited in DPP (see Section 7.3.4). One usually starts with a
solution containing only one redox form, for example Eu®*, and obtains continuous plots
of the ac current amplitude and the phase angle vs. Eg.. In effect, these plots represent the
faradaic impedance at continuous ratios of C(0, #) and Cg(0, 7), all recorded without
changing the solution. The amplitude plot is also useful for analytical measurements of
concentration.

EIS and ac voltammetry normally involve excitation signals, E,., of very low
amplitude, and they depend essentially on the fact that current-overpotential rela-
tions are virtually linear at low overpotentials. In a linear system, excitation at fre-
quency o provides a current also of frequency o (and only of frequency w). On the
other hand, a nonlinear i-E relation gives a distorted response that is not purely sinu-
soidal; but it is still periodic and can be represented as a superposition (Fourier syn-
thesis) of signals at frequencies w, 2w, 3w, . .. The current-overpotential function
for an electrode reaction is nonlinear over moderate ranges of overpotential, and the
effects of this nonlinearity can be observed and put to use. For example, consider
second (and higher) harmonic ac voltammetry, which is nearly the same as the first
harmonic ac experiment described above. It differs in that one detects an ac compo-
nent current at 2w, 3w, ..., etc., instead of the component at the excitation fre-
quency w. Faradaic rectification features excitation with a purely sinusoidal source
and measurement of the dc component of current flow. Intermodulation voltammetry
depends on the mixing properties of a nonlinear characteristic. One excites with two
superimposed signals at frequencies w; and w, and observes the current at the com-
bination frequencies (sidebands or beat frequencies) w; + wy and w; — w,. A big
advantage common to all techniques based on nonlinearity is comparative freedom
from charging currents. The double-layer capacitance is generally much more linear
than the faradaic impedance; hence charging currents are largely restricted to the ex-
citation frequencies.

Review of ac Circuits
A purely sinusoidal voltage can be expressed as

e = E sin wt (10.1.1)
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Rotation at o Figure 10.1.3 Phasor
e N diagram for an alternating
Er voltage, e = E sin wt.
/o 2n/m
n 0 e
0 t
_E —
-n/2

where o is the angular frequency, which is 27 times the conventional frequency in Hz. It
is convenient to think of this voltage as a rotating vector (or phasor) quantity like that pic-
tured in Figure 10.1.3. Its length is the amplitude E and its frequency of rotation is w. The
observed voltage at any time, e, is the component of the phasor projected on some particu-
lar axis (normally that at 0°) .

One frequently wishes to consider the relationship between two related sinusoidal
signals, such as the current, i, and the voltage, e. Each is then represented as a separate
phasor, I or E, rotating at the same frequency. As shown in Figure 10.1.4, they generally
will not be in phase; thus their phasors will be separated by a phase angle, ¢. One of the
phasors, usually E, is taken as a reference signal, and ¢ is measured with respect to it. In
the figure, the current lags the voltage. It can be expressed generally as

i = Isin(wt + ¢) (10.1.2)

where ¢ is a signed quantity, which is negative in this case.

The relationship between two phasors at the same frequency remains constant as they
rotate; hence the phase angle is constant. Consequently, we can usually drop the refer-
ences to rotation in the phasor diagrams and study the relationships between phasors sim-
ply by plotting them as vectors having a common origin and separated by the appropriate
angles.

Let us apply these concepts to the analysis of some simple circuits. Consider first a
pure resistance, R, across which a sinusoidal voltage, e = E sin wt, is applied. Since
Ohm’s law always holds, the current is (E/R)sin wt or, in phasor notation,

; _E
I = R (10.1.3)
E=]R (10.1.4)

The phase angle is zero, and the vector diagram is that of Figure 10.1.5.

®

T
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0

Figure 10.1.4 Phasor diagram showing the relationship between alternating current and voltage
signals at frequency w.
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Suppose we now substitute a pure capacitance, C, for the resistor. The fundamental
relation of interest is then ¢ = Ce, or i = C(de/dt); thus

i = wCE cos wt . (10.1.5)
o r
i= Xo sm(mt + 2) (10.1.6)

where X¢ is the capacitive reactance, 1/wC.

The phase angle is 77/2, and the current leads the voltage, as shown in Figure 10.1.6.
Since the vector diagram has now expanded to a plane, it is convenient to represent pha-
sors in terms of complex notation. Components along the ordinate are assigned as imagi-
nary and are multiplied by j = V-1. Components along the abscissa are real. Introducing
complex notation here is only a bookkeeping measure to help keep the vector components
straight. We handle them mathematically as “real” or “imaginary,” but both types are real
in the sense of being measurable by phase angle. In circuit analysis, it turns out to be ad-
vantageous to plot the current phasor along the abscissa as shown in Figure 10.1.6, even
though the current’s phase angle is measured experimentally with respect to the voltage.
If that is done, it is clear that

E=—jXcI (10.1.7)

Of course, this relation must hold regardless of where Iis plotted with respect to the ab-
scissa, since only the relationship between E and I is significant. A comparison of equa-
tions 10.1.4 and 10.1.7 shows that X must carry dimensions of resistance, but, unlike R,
its magnitude falls with increasing frequency. )

Now consider a resistance, R, and a capacitance, C, in series. A voltage, E, is applied
across them, and at all times it must equal the sum of the individual voltage drops across
the resistor and the capacitor; thus

E = Eg+ Ec (10.1.8)
E= IR - jXo) (10.1.9)
E=1IZ (10.1.10)
. ~ e ,-',"' . Figure10.1.6
i V4 Relationship between an
ot T 7 ; alternating voltage across
N 4 a capacitor and the
LY 4 .
“ P alternating current through

R the capacitor.
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In this way we find that the voltage is linked to the current through a vector Z =
R — jXc called the impedance. Figure 10.1.7 is a display of the relationships between
these various quantities. In general the impedance can be represented as?

Z(w) = Zge = jZim (10.1.11)

where Zg. and Zj, are the real and imaginary parts of the impedance. For the example
here, Zg, = R and Z, = X¢ = 1/wC. The magnitude of Z, written |Z| or Z, is given by

|2 = R* + X% = (Zge)* + (Zi)? (10.1.12)
and the phase angle, ¢, is given by
tan ¢ = Zy/Zp. = Xc/R = 1/wRC (10.1.13)

The impedance is a kind of generalized resistance, and equation 10.1.10 is a general-
ized version of Ohm’s law. It embodies both (10.1.4) and (10.1.7) as special cases. The
phase angle expresses the balance between capacitive and resistive components in the se-
ries circuit. For a pure resistance, ¢ = 0; for a pure capacitance, ¢ = 7/2; and for mix-
tures, intermediate phase angles are observed.

The variation of the impedance with frequency is often of interest and can be dis-
played in different ways. In a Bode plot, log |Z| and ¢ are both plotted against log w. An
alternative representation, a Nyquist plot, displays Zj,, vs. Zg. for different values of w.
Plots for the series RC circuit are shown in Figures 10.1.8 and 10.1.9. Similar plots for a
parallel RC circuit are shown in Figures 10.1.10 and 10.1.11.

More complex circuits can be analyzed by combining impedances accordmg to rules
analogous to those applicable to resistors. For impedances in series, the overall imped-
ance is the sum of the individual values (expressed as complex vectors). For impedances
in parallel, the inverse of the overall impedance is the sum of the reciprocals of the indi-
vidual vectors. Figure 10.1.12 shows a simple application.

o

Ec=—jXcl JXc

(@) &)
Figure 10.1.7 (a) Phasor diagram showing the relationship between the current and the voltages
in a series RC network. The voltage across the whole network is E and ER and EC are its
components across the resistance and the capacitance. (b)) An impedance vector diagram derived
from the phasor diagram in (a).

In many treatments, the definition of impedance is taken as Z = Zg, + jZj,,, but we can simplify matters with
the definition in (10.1.11). In electrochemistry, the imaginary impedance is almost always capacitive and
therefore negative. With our definition of Z, we can generally work with positive values and expressions for
Zim, and impedance plots appear naturally in the first quadrant. Our choice is in accord with the general,
although sometimes implicit, practice in the field. In reviewing other literature, it is wise to take note of the
definition of Z.
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Sometimes it is advantageous to analyze ac circuits in terms of the admittance, Y,
which is the inverse impedance, 1/Z, and therefore represents a kind of conductance. The
generalized form of Ohm’s law, (10.1.10), can then be rewritten as I = EY. These con-
cepts are especially ‘useful in the analysis of parallel circuits, because the overall admit-
tance of parallel elements is simply the sum of the individual admittances.

Later we will be interested in the vector relationship between Z and Y. If Z is written
in its polar form (Section A.5):

Z =Zel® (10.1.14)
then the admittance is
Y= %e“fdf' (10.1.15)

Here we see that Y is a vector with magnitude I/Z and a phase angle equal to that of Z, but
opposite in sign. Figure 10.1.13 is a picture of the arrangement.

10— 0.01m

0.1

0 50 100 Figure 10.1.9 Nyquist plot for a series RC
Zge circuit with R = 100 Q and C = 1 uF.
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Figure 10.1.11 Nyquist plot for a
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*hen A iz
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376 » Chapter 10. Techniques Based on Concepts of Impedance

10.1.3 Equivalent Circuit of a Cell (1, 4, 13, 14)

In a general sense, an e!ﬁqochgm'ca] 221! sa0 be considered simglz an imEedancc to a
small sinusoidal excitation; hence we ought to be able to represent 1ts performance Dy an
e-quzva!enr CLrCT OF TCSIStOTS and capacitors Thar Dacs current with fﬁe same amprae.
and phase angle that the real cell does under a given excitation. quently used circuit,
caﬂcja the ﬂau%,es eqmva!ent circuit, 18 Shown 1n Elgure [0.1.14a. The parallel elements
are introduced Decanse the [orar current through the working interface is the sum of dis-
tinct contributions from the faradaic process, is, and double-layer charging, ic. The dou-
ble-layer capacitance is nearly a pure capacitance; hence it is represented in the equivalent
circuit by the element Cy. The faradaic process cannot be represented by simple linear cir-
cuit elements like, R and C, whose values are independent of frequency. It must be con-
sidered as a general impedance, Z;. Of course, all of the current must pass through the
solution resistance; therefore Rg is inserted as a series element to represent this effect in
the equivalent circuit.?

The faradaic impedance has been considered in the literature in various wavs. Figure
10.1.14D shows two equivalences that have been made. The simplest representation is to
take the faradaic | mprising the series resistance, R
, C.* An alternative is to separate

4.3), from another general impeda

ur. : C : :

O I() e, which are nearly.ideal circuit elements, the components of the faradaic
Tpedance are nor 1dcal, because they change With fre uency, . ﬁ given equwalent cir-
cult re At a given irequency, but not at other frequencies. In fact,

a chief objective of a faradaic impedance experiment is to discover the frequency depen-
dencies of R, and Cy. Theory is then applied to transform these functions into chemical in-
formation.

The circuits considered here are based on the simplest electrode processes. Many oth-
ers Davebeen devised In OTQer {0 ACCOUNT 1o MOTE COmpIEX situations, 10T example, those

involving adsorption of electroreactants, multistep charge transfer, or homogeneous

—_—i
|1
1
Rq Cy
—A— o
—_—
R
—i
(a) Figure 10.1.14
R C R, (a) Equivalent circuit of
5 5 (o .
Z - | - = an electrochemical cell.
_MA'_I [ W X (b) Subdivision of Z;into Rs
(®) and C;, or into R, and Z,.

3In the faradaic impedance measurements described above (Section 10.1.1), the impedance determined by the
bridge is a whole-cell impedance and includes contributions from the counter electrode’s interface. Processes at
the counter electrode are not usually of interest; hence the impedance at that interface is intentionally reduced t0
insignificance by employing a counter electrode of large area.

“In some treatments, R, is called the polarization resistance. However, that name is applied to other variables in
electrochemistry, so we avoid it here.
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chemistry. It is impo hemical
cell OTeOVEr,

cuit elements with processes that occur in the electrochemical cell. This is especially true
for equivalent circuits that represent more complicated processes, such as, coupled homo-
geneous reactions or the behavior of adsorbed intermediates. In fact even the simple RnCy
circuit in the absence of a faradaic process at low electrolyte concentration shows fre-

quency dispersion (i.e., variation of R and Cgy with frequency) (15). Eor sgemﬁc informa-
tion, the onﬁmal or review literature should be consulted (1, 4, 8-14, 16).

‘» 10.2 INTERPRETATION OF THE FARADAIC IMPEDANCE
10.2.1 Characteristics of the Equivalent Circuit

ic process. In gen-
C,. It is possible to do so

makmg such detenmnauons are considered in Sectlon 10 4. For the moment let us as-
sume that the faradaic impedance, expressed as the series combination R and C, is evalu-
able from the total impedance (see Figure 10.1.14).

Now consider the behavior of this impedance as a sinusoidal current is forced

through it. The total voltage drop is 2 fk . liedenl
E=iR, + i (10.2.1)
hence
dE _pd, L \m\ut (10.2.2)
dt d C
If the current is -
i = Isin ot (10.2.3)
then
dE _ )
Y = (RJw) cos wt + ( Cs) sin wt (10.2.4)

This equation is ﬂ&él%]k we will use to identify R and C; in electrochemical terms. We
will find that the response of the electrode process to the current stimulus, (10.2.3), will
also give dE/dt having the form of (10.2.4). That is, sine and cosine terms will appear;
thus R, and C; can be identified by equating the coefficients of those terms in the electrical
and chemical equations.

10.2.2 Properties of the Chemical System (1, 4, 13, 14)
For our standard system, O + ne 22 R, with both O and R soluble, we can write
E = E[i, Co(0, 1), Cr(0, 9] (10.2.5)

SHowever, O and R must not affect R and Cy appreciably if separate experiments are used.
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d *
hence, t'/é: ﬂé{f: )e £ ;

dE _ (9E\ di 9E | 4Co(0, r) OE dCR(O 1
dar ( ) ar [aco(o :)] i ¥ |aC0, r)] dr (10:26)
or
dE _ p di dCo(0, 1) + By dCr(0, 1) 102.7)

dar etgr PO gr dt

where /MWW
_ (¢E
R“_( ‘)co(oacﬁ;: ,bp;/éefﬂ.zf(lozs)

JE
T (10.2.9)
Bo [5C0(0, t)] i,Cr(0,1)
JE
[ 10.2.10)
BR [aCR(O’ r)] I',CQ{O’I) (

Obtaining an expression for dE/dt depends on our ability to evaluate the six factors on the
right of (10.2.7). The three parameters Ry, Bo, and Br depend specifically on the kinetic

e derivatives of i, Cg; and Ci] can be evaluated generally for current flow
according to (10.2.3). One of them is trivial:
e i

4 _ 1o cos wt (10.2.11)

dt
The others are evaluated by considering mass transfer.’
Kssummg SemtInhmite linear aﬁusmn with Initial conditions Colx, 0) = C’S and
Cr(x, 0) = Cg, we can write from our experience in Section 8.2.1 that
e
— Cg }(s) 3
Co0.9) =5+ mapunyin Wllﬁ

CRr(0, 5) = G___it) (10.2.13)
S nFADY?s'?

Inversion by convolution gives

Ca(0, 1) = C* + 1 J’IE(’_“)d 10.2.14
O( +0=Co nFADgzw“z 0 ul’2 # )
1 Yi(t — u)
Cr(0, 1) = C¥ — f du 10.2.15)
RO = Cr = DI )~ :

SNote that the equivalent impedance was analyzed just above in terms of current as it is usually defined for circuit
analysis. That is, a positive change in E causes a positive change in i. On the other hand, the electrochemical
current convention followed elsewhere in this book denotes cathodic currents as positive; hence a negative change
in E causes a positive change in i. If we adhere to this convention now, confusion will reign when we try to make
comparisons between the electrical equivalents and the chemical systems. We must have a common basis for the
current. Since the interpretations of the measurements are closely linked to electronic circuit analysis, it is
advantageous to adopt the electronic convention. For this chapter, then, we take an anodic current as positive.

This expedient will turn out not to cause much trouble, because we never really follow the instantaneous
sign of the current in ac experiments. Instead, we measure the amplitude of the sinusoidal component and its
phase angle with respect to the sinusoidal potential. Of course the phase angle would depend on our choice of
current convention, but it is advantageous even here to take the electronic custom, because the electronic
devices used to measure phase angle are based on it.
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From (10.2.3), we can substitute for i(z — u); hence the problem becomes one of evaluat-
ing the integral common to both of these relations.
We begin with the trigonometric identity:

sin w(t — u) = sin w? cos wu — cos wt sin wu (10.2.16)
which implies that
Isinw(t—uw , . cos wu J" sin wu
fo T—da = [ sin wtfo Tdu I cos wt : -uleu (10.2.17)

Now let us consider the range of times in which we are interested. Before the current is
turned on, the surface concentrations are C§ and Cy, and after a few cycles we can expect
them to reach a steady state in which they cycle repeatedly through constant patterns. We
can be sure of this point because no net electrolysis takes place in any full cycle of current
flow. Our interest is not in the transition from initial conditions to steady state, but in the
steady state 1tse]f The two integrals on the right side of (10.2.17) embody the transition pe-
riod. Because u'/2 appears in their denominators, the integrands are appreciable only at short
times. After a few cycles, each integral must reach a constant value characteristic of the
steady state. We can obtain it by letting the integration limits go to infinity:

I sin w(t —u , o @ &
f —I_Ez—)-du=lsm wt wm&—z’cos wt Mdu
géegdy u 0 0

(10.2.18)

It is easy to show that both integrals on the right side of (10.2.18) are equal to (7/2w)'?;
hence we have by substitution into (10.2.14) and (10.2.15

o{uf"""_’é’ !

Co(0,8) = C§ + D) (sin wt — cos wf) (10.2.19)
/
¢Cé < Z Cr(0, 1) = Ci’f — m (sin wt — cos wt) (10.2.20)
R

Now we can evaluate the derivatives of the surface concentrations as required above:’
e ‘

—

dCoq(0, t 172
‘;(t ) - M{A (21‘; ) (sin ot + cos wf) (10.2.21)
(0]
=D dCr(0, t 12
== ljr’ ) —H;A (zg ) (sin wf + cos wf) J (10.2.22)
%L——i——h

10.2.3 Identification of R and C;
By substitution of (10.2.11), (10.2.21), and (10.2.22) into (10.2.7), we obtain

dE _
da

R #+ )Iw cos wt + Iow'? sin wt (10.2.23)
w!

"In general, we ought to consider the current as i = ig. + I sin wt, where iy is steady or varies only slowly with
time. However, we are interested now in derivatives of surface concentrations, and they will be dominated by
the higher-frequency ac signal. Relations (10.2.21) and (10.2.22) will still apply to a very high approximation.
This is a mathematical manifestation of the way in which the ac part of the experiment can usually be
uncoupled from the dc part.
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where

1 Bo Br )
o= - (10.2.24
nFAV2 (D%,"2 DY* )

It is easy to identify R; and C; by comparison with (10.2.4):
(10.2.25)

(10.2.26)

The complete evaluation of R and C; depends on finding relations for Ret, Bos and Bg.
We will see below that R is primarily determined by the heterogeneous charge-

transfer kinetics, and we have HTeady observed apove that the terms o/w = and 1l/oc
come from mass-transfer effects. Recognition of this situation has led to a division of the
Aradaic impedance 1nto the charge-transier fesistance. K., and the Warbure impedance,
hown in Fioure 10.1.145. Equations 10.2.25 and 10.2.26 demonstrate that this lat-
ter impedance can be regarded as a fr -depende; istance, Ry = o/w'?, in se-

W - Thus the total Taradaic impedance,
f, can be wg'tten

Ze = Ry + Ry — jl(@Cy) = Ryt + [ow™Y2 — i’(ow_m)] (10.2.27)

with the term in brackets representing the Warburg imEedance.

» 10.3 KINETIC PARAMETERS FROM IMPEDANCE
| MEASUREMENTS (1, 4, 6, 8-14, 16)

From the description of the faradaic

impedance experiment given in Section 10.1, it is
- ino electrode’s mean potential at equilib-

0 e WOLKITO

equilibrium. For a one-step, one-electron process, O + e 2 R, the linearized relation-

ship is (3.4.30), which can be rewritten in terms of the electronic current convention as

Cnh(0, ¢ Cu(0, ¢ ;
=%’[ 0(* L. R(* )+—.’—] (10.3.1)
CO CR Iy
hence
_RT
ct Ffo (10.3-2)
B
=== : 10.3.3)
B FCE _ (
RT
== 10.3.4)

Now we see that

(10.3.5)
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o) the exchange current, and therefore k°, can be evaluated easily when R. and C. are
M n. The bridge method aOWS 2 precise delnition of hese electrical equivalents; thus
1t can yield kinetic data of very high quahty

Equation 10.3. inci valuate i, in-

ance. For example, (10. 2 25) and (10.2. 26) pred1ct that R and 1/wCg should both be hnear

with @~2 and should have a common slope, o, which is quantitatively predictable from

the constants of the experiment; that is,

o= Bl (it ;) (103.6)
FAVve\pliffcs ' Di2ct
Figure 10.3.1 is a display of these relationships.

The plot of R should have an intercept, R, from which iy c Juated. Ex-
infinite frequency. The Warburg impedance drops out at high frequencies, because
the time scale is so short that diffusion cannot manife elf as a factor influencing
the current. c_the surface concentrations never change significantly from the
mcan values [see (10.2.1Y9) and (10.2.20)], charge-transter kinetics alone dictate the
current.
the linear behavior typlfled in Figure 10.3.1 is not observed, then the electrode
process is not as simple 3 assume here. and a qpore complex situation must be
considered. Lhe availability of this kind of check for internal consistency is an ex-
treMMeTy important asset of the im edance technique. See section 10.4 for more details.
multistep mechanism, for which R, is defined as '

Ry=-- (10.3.7)

- >
RS
8
2 a
@ wCy
&
@
5
-% R, Slope =o .
& Cl
Figure 10.3.1 Dependence of R; and 1/wC; on

o "2 frequency.
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(a) Vector diagram showing the components of the faradaic impedance for a reversible
system. (b) Phase relationship between ac current and the ac component of potential.
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Rs=0'!'0)12 — }.'
% ¢¢= 45° ¢=45°
? Figure 10.3.2 (a) Vector diagram
] Ege showing the components of the
= faradaic impedance for a reversible
. system. (b) Phase relationship
Z=2y between the ac current and the
(@) (b) ac component of potential. |
ince the resistance and the capacitive reactance are exactly equal, the magnitude of the
faradaic impedance is
(10.3.8)
Wthh is the magmtude of the Warburg impedance alonc
electrode reaction, it is a
WO ‘ng _ranges.

It is interesting also to examine fhe effect of concentration, which is manifested
through o. In geperal hiober concentrations reduce the mass- r impedance, as we
would expeetlntuitive -mmmmm-
ratio C.~/C. One can change it experimentally in order to vary the equilibrium pote

or a series of impedance measurements. Both large and small ratios imply that one of the
concentrations is small; hence o and Z; must be large. Lhe current response to is not
very great, because the su of one reagent is insufficient to permit a high reaction rate
clic, reversible electrode process that causes the ac current. ge rates can be
eve Tesent at COmparable COnCentrations, nence
we expect Z; to be minimal near E” . Impedance measurements are most easily made in
i potentlai region, ana ey 2 Tadually become more difficult as one departs from it ei-
cle™? Ry .
> I
¢ <45° 0 <45°
8
< Eye Figure 10.3.3 (a) Vector
diagram showing the effect
of R, on the impedance.
) Phase relationship between
Zi> 1z, ey

I and E for a system with
(a) (b) significant R;.
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ther positively or negatively. This effect presages the shape of the ac voltammetric re-
sponse, which will be derived in Section 10.5.

A final point of interest is the phase angle between the current phasor, Ic, and the po-
tential, E,.. Since I, lies along K ac lies along Zg, the phase angle is

readily calculated as

' ate tan=1 olw'?
wRC; Ry + olw'?

: * For the reversible case, R.; = 0; hence ¢ = /4 or 45°. A guasireversible em show

¢ = tan™! (10.3.9)

R > U5 hence ¢ <"mr/4. However, ¢ must always be oreater than zero, unless R —> o,
but thep thereaction would be so sluggish that little alternating current would How any-
way in a conventional impedance measureent. TS sen el bt kinetics suggests
{14l Ko might be extracted from the phase angle. It can be, and often it is, by ac voltam-
metric_experments. Before we proceed fo a discussion of them, let Us note rnat since
U = @ = 45°, there 1s always a component of i, that is in-phase (0°) with ... and it ca
b€ measured with a phase-sensitive detector referenced to E,..
1S 1eature is extremelv usefyl as 2 basis for discriminating against charging current 1n
pliammetry.

Even though this section has been developed with the assumption that the electrode
reaction is a one-step, one-electron process, many of the conclusions apply generally for
chemically reversible multi-electron mechanisms. The nernstian limit is still described by
(10.3.8) and Figure 10.3.2, but with o given by

RT 1 1
o= + (10.3.10
2F2AN (p},ﬂcg D{{zcl’{‘) )

When charge-transfer kinetics manifest themselves in a chemically reversible n-electron
system, they do so in the manner discussed in relation to Figure 10.3.3. The kinetic effects
can be expressed in terms of a charge-transfer resistance Ry, defined operationally as in
(10.2.8). Further analysis of R, such as to obtain the rate constant of the RDS, requires
knowledge of the i-E characteristic for the mechanism, which can, however, be difficult to
develop (see Section 3.5.4).

» 104 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

In Section 10.3, we concentrated on the components of the faradaic impedance, R; and Ci.
We assumed that they can be extracted readily from direct measurements of the total im-
pedance, which also includes the solution resistance, Ry), and the double-layer capaci-
tance, Cy. In this section we will consider measurements of the total cell or electrode
impedance as a function of w and methods of extracting the faradaic impedance, R, and
Cq from the results.

At a given frequency, the equivalent circuit of the cell can be taken as in Figure
10.1.14, but we measure its impedance as a resistance value Ry and the capacitance value
Cg in series [or equivalently as Zg, = Rp and Zj,, = 1/wCg]. One approach to obtaining
the faradaic impedance from these values is to measure the cell impedance in a separate

@mem under identical conditions, butin the absence of the electroactive couple. This
measurement should yield the values of Rq and Cy (assuming they are not changed by the
presence of the electroactive species), since the faradaic path is inactive. One can then
subtract these graphically or analytically from the Ry and Cg values. This approach is_

LS S —
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often used when 1mpedance bridge measurements are made and was discussed in some

MW% detallmtheﬁrstedmon Amorc ect approach involves a study of the wav in shich

the total impedance Z = Re — j/(wCRr) = Zr. — jZi, varies with frequency, From this
' SV/ variation, one can extract Rg, Cg4, K., and directly. s method circumvents the need
/q\ or scparatc measurements without the e ectroactwe specws and 1t eliminates the Need to
7, Ce S erect ESpeCTe : fpedance.
—

" 1041 Variation of Total Impedance (4, 16)

SL{(@‘: The electrochemical impedance spectroscopic approach, which is largely based on similar
methods used to analyze circuits in electrical engineering practice, was developed by
wisrsand cowarkers (4) and later extended by others (8-12). ILdgals with the variation
i i i i ts (Section

10.1.2)]. Let us consider this approach for our standard system.

The measured total impedance of the cell, Z, is expressed as the series combination
of Rg and Cg. These two elements provide the real and imaginary components of Z, that
is, Zre = Rp and Zy, = 1/wCy, The electrochemical system is described theoretically in

S terms of an equivalent circuit such as that in Figure 10.1.14. Its impedance is readily writ-
“~ ten down according to the methods of Section 10.1.2. The real part, which must equal the

/ - measured Zg,, is

R,
Zpe =Rp =Rg + ——— 10.4.1
B Q A2 & Bz ( )
where A = (C4/C;) + 1 and B-= wR,Cj. Similarly,
2
1 _ BYwCy+ AlwC,
Zp = G i (10.4.2)
Substitution for R and C, by (10.2.25) and (10.2.26) provides
R, + oo 12
Zoy =R o 10.4.3)
Re = Ro ¥ (Cgo0'? + 1)* + W?*CARy + 0w 1722 :
owCiR., + 00 12?4+ g 20! 2Cio + 1
= 2 ) e el (10.4.4)

(Cdc;rwl‘r2 +1)% + n:;vZC,ﬁ(R‘:t + ow™12)2
Chemical information can be extracted by plotting Zy,, vs. Zg. for differént w. For sim-
plicity let us first consider the limiting behavior at high and low w.
(a) Low-Frequency Limit
As w — 0, the functions (10.4.3) and (10.4.4) approach the limiting forms:
/

Zpe=Rq+ R, +o0 1?2 Z ,/ @ > (10.4.5) :
Zp = ow™ 2 + 207C, 7 (10.4.6)

Im d 2 / WJ' i

Elimination of w between these two gives

Y= KA Zin = Zge ~ Ro — Ret + 20°Gy ”.:-Q(Z, > (104 |

) Thus, the plot of Zj,, vs. Zg. should be linear and have unit sIope, as shown in Figure
10.4.1. The extrapolated line intersects the rear axis at Rq > 20%C;. One can Se€ ;

8First edition, pp. 347-349.
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ER / W e, bw_\ W—

', Slope = 1 ﬁ(})

P Figure 10.4.1 Impedance plane plot for low

Zre  frequencies.

tance, R, and the double-layer capacnance become more important elements, and we can
expect a departure from (10.4.7).

(b) High-Frequency Limit
At very high frequencies, the Warburg impedance becomes unimportant in relation to R,
and the equivalent circuit converges to that of Figure 10.4.2. The impedance is

R
Z=Rg— ;(—“—‘—) (10.4.8)
RyCyqw —J
which has the components '
Ry ’
Zo =Rt — . =Z (W 10.4.9
Re 0 _1+0)2C2 gt = J ( )
wC4R?, >l
7 o, Wil g (10.4.10)
™ + W C2RY, = (“‘}>

Elimination of w from this pair of equations yields

. % il e
| Q’('ft>1-+ &L"} < (ZRe ~Rq - %)2 + 2 = (529'()2 - “C@)m.n)

Hence Z;, vs. Zg. should give a circular plot centered at Zz. = Rq + R./2 and Z;, = 0
and haviﬂg a rﬁius o; Rii‘al gigmm
e general features of the plot are readily grasped intuitively. The imaginary com-
ponent to the impedance in the circuit of Figure 10.4.2 comes solely from Cg. Its contribu-
tion falls to zero at high frequencies, because it offers no impedance. All of the current is
charging current, and the only impedance it sees is the ohmic resistance. As the frequency
drops, the finite impedance of Cy manifests itself as a significant Zy,,. At very low fre-
quencies, the capacitance Cy offers a high impedance; hence current flow passes mostly

*Rcr Figure 10.4.2 Equivalent circuit for a system in
‘—M, which the Warburg impedance is unimportant.
v & frlA
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-
i =
A /¢ &Y'

104.2

Zin

W= '”R“Cd

—— «

J I i = Figure 10.4.3 Impedance plane plot for
i R R R z i - . - .
| \:,,z__ g8 - _________9__\ ot R Re  the equivalent circuit of Figure 10.4.2.
\Z= |

through R, and Rq. Thus the imaginary impedance component falls off again. In gen-
eral, we can expect to see a departure from this plot in this lower-frequency regime, be-
cause the Warburg impedance will become important.

(c) Application to Real Systems

An actual plot of impedance in the complex plane will combine the features of our two
limiting cases as in Figure 10.4.4. However, both regions may not be well defined for any
given system. The determining feature is the charge-transfer resistance, R, and its rela-
tion to the Warburg impedance, which is controlled by o If the chemical system is ki-
netically sluggish, it will show a large R, and may display only a very limited-
frequency region where mass transfer is a significant factor. This case is shown in Figure
10.4.5a. At the other extreme, R, might be inconsequentially small by comparison to the
ohmic resistance and the Warburg impedance over nearly the whole available range of o.
Then the system is so kinetically facile that mass transfer always plays a role, and the
semicircular region is not well defined. An example is shown in Figure 10.4.5b.

Limits to Measurable k° by the Faradaic
Impedance Method (1-6, 9-12)

The foregoing paragraphs highlight the limitations in interpreting impedance data, and
they lead naturally to the idea that K must fall in some fairly well-defined range in

me
Kinetic Mass
control transfer
control

%h[ope*:l

Figure 10.4.4 Impedance plot
for an electrochemical system.
Regions of mass-transfer and
kinetic control are found at low
and high frequencies, respectively.
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Figure 10.4.5 Impedance plane plots for actual chemical systems. Numbers by points are
frequencies in kHz. (a) For the electrode reaction Zn>* + 2¢ = Zn(Hg). Cy 2+ = C%‘n(ﬁg] =

8 X 1073 M. Electrolyte was 1 M NaClOy4 plus 1073Mm HCIOy. (b) For the electrode reaction

Hg3* + 2¢e 2 Hgin 1 M HCIO,. Cig2+ =2 X 1073 M. [From J. H. Sluyters and J. J. C. Oomen,
Rec. Trav. Chim. Pays-Bas, 79, 1101 (1960), with permission.]

order to be reliably measured by an impedance method. We can define the range semi-
quantitatively.

(a) Upper Limit

The parameter R, must make a significant contribution to R hence Ry = o/w'2. Substi-
tuting from (10.3.2), (10.3.6), and (3.4.7) and assuming Do = Dy and Cg = CE, we ob-
tain the condition that k% < (Dw/2)"2. The highest practical value of w is determined by
the cell time constant, R,Cy, which must remain much smaller than the cycle period of
the applied ac stimulus. With a UME, one can do useful work at several MHz, so that
w = 107 s7!, and with D ~ 107> cm%s, we have k° =< 7 cm/s.? In addition, there are re-
quirements that C; = C4 and R, = Rq.

(b) Lower Limit

For very large R, the Warburg impedance is negligible, and the equivalent circuit of Fig-
ure 10.4.2 can be applied. One problem here is that R cannot be so large that all the cur-
rent takes the path through Cy. That is, Ry = 1/wCy or K= RTC w/F*C*A. If we choose
the most favorable conditions of C* = 1072 M and w = 27r X 1 Hz,'% then at T = 298 K
and with Cg/A = 20 uF/cm?, we obtain k° = 3 X 1076 cm/s.

°The reductions and oxidations of aromatic species to anion and cation radicals in aprotic solvents are generally
among the fastest known heterogeneous charge-transfer reactions. The values of k° can exceed 1 cm/s. See
references 17 and 18 for measurements of such systems by impedance methods.

101t is also essential that the period of the ac stimulus not be so long that convection becomes a factor within a
few cycles. The lower frequency limit was set here at 1 Hz because convection would become a problem in the
range of several seconds in most liquid systems with water-like viscosity. Current equipment for EIS can operate
at much lower frequencies (as low as 10 uHz) and can be usefully applied in the low-frequency (long-time)
regime when the processes being examined are not controlled by convection. Examples include transport or
reaction at a solid-solid interfaces or diffusion and reaction in extremely viscous media, such as glasses or

polymers. |



Figure 9.5.8

Impedance plane plots for actual chemical
systems. Numbers by points are frequencies
in kilohertz. (@) For the electrode reaction
Zn®* + 2e = Zn(Hg). Cha+ = Chae =
8 x 1072 M. Electrolyte was 1 M NaClO,
plus 1072 M HCIO,. (b) For the electrode
reaction Hgz?* + 2e¢ = Hg in 1 M HCIO,.
Céd, = 2 x 1072 M. [From J. H. Sluyters
ZRe and J. J. C. Oomen, Rec. Trav. Chim., 79,
(b) 1101 (1960), with permission.]

9.5.4 Matched Cells

In ac polarographic measurements, one can often employ a dual cell configuration
in which one cell contains the electroactive species of interest and the other holds only
the supporting electrolyte. If the DMEs are synchronized and matched in m values,
and if both are controlled at the same potential, then their difference current repre-
sents the faradaic current of interest at every point in time.} The difference current is
readily recorded directly by electronic means; hence this technique is essentially a
method for compensating charging current in real time. It is most useful in kinetic
studies involving sufficiently high concentrations of electroactive substances that
the faradaic currents are relatively large. Of course, the fundamental assumption

behind this scheme is that the electroactive substance of interest does not alter the
interfacial canacitnnea
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10.4.3 Other Applications of Electrochemical
Impedance Spectroscopy

The approach discussed above for EIS of a simple heterogeneous electron-transfer reac-
tion of solution components can be applied to more complicated electrochemical systems,
like those with coupled homogeneous reactions or with adsorbed intermediates. In such
cases Nyquist plots can be obtained and compared to theoretical models based on the ap-
propriate equations representing the rates of the various processes and their contributions
to the current. It may be useful in these cases to represent the system by an equivalent cir-
cuit involving different components (resistors, capacitors, inductors). However, such
~ equivalent circuits are not unique and one cannot easily guess the form or structure of the
equivalent circuit from the processes involved in the reaction scheme (19). Electrode sur-
face roughness and heterogeneity can also be significant factors in the ac response in EIS.
Indeed, even for simple electron-transfer reactions, measurements that can be made use-
fully with a smooth and homogeneous mercury electrode are often not possible with solid
electrodes.
EIS has been applied to a variety of electrochemical systems, including those in-
volved in corrosion, electrodeposition, polymer films, and semiconductor electrodes. Rep-
resentative studies can be found in EIS symposia proceedings (20-22).

B 10.5 AC VOLTAMMETRY

We noted in Section 10.1 that ac voltammetry is basically a faradaic impedance tech-
nique in which the mean potential, E4c, is imposed potentiostatically at arbitrary vallics
at usually aiiier rom me cquiibrium value, Ordinarily, Eqc is varied s stematically
(e.g., inearly) on a long time scale compared to that of the superimposed ac variation,
MO0 00 Khiz): The output is a plot of the magnitude of fhe ac component.o
he current vs. E4.. The phase angle between the alternating curren and E,. is also of
interest.

E.. from the rapid diffusional fluctuations due to
mean surtace entrations that look li
erence in time scale. In Section 10.3, we define e

erturbation because of the '
faradaic n terms of bulk concentrations; thus the c
y subsututing the surface concentra-

voltammetry as a function of £ 1S r€adily obtaine
flons lﬂposgﬂ Ey Edc alrectly INto these 1m e TeTNons, Since Es strategy 1§m
ST 0E Wil pursuc T*"More ngorousmenm available in the literature for

the interested reader (2, 3, 5). The results are the same by either approach.

The mean surface concentrations enforced by Eg. depend on many factors: (a) the 2
way in which Eg is varied; (b) whether or not there is periodic renewal of the diffusion
layer; (c) the applicable current-potential characteristic; and (d) homogeneous or hetero-
geneous chemical complications associated with the overall electrode reaction. For exam-
ple, one could vary Eg4 in a sequential potentiostatic manner with periodic renewal of the
diffusion layer, as in sampled-current voltammetry. This is the technique that is actually
used in ac polarography, which features a DME and effectively constant Eqc during the
lifetime of each drop. Alternatively one could use a stationary electrode and a fairly fast
sweep without renewal of the diffusion layer. Both techniques have been developed and  §
are considered below. The effects of different kinds of charge-transfer kinetics will also
be examined here, but the effects of homogeneous complications are deferred to Chapter ¢
12. Throughout the discussion, one should keep in mind that the chief strength of ac 3
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voltammetry is the access it gives to exceptionally precise quantitative information about

electrode processes. Diagnostic aspects certainly exist, but they are more subtle than with
other methods.

10.5.1 ac Polarography in a Reversible sttem

Let us consider the ac resgoase at a W qercury droB electrode
immersed in a solution containing 1nitially only species O in the nernsiis _Drocess

O + ne =R, Thc dc potential stz

tive ¥1 constant; hence the dc part o polarography and is
cated as a series of individual step experiments (see Sections 7.1 and 7.2).

Since the charge-transfer resistance is completely negligible, (10.3.10) always ap-
plies where

RT 1 1
o= + _ (10.5.1
n’F2AV2 [Dé, Co(0, )%  DYACR(O, | )

and the mean concentrations Cgso, rm and CR(0, 1), are determined by the nernstian rela-
tion:
ion

Co(0, )y, 0’

Ca0, 7. = fm = cxp .: E®) i (105.2)

- 7
The arguments that led to (5:4.29) and (5.4.30) apply equally to thafc‘part of this experi-
ment; hence we write

o[ _0m

Co(0, 1), ( e ) (10.5.3)
_ &

Cr(0, 8),, = co( — fem) ' (10.5.4)

where ¢ is DI R » as usual. Thus the faradaic impedance is obtained by substitution

\3(}10 .5.1) and then into (10.3.8):
z. RT 1
= + 2+ &6 10.5.5
2r @) mlaglhie) s
Let us note now that £6,, can be written
&0 = €° (10.5.6)
where -
_nF .
F - R? (Edc | EUZ) (105.7)
= ad
and E, is the reversible half-wave potential defined in (5.4.21):
RT, Dy
E,,=E” + T D (10.5.8)
By substitution from (10.5.6), we find that the term in parentheses in (10.5.5) is e ™% +
2 + € which is also 4 cosh?(a/2). Thus we have Vs
4RT TZT" e g
= 2(a - 1
= “Dgzc 3 osh ( 2) { (10.5.9)

- - g
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In Section 10.3 we saw that the faradaic current for a reversible system leads E‘ac by
exactly 45°. If E,. = AE sin wt, then

i = %E sin(wt + %) (10.5.10)

and the amplitude of this current, which is the chief observable, is simply

n*F?A0'?DY*CE AE §f
- (10.5.11)

4RT cosh?(a/2)

Figure 10.5.1 is a display of the ac polarogram defined by this equation. The bell
e derives from the factor cosh™

[®)

al2), and it reflec e ential dependence o

i () 1 V t 0 § 0
AMOUNLS Of one reagent can exist at the surface, only small currents can ow.
e peak current at £3, = Ej, comes easily from (10.5.11). Since cosh(0) = 1,

- n*F?A0'”DY*C AE
b = T (10.5.12)

From this relation and (10.5. 11) one can show straightforwardly that the shaEe of the ac

Polarog 2 AdRaeslom
N 1 12 I, — I\12
tj/m Toush . B =Eip+ L1 [(1) —(PII) ] (10.5.13)
I/f(// '1!“
[g,(/é/ (See Problem 10.1.)

The same results hold for the DME, where one must account for the effect of drop
growth on the polarogram. The use of linear diffusion relations for the dc part of the

2%
\ed AE A (ome <O

/""
S S

| | | I
10 100 S0 0 -50  -100 -150  Figure 10.5.1 Shape of a reversible ac

E,—Eyp, mV voltammetric peak for n = 1.
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experiment has already been justified (see Section 7.1.2), and that justification is even
more valid for the ac part because of its shorter time scale. Thus the peculiarities of the
expanding sphere are felt only in the changing area A with time, and that factor is di-
rectly accountable by substitution of (7.1.3) into (10.5.11). Since A grows as 23 as the
drop ages, the current also shows the same dependence. Thus we can expect the cur-
rent to oscillate as successive drops grow and fall. Maxima should be observed at the
end of each drop’s life. Experimental results in Figure 10.5.2 bear out these expecta-
tions. Measurements carried out on the envelope of the ac polarogram can be treated
by all relations derived above, provided that A is defined as the area just before drop
fall.

A number of important properties of the reversible ac voltammogram can be deduced
from (10.5.11)—(10.5.13). Among them are the direct proportionalities between I, and n?,
w'?, and Cg. There is also a proportionality to AE; however, this relation is a limited one,
because the linearized i-E characteristic underlying the derivation of Z¢ becomes invalid if
AE is too large. For linearity within a few percent, AE must be less than about 10/z mV.
Not surprisingly, the width of the peak at half height also depends on AE if large values
are used. If it is kept below 10/n mV, there is a constant width of 90.4/n mV at 25°C. At
larger AE the peaks are broader.

Voltammetric ac Response to Quasireversible
and Irreversible Systems

When heterogeneous kinetics become sluggish enough to be visible, one requires a more

Alternating Current

Figure 10.5.2 An ac polarogram
for3 X 107* M Cd** in 1.0 M
Nay;SOy4. AE = 5mV, w27 = 320
Hz. [Reprinted with permission from
| | D. E. Smith, Anal Chem., 35, 1811
—0.650 —0.550 ~ (1963). Copyright 1963, American
E(V vs. SCE) Chemical Society.]
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an important s%ial $ in detail, and it will provide us with a good intuitive understand-
ing of the kinetic effects of interest.
Th ial case is the situation in which the dc response from a one-step, one-elec-

ster ac perturbation.
e faradaic impedance in this situation involves poth R and o, and the magnitude

can be written from (10.2.27): ’¥W "IW

R A ot R

The parameters R, and o ¢ e i ibili
which allows us to use the s 1 i i ion.
y (10.5.3) and (10.5.4); thus we can develop o by substitution into
(10.5.1). Rearrangements equivalent to those used in obtaining (10.5.9) then yield

4RT , 2 a
o= cosh”| = (10.5.15)
V2F2ADY*C (2)

where we have recognized thatn = 1.
___%’- The charge-transfer resistance, R, is given i
_# — _— rent, 1. Normally we speak of i as an equilibrium property defined by bulk concentra-
: f BS of U and R accordaing 1o o.a.0). rijowever, since the mean sur onceptrations act
: &O

® bulk values for the ac process, we can recognize an effective exchange current for g

perturbation that would be given b :

i)etr = FAK'[Co(0, )]~ “[CR(0, D] (10.5.16)
Bx @termining the mean surface concentrations, E?E controls Sin Eﬁ and, therefore, R;. A
more explicit expression oI this dependence 1S O ed by subs om (10.5.3),

(10.5.4), and (10.5.6), as above:

a
(io)egs = FAK'CEE e a (10.5.17)
1+e
where B8 = (1 — a). Since R = RT/F(ip)esr, Wwe have
RT (1+¢°
= 10.5.18)
¢ PAR0CEeR\ P ) :

Now that B and g ate available, we can write % as a function of Foc by substitution
into ‘1 5 .14!. That operation is straightforward, but it yields a rather messy expression. ==
erhaps more instructive is to mer for high and l10\»; ?requencies, =
which can be discerned from (10.3.14). z
W W Al yery low freguencics, R, is small comqared to o/w'/?; hence the system looks re-
4 versible. This is not surprising; we are bringing the time domain of the ac process
toward that of the dc perturbation, which evokes a reversible response. Everything we
found in the previous section about the reversible ac response should also apply tothe

“1»™  quasireversible system at the low-frequency limit. N <

0
a s B oy
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het ipetics_Fi high-frequency limit, R, greatly exceeds o/w'?,
and Z¢ approaches R, itself. The amplitude of the alt

F2AKOCEAE a
AE _ 0 gx( Ca ) (10.5.19)

1+ ¢

o RT

he peak is easily found by differentiating (10.5.19) with respect to ¢. The maximum

is reached when ¢? = B/a, or | //af- g d— g 5%_
fﬁqﬁ(é a Ey=Eyp + %ln g a/:j;c (10.5.20)
| f}{d )

The peak current amplitude is therefore

L 46& O | 1= T e (10.5.21)

These equations, together with those describing the reversible, low-frequency limit,
give a good picture of the behavior of the system as w changes. The pe i
line ith ' but with increasing frequency that dependence is reduced until, at the

is 10 gmsensmve to K~ at low w. The proportionalities between p an and Co ho d
at

Note also that since kinetic control of I at high frequencies implies a faradaic imped-
ance that greatly exceeds the Warburo impedance at those rrequencies. 1 € current must
o¢ much smaller than that for a truly reversible system, which shows onlv the Wazk g

mecoance at any irequency. The general reduction in ac response in quasireversible Sys-
tems 1s illustrated in Figure 10.5.3. The k° values for all curves shown there are suffi-
ciently great that the assumption of dc reversibility holds. It is easy to see the trend in
responses with decreasing k%; hence one recognizes that there will be a rather small ac re-

sponse if ° falls below 107 to 10~ cmys. sttems showini totallx irreversible de po-
larograms can be almost jnvisible to the ac experinent, This 1act 1s userdl for analytical
wo%r Tsee section H!"ﬁ“ ——

BT 3, .

%
=
TaE
ErSw
T

""The totally irreversible case does yield an ac current, contrary to the impression one might gain from this
line of argument. The current arises from the simple modulation of the dc wave (23, 24). Since the shape of
that wave is independent of k° (Section 5.5), the ac peak height is also independent of k°. The peak lies near
the haH’;Owavc potential of the dc wave; hence it is shifted substantially from E®’ by an amount related to the
size of k",

HiHHH M
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B ;
" LEJ‘?/
24.0 -
A
!
FoA
5 .
1 1
¥ 1
i \
1 \
1 \
' \
16.0 — i |
' 3
i / \ i
-1 A ”
- 1
3 E q ,/ \ \ polarograms for quasireversible
= | / | one-step, one-electron systems.
| \ Curves (from the top) are for K0 —
/ ! =1,k°=0.1,and ¥ = 0.01
8.0— / \ cm/s. Other parameters are as
! follows: @ = 25005, @ = 0.500,
R ’/ D =9 X 10~%cm?s, A = 0.035
/i o cm?, C =100 X 107> M, T =
K £ L ' 298 K, AE = 5.00 mV. The curves
% S il s N show the faradaic current at #,,,,,.
B - \"‘-.. [Reprinted from D. E. Smith,
Vi €= : | | S Electroanal. Chem., 1, 1 (1966),
Qo'\- ¢ - —— 0.16 0.08 0.00 -0.08 -0.16 by courtesy of Marcel Dekker,
: ‘* Ege—Esp Inc.]
ma - [94— The position of the peak is also of interest. Relations derived above show that there is

a slight shift with increasing frequency. At low w, the peak comes at Ey. = Eyj, just as

¢ - l for a reversible system at any frequency. As @ becomes greater, the peak potential devi-
ates from this value until it reaches the limiting position defined by (10.5.20). Since a and

a4 ¢ =9 () B are generally comparable, we can expect the extent of this shift, (RT/F) In (B/c), to be
quite small. In other words, the eak potential for an ac polarogram is always near the for-

wﬁv¢ <3 o) mal potential fo

¢ phase angle of /,. wi respect to E,-
formation. This point was suggested in Section 10.3, and it is rooted in equation 10.3.9.

We can rewrite that relation as

. -t {
‘\MU[ ¢:‘“W cJ_)?SC'S cot¢=1+R—°‘3— (10.5.22)

p __,/ Substitution from (10.5.15) and (10.5.18) and rearrangement gives

1s of great interest as a source of kinetic in-

:‘éﬂ- 2 D%Dﬁw)”z 1 :
' cot p=1+ 10.5.23
R * T g 2 e FE
cketed factor shows t on the dc jal- Large positive and
negativ cot ¢ to unity, and hence there must be a maximum in this

W S precise position 1s easily found by differen-
1ation, and one ascertains that e™* = chx at that pomt Thus, MQ m
_ J 5




10.5 ac Voltammetry < 395

This maximum point is independent of nez all_experimental variables, for example,
AE, Cq, and, mOStpatabl4-on he difference between £ and the potential 0
dXIINUM cot @ provides access to the transfer coefficient o

Actual cot @ data are shown 1n Figure 10.5.4 Tor TiCL, in gxalic acid salutior I

The electrode reaction 1s the one-cleciron requction of Ti(IV) to Ti(III). Note that IIIE Do-

tential of maximum cot & is jndependent of frequency. as predicted above.
QLS 0T COt @ pe a2 vield £V once « is known from the position o

he diffusion coefficients are known : ¥ s

from (10.5.23), which h f

€ linear relation.

convenient procedure j Es. = E;p, for then a = 0, and we have
D'BOD"’ 12 11
[cot ¢l =1+ ( = R) “;{ > (10.5.25)

If one can take Dy = Dg = D, then DGODE = D, and the slope of this particular plot be-
comes independent of «. Figure 10.5.5 is an example in which the data from Figure 10.5.4
at Eg. = Ejp = —0.290 V vs. SCE have been plotted vs. w12, .

Another simplified version of (10.5.23) can be obtained for the potential of maximum
cot ¢. By substituting e ™% = B/a, we obtain

(21)‘(3)1)1::{) 172

f(5)" (&

The product of the diffusion coefficients can usually be simplified as above, but « still
must be known for an evaluation of k°, because of the bracketed factor.

uantitative information about heteroge - _Kineti tained
from ac polarographic dafa nearly always comes from the behavior of cot é with po-

|l 1+ pved
Votue 3 o
=

lw @
-6}1%.020 Figure 10.54 Dependence of
the phase angle on Ej.. The
system is 3.36 mM TiCl, in
0.200 M H,C,04. AE = 5.00
mV, T = 25°C. Points are
<>-315 experimental; curves are

172 (10.5.26)

[cot @], =1+

<> 626

predicted from experimental
e parameters by (10.5.23).
791" [Reprinted with permission

<>19.6  from D. E. Smith, Anal. Chem.,

=103 35,610 (1963). Copyright

Hz 1963, American Chemical
Society.]
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4,20 —

380

3.40—

cot ¢ —=

220
1.80

1.40 —

3.00—

260

®
—-—-> k Figure 10.5.5 Plot of cot ¢ vs.

' for 3.36 mM TiCly in 0.200
mM HyCy04. E4e = Ejp =
—0.290 V vs. SCE. AE = 5.00
mV, T = 25°C. [Reprinted with
permission from D. E. Smith,

I l I I I I l [ I I I | Anal. Chem., 35, 610 (1963).

1.00
0

10.5.3

8 16 24 32 40 48 56 64 72 80 88 96 Copyright 1963, American
02— Chemical Society.]

onstrations of this point are available 1n
validity is a big asset, for it frees the experimenter from having to achieve special lim-
iting conditions.

As in the previous section, we have assumed semi-infinite linear diffusion to a planar
electrode throughout the mathematical discussion here. With a reversible dc process, the
effects of sphericity and drop growth at the DME are exactly as discussed in Section
10.5.1. In general, the sphericity has a negligible impact and drop growth can be accom-
modated by using an explicit expression for A as a function of time. If dc reversibility
does not apply, these factors influence the ac response in more complex ways (3, 5, 23).
The reader is referred to the literature for details.

Linear SweeB ac Voltammetﬂ at Staﬁgn@ﬁmdﬁ ‘26, 27)

The previous two sections have dealt generally with ac voltammetry as recorded by the
application of Eg4. in successive steps and with a renewal of the diffusion layer between
each step. The DME permits the most straightforward application of that technique, but
other electrodes can be used if there is a means for stirring the solution between steps s0
that the diffusion layer is renewed. On the other hand, this requirement for periodic re-
newal is inconvenient when one wishes to use stationary electrodes, such as metal or car-
bon disks, or a hanging mercury drop. Then one prefcrs to apply Edc as a ramp and to
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The strategy is exactly that used before. The time domains associated with yaration
inEdcandEacareassumedtodiffer 0 that the diffusional asne of the two nart
: W ncoupled. SaSSUII'ltIOI'l will hold as long as the

1S not {00 [d tum' mmwrmm
be much Sma cra amplitude o ar, which is AEw. Then, we can take the mean
surface concentrations entorced by Eg. as effective bulk values for the ac perturbation
ust as We did earlier. The current amplitide and phase anglc then 1010w easily from the

(a) Reversible Systems
Let us consider a completely nernstian system O + ne 2 R in which R is initially absent.
The starting potential for the linear sweep is rather positive with respect to E°', and the
scan direction is negative. Semi-infinite linear diffusion is assumed. The mean surface
concentrations, Cp(0, £),, and CR(0, #)y, are exactly those obtained in the analogous linear
sweep experiment without superposed ac excitation, and they adhere always to the nernst-
ian relation (10.5.2).

The arguments leading to equation 5.4.26 show that it applies without reference to
the kinetic properties of the electrode reaction or the nature of the excitation waveform.
For the present purpose, we can rewrite it as

82Co(0, ), + DY2CR(0, 1, = CEDY? (10.5.27)

Substitution from (10.5.2) then reveals that the mean surface concentrations are exactly as
given in (10.5.3) and (10.5.4). In other words, those relations, which were derived earlier
expressly for step excitation, have been shown here to apply regardless of the manner by
which Ej. is attained.'?

This conclusion is very important because it implies that all relations and all qualita-
tive conclusions presented in Section 10.5.1 also hold for linear sweep ac voltammetry of
reversible systems at a stationary electrode.

(b) Quasireversible Systems

An important special case of quasireversibility is the situation in which a one-step, one-
electron process is sufficiently facile to maintain a reversible dc response, but not facile
enough to show a negligible charge-transfer resistance, R, to the ac perturbation.

If the dc response is nernstian, (10.5.2) and (10.5.27) hold, and the mean surface con-
centrations are given by (10.5.3) and (10.5.4), which are the same relations used in the
treatment of Section 10.5.2. Thus, all of the equations and qualitative conclusions reached
there for quasireversible ac polarograms also apply to the corresponding linear sweep ac
voltammograms.

These precise parallels between linear sweep voltammetry and ac polarography no
longer persist when there is a lack of dc reversibility. Treating such a case is more com-
plex than the situations we have examined above because the mean surface concentrations
are affected by the concentration profiles throughout the diffusion layer, and the surface
values applicable at any potential generally depend on the waveform used to attain that
potential (26, 27).

Linear sweep ac voltammetry allows precise, rapid kinetic measurements at solid
electrodes. It can therefore be used to characterize these electrodes themselves, which

12Equation 10.5.27 is based on semi-infinite linear diffusion; hence this conclusion applies strictly only to
planar electrodes. Work at an SMDE can be affected by sphericity (27).
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may be of considerable interest, or to study electrode processes operating outside the
working range of mercury or taking place in controlled environments where the DME or
SMDE may be inconvenient.

10.5.4 Cyclic ac Voltammetry :26, 27)

Cyclic ac voltammetry is a simple extension of the linear sweep technique; one simply
adds the reversal scan in E4.. This technique retains the best features of two powerful,
complementary methodologies. Conventional cyclic voltammetry is especially informa-
tive about the qualitative aspects of an electrode process. However, the response wave-
| forms lend themselves poorly to quantitative evaluations of parameters. Cyclic ac
voltammetry retains the diagnostic utility of conventional cyclic measurements, but it
does so with an improved response function that permits quantitative evaluations as pre-
cise as those obtainable with the usual ac approaches. Although this technique is not
widely employed, it can be a useful adjunct to dc cyclic voltammetry.

Treatments of cyclic ac voltammetry follow the familiar pattern. The ac and dc time
scales are independently variable, but are assumed to differ markedly. Then a treatment of
the dc aspect yields mean surface concentrations, which are used to calculate faradaic im-
pedances that define the ac response by amplitude and phase angle. The electrode is as-
sumed to be stationary and the solution is regarded as quiescent for the duration of the dc
cycle.

(a) Reversible Systems
Cyclic ac voltammograms for completely nernstian systems are easy to predict on the
Dasis of resulfs TrOMT T previous section. The mean surface concentrations, Co(0, #), and

Cg(0, 0. adhere to (10.5-3) N0 (10.5.4) UNCONAILIONAIY; Nence at any potential they are
e same for both the Torward Tnd roveris S T Cy e o Vollammogram shoulc

nerefore show supenimposed forward and reverse traces of ac current ampltude vs. Eqc.
We expect a peak-shaped voltammogram that adheres in every way 10 e CONCIUSIO
reached in Section 10.5.1 about the general ac voltammetric response to a reversible sys-
tem at a planar electrode.

Figure 10.5.6 contrasts the responses from the ac and dc versions of cyclic voltamme-

try for the purely nernstian case. Kinetic reversibility is shown in the dc exeerirncnt by a

i /{
s Forward
Faradaic scan
baseline
for reverse
scan
————— Superimposed
forward and
reverse scans
E
Reverse
scan
Edr:
dc voltammetry ac voltammetry

Figure 10.5.6 Comparison of response wave forms for cyclic dc and cyclic ac voltammetry for a

ieversib]e system,
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peak separation near 60/n mV (25°C){regardless of scan rate Mn the ac experiment, it is
shown by 1dentical forward and reverse peak potentials and by peak widths of 90/n mV
(25°C), again regardless of scan rate. Chemical stability of the reduced form is demon-
strated in the dc expepment by a peak current ratio, i, /i, ¢|, of unity. Given charge-
transfer reversibility, the same thing 1s shown by the ratio o Deak 2 rrent amplitudes,
|7 p,i/Ip, £|. The advantage in the ac experiment 1s that the reversal response has an obvious
baseline for quantitative measurements, whereas the baseline for reversal currcm

¢ response is more difficult to fix.

(b) Quasireversible Systems
It continues to be helpful to.consider two SkRarate cases of guasireversibility in a one-
step, one-electron reaction. In both, a significant polarization resistance is manifested in
the ac response, but in one instance the dc aspect appears reversible, whereas more gener-
ally it is not.

When d ibili igs, a theoretical description is straightforward, because

the mean surface concentrations still adhere to (10.5.3) and (10.5.4), regardless of the
manner in which the dc potential determining them was established. Thus the forward

and again overlap precisely. The shape of the peak and its pf)SI%lOll s
ere to the relations derived in Se 5.2, where this kinetic case was considered in

detail. :

If dc reversibility does not hold,_then the situation Recomes quite comlelex. The
mean surface concentrations at iven dc potential tend to depend on the way in
- e LG L TEVETSE SCans: therefore we can expect e oo DUNAIITE Trace
O differ in the voltammogram. In the dc cyclic voltammosram heres ingly sluggis

Ol ks (1IN0 Of the forward and reverse peaks. because
Arger activation overpotentials are needed to moftivate charee fransfe hi splitting
dIS0 manifests the fact that the surface concentrations undergo the transition from
nearly pure O to virtua pure K in different potential regions 10r the two scan e
tIOTIS. "STICE the ac voltammogram shows a response o y 1n the potential Tegion
WIICIC SU ansition takes place, we can expect the ¢y ac voIlaNoOZTaI 10 show
SpIIt peaks that are largely aligned with the forward and reverse dc VOITIE
DS assanaard DOICAIAT £ Il LS Defiween them . Some traces are shown 1 FE-
ure 10.5.7.

Evidently there is a crossover potential, E,,, where both scans yield the same re-
sponse. This potential can be rigorously shown to lie at

(10.5.28)

regardless of the details of dc polarization (26). It serves a

C reverse peaks in the ac voltammogram (26, 27).

Figure 10.5.8 is a display of an actual cyclic ac voltammogram for ferric acetylaceto-
nate, Fe(acac)s, in acetone containing 0.1 M tetraethylammonium perchlorate. Since this
system is very nearly reversible to the dc process, the peak splitting is quite small, but
easily detectable. The convenience of the waveform for quantitative work is also readily
apparent.

cot B v ™ at T= Bep =2 o
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Ey.~ Eyp (VOlts) 872 (1976). Copyright 1976,
(0 American Chemical Society.]

(c¢) Homogeneous Chemical Complications

Conventional cyclic voltammetry’s greatest utility is in the diagnosis of electrode reac-
tions involving chemical complications, and the ac variant is also useful in meeting this
kind of problem. The ratio I, ./I, ¢ is a sensitive indicator of product stability, just as the

dc voltammetric ratio |!p,r,lp’f| 1S. Howcver, the ac ratio is easier to measure precisely, and
it lends itself well to quantitative evaluation o 3
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Figure 10.5.8 Cyclic ac voltammogram for 1.0 mM
tris(acetylacetonate)Fe(III) in acetone containing 0.1 M
tetraethylammonium perchlorate. Working electrode was
a platinum disk. 7' = 25°C, AE = 5 mV, v = 100 mV/s,
i OO A I I w/27r = 400 Hz. (Reprinted with permission from A. M.
-03 -04 -0.5 0.6 0.7 -0.8 Bond et al., Anal. Chem., 48, 872 (1976). Copyright
V us. Ag/AgCl 1976, American Chemical Society.]

Fundamental harmonic current

Actual results (29) for a complicated case involviﬁg two interrelated couples are
shown in Figure 10.5.9. The species of interest are the complexes Mo(CO),(DPE),, where
DPE is diphenylphosphinoethane. These complexes exist in cis and trans forms which are
oxidized at different potentials. Moreover, the oxidized cis form (cis™) homogeneously
converts to the oxidized trans form (trans™). That is,

trans — e 2 trans™ (10.5.29)

cis—ezcist . (10.5.30)
ek +

cis” — trans (10.5.31)

The voltammograms of Figure 10.5.9 were obtained with a solution initially containing
only cis-Mo(CO),(DPE),. Close study of these curves shows that the diagnostic utility of
the dc voltammogram is prescrved in the ac traces. In fact, it may be a bit more obvious
from the ac curves that cis™ does not decay completely durmg the exp ’é-unent . @_q ) ;7

-  {)=2
@*106HIGI—[ERHARMONICS(3S7)7 (/ ?Vc, Ojb

To this point, we have found that excitation of an electrochemlcal system by a signal,

rests on the fact that only the e :
aining terms in the 1avigr expansion ot current vs. potental were dropped (Section

T, 11 we include them. we find that the current response 1S not purely sinusoidal, but

instead comprises.a-suhale-series of sinusoidal signals at w. 2w, 3w, ..., which are

13This nomenclature differs from that used in electrical engineering, where the signal at w is the fundamental
and that at 2w is the first harmonic. We will adhere to the usual electrochemical usage.

b i i
7‘ 2"'-22['(70*-"7& ‘;L.: =2@*%€‘- 4
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E, V vs. Ag/AgCl
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1.2r

trans® + e« trans®

1000 Hz

ci¥ cis* 4 & Figure 10.5.9 (a) Cyclic
‘& dc voltammograms of
5 it cis-Mo(CO),(DPE); in

5 e
trans’ = trans” + e acetone containing 0.1 M

tetraethylammonium perchlorate.
Solution was saturated with the
molybdenum species. v = 100
L 100 Hz mV/s. Anodic currents are
plotted downward. (b, ¢) Cyclic
ac voltammograms at the same
platinum wire electrode. v = 100
mV/s, AE = 5 mV. Notation: nf,
scan number n in forward
direction; nr, scan number 7 in

(&) cis* +e= cis

-0.4 -0.2 0.0 0.2 0.4 0.6 reverse direction. [From A. M.
E, V vs. Ag/AgCl Bond, J. Electroanal. Chem., 50,
(c) 285 (1974), with permission.]

An exact treatment of higher harmonic response is straightforward, but it is rather
lengthy, so we will leave it to the specialized literature. Instead we will follow an intuitive
approach that will reveal most of the distinctive features of second-harmonic ac voltamme-
try. For simplicity, we gopsidergnlyareversible system in which R is initiglly abscnl,,

The mean surface concentrations, Co(0, f)m, and Cgr(0, 1)y, are set by the value of E4c

and are given by (10.5.3) and (10.5.4). Figure 10.6.2 is a graphical display of Cr(0, Dm-

The ac response is determined by the way in which E,. causes small perturbations in the =
surface entrations about those mean values. The tfundamental (or first-harmoniC) =
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clic ac vci.ammograms for systems with nonnernstian dc behavior. (a) k° =
4.4 x 107% cm/sec. (b) 4.4 x 10~*cm/sec, (c) 4.4 x 10~° cm/sec. For w/2m = 400 Hz,

W n=1, T=298K, A=030cm? C&=1000M, Do= Dp=1.00 x 10-5 cm?/sec,
M ? v = 50 mV/sec, AE = 5.00mV, and « = 0.5. ic amplitude given as the normalized
function RTI/n*F?A(2wDo)**C5AE. [Reprinted with permission from A. M. Bond et al.,

4 WM M Anal. Chem., 48, 872 (1976). Copyright 1)76, American Chemical Society.] .

A44 o Lo



10.6 Higher Harmonics < 403

| Ey + Ey () 5
Cell . Waveform
& Potentiostat generator
L 1
(Turned to 2w) 1(20)
\ Locksn |
/ amplifier St _/\\.,/'

= i/E Converter
: E

Figure 10.6.1 Block diagram of apparatus for recording a second-harmonic ac voltammogram.

component 15 conolial essenuiglly. by (be lineat clements of vatiation, which.are the,

ﬁ sloges aCQEO, rh /0E and QCBEO, IEFIBE. The higher harmonics reflect curvature; hence
ey are sensitive to the second an er m
T T T T T oo hamarione rosponee.

Consider potentials Eq, E3, and Es5 in Figure 10.6.2. Since they have the common
feature that the curvature in Cp(0, #),, and Cr(0, ), is zero, there is no second har-
monic current. Of course, E; and E lie at extreme values where there is also no funda-
mental response; but Ej3 lies at the inflection point E = Ejj, where the fundamental
= response is greatest. The potentials E, and E4 are at points of maximum curvature,
— hence they should be the potentials of peak second-harmonic current. If we detect only
& the magnitude I(2w), then we can expect a double-peaked voltammogram like that of
Figure 10.6.3a.

Let us note, though, that the curvature at Ej is OBBOSitc to that %t E, This difference
implies onic component undergoes a 180° phase shift when Eg,
passes through the null point at E;,. Phase-sensitive detection of /(2w) at a fixed phase
angle will therefore produce a sign inversion at Ey . Figure 10.6.34 is an example. In gen-
eral, a nernstian reaction detected at any phase angle will show positive and negative
lobes that are symmetrical around the point of intersection with the potential axis. The dc
potential corresponding to this intersection is Ej, at all phase angles (Figure 10.6.4) (30).
The responses at a given phase angle compared to the same phase angle plus 90° are sym-
metrical around the potential axis only at 0° and 180°.

i -
R©7)=C (/* N,
Co (Do/Dp) "™ / -

/
£ G=exp| 22/ g, —&°
; v R
& ‘ 7

f | Figure 10.6.2
P Dependence of the surface

E, E,E,E, Eg concentration of species R ,’
7 on the electrode potential. ‘
=3
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Second harmonic current

-0.650 =0.550 -0.650 -0.550
dc Potential dc Potential

: (a) (&)
Figure 10.6.3 Second-harmonic ac polarograms for 3 mM Cd®* in 1.0 M N2,S0y. w/2m = 80 Hz,
AE = 5mV. (a) Total ac amplitude vs. E4. (vs. SCE). (b) Phase-selective polarogram showing the ac
amplitude at 0° with respect to E,.. [Reprinted with permission from D. E. Smith, Anal. Chem., 35,
1811 (1963). Copyright 1963, American Chemical Society.]

The exact solution of this problem is

3 £ 3 172 2 @
i2w) =" FAC3(2wDo) AR si A sin(zw:—ﬁ) (10.6.1)
16R*T? cosh3(a/2) 4

where a is defined in (10.5.7). This equation embodies the proportionalities of 02
and D§? that we have come to expect of diffusion-controlled processes. The phase angle
of 45° has the same origin. Note, however, that i2w) is proportional to AE2, This depen-
dence manifests the greater importance of nonlinear effects for perturbations of larger
magnitude. The two peak potentials are located at E4 = Eyjp * 34/n mV at 25°C.

Second-harmonic techniques are useful for analytical purposes and for the quantita-
tive evaluation of heterogeneous kinetic parameters (3, 5, 7, 31). Applications in both
areas are attractive, because the double- acitance is a rather linear element an
contributes ve - econd-
€n used to investigate electrode reactions with coupled homogeneous reactions. In par-
ticular, it has been proposed as a method of obtaining the standard potential for a reaction
even in the presence of a fast following reaction that consumes the product. However, the
fact that a second harmonic response is obtained does not imply that the effects of the fol-
lowing reaction have been eliminated, because one will obtain such a response from sim-
ple modulation of the (nonlinear) dc wave. To extract a valid standard potential, one must
insure that the observed response shows all of the characteristics of a nernstian process
(see Figure 10.6.4) (30). Harmonics above the second have been examined briefly, but
have not been applied to any great extent.
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reference 87 by courtesy of M. Dekker, Inc.)
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P 10.7 CHEMICAL ANALYSIS BY AC VOLTAMMETRY

Both fundamental and second-harmonic ac voltammetry are attractive as analytical tech-
niques because they offer good sensitivities. Detection limits for the polarographic vari-
ants can reach the order of 10~7 M. Such performance is possible because both methods
have ready means for discrimination against capacitive currents (5, 7).

In the fundamental mode, one employs phase-sensitive detection to measure the cur-
rent.component in phase with the excitation signal E‘ac. We noted in Section 10.3 that
there is generally a faradaic contribution to this current, and Figure 10.7.1 reinforces the
idea pictorially. In contrast, the charging current is ideally 90° out of phase with E,., since
it passes through a purely capacitive element. It therefore has no projection in phase with
E,. Thus we expect the current in phase to be purely faradaic, whereas the current at 90°
(the quadrature current) contains a second faradaic component plus the nonfaradaic con-
tribution. By taking the current in phase as the analytical signal, we discriminate effec-
tively against
tation to this scheme is imposed partially by the uncompensated resistance,
“ Rq. Since the charging current passes through Rq and Cj in series, this current does not

lead E,, by exactly 90°, but instead by some smaller angle. Thus the current in phase with
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I (total current)

. "/ i

lf (goa} ,// i
I s Figure 10.7.1 Phasor diagram showing the relationships
7. 70) = !} ©9) between the faradaic (I g and capacmve (I ¢) components

- to the total current (1 ). Note that I ¢ has a component
Exe  along E,, whereas I does not.

E,. must contain a nonfaradaic element, which becomes significant to the measurement as
the analyte concentranon drops

: : etry gains jts free aradaic interference
from the relative lmeantx 0 the double-laxer caEacnance as a circuit element.lhere is
conseguently only a very small second-harmonic capacitive current, ough 1t too can
T TR e

The shapes of the voltammograms generated in ac measurements are convenient for
analysis. Detection of the fundamental current produces a peak whose height is readily
measured and is linear with concentration. Phase-selective second-harmonic voltammetry
gives the second-derivative waveform of Figure 10.6.3b. The peak-to-peak amplitude is
linear with concentration and can be read with high precision. It is also relatively unaf-
fected by the background signal (31).

Analytical measurements are usually carried out at excitation frequencies ranging
from 10 Hz to 1 kHz, although Bond has noted that frequencies in the upper part of this
range allow fuller exploitation of certain aspects of selectivity that are unique to ac meth-
ods (32). Their basis is the discrimination against the much smaller response from irre-
versible systems.

For example, one can effect a significant saving in analysis time by working directly
with aerated solutions. Since the reduction of oxygen in most aqueous solutions is irre-
versible, it does not interfere with determinations made by ac voltammetry. Also, one can
often control the medium in order to introduce selectivity toward certain analytes. Transition
metals are especially susceptible to such manipulation because their electrode kinetics are
often strongly affected by coordination. Thus, one can enhance their ac responses or mask
them from the voltammogram by intelligent choice of electrolyte composition. Since many
supporting electrolytes show irreversible reductions, there is considerable freedom to ma-
nipulate composition without introducing serious interferences.

» 10.8 INSTRUMENTATION FOR ELECTROCHEMICAL
IMPEDANCE SPECTROSCOPY
Impedance measurements can be made in either the frequency domain with a frequency
response analyzer (FRA) or in the time domain using Fourier transformation with a spec-

trum analyzer. Commercial instrumentation and software is available for these measure-
ments and the analysis of the data.

10.8.1 Frequency Domain Measurements (8, 9, 11)

The basic principles of a FRA in measuring the impedance of an electrochemical cell
are shown in the block diagram in Figure 10.8.1. The FRA generates a signal e(f) =
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” j the impedance of an electrochemical
cell based on a frequency response
analyzer (FRA).

AE sin(wf) which is fed to the potentlostat This is added to Ey4. and fed to the cell. In
pracuce care 1 e 3 q5e 7

cisely a voltage signal proportional to the current, is fed to the analyzer, mixed with the
input signal, and integrated over several signal periods to yield signals that are propor-
tional to the real and imaginary parts of the impedance (or equivalently the magnitude and
phase angle of the impedance). Commercial frequency response analyzers are available
with a frequency range of 10 uHz to 20 MHz. Means are provided for sweeping the fre-
quency over a given range and storing the resulting impedance data.

Time Domain Measurements and Fourier Transform Analysis

In time domain measurements, the electrochemical system is subjected to a potential vari-
ation that is the resultant of many frequencies, like a pulse or white noise signal, and the
time-dependent current from the cell is recorded. The stimulus and the response can be
converted via Fourier transform methods to spectral representations of amplitude and
phase angle vs. frequency, from which the desired impedance can be computed as a func-
tion of frequency.

Applications of the Fourier transformation to spectroscopy have become wide-
spread and are familiar to most chemists. They are attractive because they allow one to
interpret experiments in which several different excitation signals are applied to a
chemical system at the same time. The responses to those signals are superimposed on
each other, but the Fourier transformation provides a means for resolving them. This ca-
pacity for simultaneous measurement is sometimes called the multiplex advantage of
transform methods, and it is of great importance to applications in electrochemistry (see
also Section A.6).

By now it should be clear that fully characterizing an electrochemical process by im-
pedance methods can be a tedious operation, because one requires information at a set of
frequencies ranging over 2 to 3 decades and at a set of potentials ranging over E + 100
mV. For example, the data in Figure 10.5.4 alone required eight ac polarograms, each
scanned with the tuned circuitry set to a different frequency and each having the in-phase
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and quadrature currents separately recorded. Not only does the operation require time and
patience, but also there is the danger that the surface properties of the system will change
during the procedure.

One can employ an alternative in which excitation sicnals of all desired frequencies
are brought to bear at once (33-37). The idea is outlined in Figure 10.8.2, which shows
MATIC exClialon SShlebias is actuallv a noise waveform, rather than a pure sinusoid
As betore F_. enmoseclo 2 virtua onstant level F.. Of course E,. will stimu-

ate a current flow showing related “noisy” variations. During a brief period, lasting per-
haps 100 ms, the output of the follower and the output of the i/E converter are digitized
simultaneously and stored in a computer’s memory.

Fourier transformation of these two transients gives the distribution of harmonics that
comprise the signals. One therefore knows the amplitude of excitation and the corre-
sponding amplitude and phase angle for current flow at each frequency in the Fourier dis-
tributions. In other words, one has the faradaic impedance as a function of w for the
potential Ey4.. All of this can be obtained with a 100-ms period of data acquisition even on
a single drop at a DME; hence it is feasible to repeat the whole procedure, perhaps on sub-
sequent drops, so that more precise ensemble-averaged results are obtained. Changing Ej.
for each complete set of measurements then provides the potential distribution, that is,
E(Eq4c, w).

In practice, it is desirable to have a special kind of excitation noise. Smith and hlS
coworkers (34, 36) demonstrated that thhase- %

pseudorandom whlte noise of the
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ilE converter
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Hawy), ¢(0z), E(w;) — Z(e,) usually by the fast Fourier
. transform (FFT) algorithm (se€
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Figure 10.8.3 Procedure for generating a complex excitation waveform. (b) Shows the chosen
amplitudes for the various frequencies and (a) shows randomized phase angles. In (c) there is a
complex plane representation of the arrays in (@) and (b). (d) The time domain representation,
which is subjected to digital/analog conversion to produce (e); and in turn, low-pass filtering yields
(/). Only a small part of the waveform period is shown in (e) and (f). [From S. C. Creason et al., J.
Electroanal. Chem., 47, 9 (1973), with permission.]

harmonic components will not appear in the currents measured for the Mmindamenta
eso the excitation frequencies are eaual (“white’” poise) so
at each .u‘ velcht: and their phase angles are randomized, so that the total
excitation sienal does no NOW laree Swine n_amnplitude 4

Despite these demands, it is easy to generate such special noise by inverting the
scheme for signal analysis. The method is sketched in Figure 10.8.3. One starts with the
amplitude and phase-angle arrays, which have been tailored in the computer according to
specifications. These are transformed into the complex plane; then the fast inverse Fourier
transform is invoked, so that one obtains a digital representation of the time-domain noise
signal. Feeding these numbers sequentially to a digital-to-analog (D/A) converter at the
desired rate yields an analog signal, which is filtered and sent to the potentiostat’s input.
Repeated passage through the D/A conversion and filtering steps yields a repetitive exci-
tation waveform, which is applied continuously until a single measurement pass is com-
pleted. A new waveform with different randomized phase angles is generated for the next
pass, and so on.

The quality of the results from these experiments is illustrated in Figure 10.8.4 b
data for the N)z~/Cr(CN)¢ __couple 'llrll"l_':_o 64 measure-
ment passes, each taken on one DME drop and each requiring ~ Or acanisition and re.
duction o1 the data. Compare the range of cot ¢ and its pre lOIlmthlSﬁ re with thatof

€ g00d manual data 1n rigure



E
| Eqe +E, (@)
Cell ——
. aveform
Potentiostat generator
i I :
— AANN—
(Tuned to 2w) 1(2w)
l\ Lock-in 5
amplifier utpus __%‘
= I/E Converter
E
Figure 9.6.1

Block diagram of apparatus for recording a second-harmonic ac voltammogram.

ac voltammetry. For simplicity, we consider only a reversible system in which R is
initially absent.

The mean surface concentrations Co(0, 1),, and Cx(0, #),, are set by the value of Ey,
and are given by (9.4.3) and (9.4.4). Figure 9.6.2 is a graphical display of Cg(0, #)m.
The ac response is determined by the way in which E,, causes small perturbations in
the surface concentrations about those mean values. The fundamental (or first har-
monic) component is controlled essentially by the linear elements of variation, which
are the slopes dCo(0, 1),/2E and 8Cx(0, t),,/2E. The higher harmonics reflect curvature;
hence they are sensitive to the second and higher derivatives. Comprehension of this
point allows us to predict the general shape of the second harmonic response.

Consider potentials E,, Es, and Es in Figure 9.6.2. Since they have the common
feature that the curvature in Cy(0, 1), and Cg(0, t),, is zero, there is no second harmonic
current. Of course, E; and E; lie at extreme values where there is also no fundamental
response; but E; lies at the inflection point E = E, ,, where the fundamental response
is greatest. The potentials E; and E, are at points of maximum curvature, hence
they should be the potentials of peak second-harmonic current. If we detect only the
magnitude /(2w), then we can expect a double-peaked voltammogram like that of
Figure 9.6.3a.
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5
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Figure 9.6.2
Depeadence of the surface coicentration of speciez R on the electrode potential.
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g < mV/sec. (b, ¢) Cyclic ac voltammograms at tiie same platinum wire electrode. » = 100
mV/sec, AE = 5 mV. Notation: nf, scan humber » in forward direction; nr, scan number n

/ Figure 9.4.9
m W (a) Cyclic dc voltammograms of cis-Mo(CO).(DPE), in acetone containing 0.1 i1 tetra-

/ in reverse direction. Anodic currents are plotted downward. [From A. M. Bond, J. Electro-

anal, Chem., 50, 285 (1974), with permission.]
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The ability of the Fourier transformation to dissect a complex waveform into its com-
ponents can also be used to obtain higher harmonics (35, 36). In this case, one might ex-
cite with a pure sinusoid at frequency w and examine the transformed current waveform.
It will provide the dc current, the current and phase angle at the fundamental frequency ,
as well as amplitudes and phase angles of the higher harmonics. Repeating measurement
passes at various values of E4. allows one to trace out all of the corresponding voltammo-
grams from data obtained on a single run.

In addition to its applications as an integral component of the measurement process,

" the Fourier transformation can be extremely useful for various signal-conditioning opera-

tions, such as smoothing, convolution, and correlation. Smith et al. have discussed the
possibilities in this area at some length, and the interested reader is urged to pursue their
discussions (36, 38).

» 10.9 ANALYSIS OF DATA IN THE LAPLACE PLANE

There are many instances in electrochemistry when we find it very difficult to obtain an
explicit relationship between current, potential, and time. Either the system itself is in-
trinsically complex (e.g., a quasireversible charge transfer involving adsorbed and dif-
fusing reactant species) or the experimental conditions are less than ideal (e.g., step
experiments carried out on a time domain so short that the rise time of the potentiostat
is not negligible). It is usually true in these and other cases that much simpler relation-
ships exist in the Laplace domain between the perturbations and the observables. Thus
it can be useful to transform the data and carry out the analysis in transform space
(39-42).

As an example, consider the case of potential steps applied to a one-step, one-
electron system containing only electroactive species O, which is reduced quasireversibly.
In Section 5.5.1, we treated this case conventionally and found that the current-time func-
tion was

i = FAk;CS exp(H?1) erfe(Ht'"?) (10.9.1)

where H = k;/DY§? + ky/DX?. The complex time dependence embodied in (10.9.1) is dif-
ficult to handle in the analysis of real data; hence various attacks based on linearization of
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extrapolation were devised. On the other hand, we could use all of the data without intro-
ducing such approximations by considering the transformed current:

T FAk;C}
) e ey
SUZ(H ¥ SUZ)

We might plot, for example, the function 1/i(s)s""? vs. sV/2. The slope and intercept of the
resulting linear function would provide k¢ and H. In doing this, we have elected to analyze
the system in the s domain, rather than the time domain.

To implement such a plan, we must be able to obtain the function i(s) from the mea-
sured curve i(f). That can be done by considering the definition of the Laplace transforma-
tion (Section A.1):

(10.9.2)

i(s) = f: i(f) e~ dt (10.9.3)

In a practical situation, i(z) is usually a collection of data points. Thus, i(s) is calculated
for a given value of s by multiplying each point by ¢~* and then performing a numeric in-
tegration of the resulting curve. Algorithms for carrying out this task on a computer have
been published (42). The whole process is repeated for each desired s value, and the final
result is a new collection of data points describing i(s), just as the original data described
i(?). Since s has dimensions of frequency, i(s) is sometimes called a representation of the
current in the frequency domain.

Many applications of this strategy are based on extensions of the concepts of imped-
ance developed earlier in this chapter (41-43). However, the excitation waveform is usu-
ally an impulse in potential (rather than a periodic perturbation), and-a transient current is
measured. One records both E(f) and i(#) as observed functions. Then both are subjected
to transformations, and comparisons are made in the frequency domain between E(s) and
z(s) Ratios of the form i(s)/E(s) are transient impedances, which can be interpreted in
terms of equivalent circuits in exactly the fashion we have come to understand. The ad-
vantages of this approach are (a) that the analysis of data is often simpler in the frequency
domain, (b) that the multiplex advantage applies, and (c) the waveform E(f) does not have
to be ideal or even precisely predictable. The last point is especially useful in high-fre-
quency regions, where potentiostat response is far from perfect. Laplace domain analyses
have been carried out for frequency components above 10 MHz.

In general, it is useful to regard s as a complex number s = ¢ + jw in these analyses
(41, 42). Then one can calculate real-axis and imaginary-axis frequency domain represen-
tations of a function. For example, the real-axis transform of E(f) is

E(0) = f: E(t) e 'dt (10.9.4)

and the imaginary-axis transform is

E(jw)= jﬂ E() e @t dt = fo E(t) cos wt dt—jJ;} E(®) sin wtdt | (10.9.5)

Note that the real-axis transform of any function is strictly real, but the imaginary-axis
transform is complex. It has both real and imaginary components. Since one can transform
experimental potential and current transients in this way, one can calculate a real-axis tran-
sient impedance, Z(o) = i(0)/E(0), and an imaginary-axis transient impedance, Z(jw) =
z( jw)/E(jw). Since Z(jw) is complex, we can break it into real and imaginary components
Z(jw)ge and Z(jo),. One can easily show that Z(jw) is the same as the conventional
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impedance (comprising resistances and reactances) that we have already discussed. These
various functions are useful for the analysis of electrical response in terms of equivalent
circuits. In general, all of the various transform functions contain the same chemical infor-
mation; however, one of them may be more readily applied to data analysis. Since this
treatment involves a complex s domain, it is often called Laplace plane analysis.

Consider as an example, a double-layer capacitance Cg in series with an uncompen-
sated solution resistance R,. The overall system obeys

t
B = i(O R, + 2 f it) dt (10.9.6)
CaJo
or, in the frequency domain,
E(s) = i 1
E(s) = z(s)(Ru A+ Cds) (10.9.7)
Thus the various impedances are'*
AP i
Z(o) =R, + 55 (10.9.8)
L . _ 1
Z(jw)re = Ry Z(jo)im wCq (10.9.9)
and the phase angle ¢, defined by the real and imaginary components of Z( jw), is given
by
D |
tan ¢ = oR.Cy (10.9.10)

Thus we have four simple frequency domain relationships that allow the evaluation of R,
and Cg. It is probably most convenient to use Z(c) for that purpose, but the availability of
the other functions is useful for cross-checking the validity of one’s equivalent circuit as a
model for any given chemical system.

An interesting application of Laplace plane analysis comes from the work by Pilla
and Margules on ionic transport through biological membranes (43). Their experimental
arrangement involved the use of the membrane as a separator between two solutions con-
taining separate electrodes. A small voltage pulse was applied across the membrane and
the transient current was measured. Transformation of the voltage and current functions
allowed the calculation of the impedances described above.

"The equivalent circuits used in the analysis are shown in Figure 10.9.1. The elements
correspond to solution resistance, interfacial capacitances, and impedances associated
with the transport of ions through the membrane and across the boundary between the so-
lution and the membrane.

Figure 10.9.2 is an illustration of the behavior of Z(c) at high frequencies in an actual
system (43). At these frequencies, both of the circuits in Figure 10.9.1 look essentially
like a series combination of C4 and R, because the impedance of C4 would be much
lower than the impedances of the parallel arms involving resistances. Thus Z(o?) should
adhere to (10.9.8), where R, is the same as R, for this example. The intercept and the
slope of Figure 10.9.2 therefore allow a determination of R, and Cg.

Data at lower frequencies contain information about the arms parallel to Cg, but x-
tracting it requires correction for the effects of R, and Cy. This is accomplished in Figure
10.9.3. The basis for that analysis is left as an exercise in Problem 10.10.

143ee the footnote concerning the definition of impedance in (10.1.11).
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Figure 10.9.1 Equivalent circuits used to analyze the transient behavior of the toad urinary bladder
membrane. R, represents electrolyte resistance and Cy s the dielectric capacitance of the membrane.
The branches involving Ry, Cy,, and R, are used to account for the transfer of charge across the
membrane boundaries. They are analogous to R, and Z,, in electrode reactions. In circuit A, R; and
C ; model the effects of adsorption. [From A. A. Pilla and G. S. Margules, J. Electrochem. Soc., 124,
1697 (1977), reprinted by permission of the publisher, The Electrochemical Society, Inc.]
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Figure 10.9.2 High-frequency plot of Z(0) vs. 1/o for the toad urinary bladder membrane. [From
A. A. Pilla and G. S. Margules, J. Electrochem. Soc., 124, 1697 (1977), reprinted by permission of
the publisher, The Electrochemical Society, Inc.] _
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Figure 10.9.3 Intermediate-
frequency plot of real-axis
_impedance data for the toad
" urinary bladder membrane. [From
A. A. Pilla and G. S. Margules, J.
Electrochem. Soc., 124, 1697
] (1977), reprinted by permission of
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Derive equation 10.5.13, describing the shape of a reversible polarographic wave, from equation

and C,, in parallel) to a

The faradaic impedance is sometimes represented as a resistance and a capacitance in parallel rather

than in series. Find the expressions for the components of the parallel representation of this imped-

ance in terms of Ry, Bo, Br» and w. [Hint. Use known expressions for series elements and equations
for series-to-parallel circuit conversion (Problem 10.2).]

10.4 The faradaic impedance method is employed to study the reaction O + ¢ = R by imposing a small
sinusoidal signal (5 mV) to the cell, and-measuring the equivalent series resistance Rg and capaci-

tance Cp of the cell. The following data are obtained for c¥ = c¥ = 1.00 mM, T = 25°C, and

A=lcm*
Frequency (w%) Ry Cg
(Hz) (@) (L)
49 146.1  290.8
100 1216 1586
400 63.3 41.4
900 30.2 25.6
In a separate experiment under exactly the same conditions, but in the absence of the electroactive
species, the cell resistance Rgq is found to be 10 0, and the double-layer capacity of the electrode Ca

is found to be 20.0 wF. (a) From these data calculate at each frequency R, and C and the phase
angle ¢ between the components of the faradaic impedance. (b) Calculate ip and k0 for the reaction,
and estimate D (assuming Do = Dg).




9.52 Analytical Method

Correction for the effects of R, and C; can also be effected by straightforward
methods of circuit analysis through complex algebra. The technique is actually an
analytical version of the graphical method that we have just discussed. A rather simple
approach, described by Damaskin (19), is based on conversions between equivalent
series and parallel RC networks.

Suppose we have the series RC circuit shown in Figure 9.5.2a, and we want to find
the unique parallel circuit with the same impedance vector (Figure 9.5.2b). For the
parallel network, we have

1 1 ;
Z-X + juC, (9.5.1)
and, for the series combination, _
1 oC _ oCRC +j)
Z = oRC—j_ (@RCP +1 0:32)
which can be simplified by defining W = (wRC)*:
L e IR R 9.5.3)

Z W+l WH1

By equating the real and imaginary components of (9.5.1) and (9.5.3), we obtain the
useful conversion formulas:

R,=R(

w

W+1) i

e
W+1

9.5.4)

Now suppose the problem is reversed, and we have a parallel circuit (Figure 9.5.2b)
whose series equivalent (Figure 9.5.2q) is desired. The conversion formulas turn out

to be

R =

R, (W, + 1
W, + C"(

7,)

where W, = (wR,C,)?. The derivation is left to Problem 9.2.

P
(9.5.4) 1
il
- c ————
g “ (9.5.5)
: M
Ry
(a) (b)
Figure 9.5.2

Interconversion of series and parallel equivalent circuits.
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9.5.5)



With (9.5.4) and (9.5.5) in hand, we are ready to face the problem of converting
the measured electrochemical impedance parameters R; and Cj into the faradaic
parameters R, and C,. The plan of attack is laid out in Figure 9.5.3. The operations
in each step are equivalent to those in the corresponding steps of the graphical
procedure:

(@) Since R, is a series element, it can be subtracted directly from Rj. The re-
maining series combination contains only the faradaic parameters and the double-
layer capacitance.

.RIPE - RB = Rn (9-5.6)

(b) This combination is transformed to a parallel combination of R, and C,; thus
_ ’ 1 + W _ CB :

R, = RB(T) C, = T W _ 9.5.7)

where W = (wR3Cp)?. The capacitive element C, reflects a parallel combination
of C, and a faradaic parallel capacitance C,. We can subtract C, from C, to give
only the faradaic element '

C, =C, = C; _ (9.5.8)

(¢) Now we have a purely faradaic impedance expressed in a parallel equivalent.
It is readily rewritten in terms of the usual series combination by (9.5.5):

cyl + W)

R, = T+ W, C; = W, (9.5.9)
where W, = (wR,C;)>.
Rs C’ Rn R‘B CB "Rn RTB C.B
WM~ = —MW—W—H— — — W}
G (a) ¢ &
Il
!
Ry Cg p —Cy
W = = | ;
Ry R, Ry
=W
;. AR 2
R

{c) . .
Figure 9.5.3

Extraction of R; and C; from Rz and Cp by the analytical method. See the text for an
explanation of steps (a) to (c).
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