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ABSTRACT

An exact solution is presented for the small-signal ac response, in the continuum approximation, of an electrochemi-
cal cell, or half-cell, with unsupported electrolyte and completely blocking electrodes. The solution includes the possibil-
ity of inner layer capacitance effects, arbitrary mobilities, arbitrary valence numbers, and any degree of charge disso-
ciation. It applies to liquid and solid electrolytes, fused salts, and even intrinsic semiconductors. Numerous complex
plane plots are included to demonstrate some of the many types of response possible. The present solution has also been
incorporated as a distributed circuit element for use in equivalent circuit fitting using a newly improved complex non-

linear least squares fitting program.

The completely blocking (ideally polarized) electrode
situation is not uncommon in both liquid and solid electro-
chemistry areas. But in the former case, e.g., with a mer-
cury electrode, it has been usual to consider only the dou-
ble layer capacitance in the limit of low frequencies and to
assume that it and the solution resistance are essentially
frequency independent. Such double layer work has re-
cently been reviewed (1). Complete blocking (no direct
current possible) is also observed in the small-signal re-
sponse of solid electrolytes with nonparent ion electrodes.
Further, for both liquids and solids there may be present a
thin insulating layer (the inner layer of the electrochemical
double layer) between the metallic (or highly conducting
liquid) electrode and the material of interest. Such layers
may arise uncontrollably from the preparation procedure

or, sometimes, may even be included on purpose to ensure

complete blocking of all mobile charge carriers present in
the material (2). Even in the absence of all such layers, de-
sired or not, there is still present an effective insulating
layer (in the absence of a charge transfer reaction) involv-
ing charge separation arising from the finite size of mobile
ions, a steric effect which ensures that their charge cen-
troids cannot approach an electrode closer than about an
ionic radius.

The completely blocking phenomena and frequency re-
sponse considered in the present work are those appro-
priate for an unsupported electrolyte. They thus may
apply to liquid electrolytes without support, to fused salts,
and to most solid-state situations (3), even including intrin-
sically conducting semiconductors. Although for solids
more small-signal ac measurements have been made over
a considerable range of frequencies, the domain of imped-
ance spectroscopy (acronym IS) (3), there has been less at-
tention devoted to completely blocking than to partly con-
ducting behavior (4). Another important difference is that
when charges of both signs are mobile, the only situation
considered here, the ratio of the mobilities of the charges
of opposite signs, my,, may be very large (or very small) for
solid electrolytes but is usually fairly close to unity for lig-
uid electrolytes. Thus while one might find a ratio as big as
10® or more for solids (solid electrolytes, aliovalent single
crystals, or even glasses, polymer films, and amorphous
materials), a ratio bigger than 102 would be unusual in the
liquid case. In spite of the relative paucity so far of IS
measurements for completely blocking situations, much
about the basic processes occurring in the material of in-
terest can be learned from such measurements.

Here, some predictions of a general, continuum micro-
scopic theory of such small-signal ac response (5)! will be
presented to illustrate some of the varied complex plane
curve shapes possible. There are too many parameters in-
volved to allow a fully comprehensive study to be pre-
sented in a reasonable space for even the completely
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blocking response. For the same reason, no detailed fre-
quency response results (e.g., three-dimensional perspec-
tive plots (6)] are included. But these omissions are not of
great importance here. First, the full, exact, completely
blocking solution is summarized in the appendix. More
importantly, this solution represents a particular distrib-
uted circuit element (DCE), one which may be called the
Nernst-Planck element, and is included, along with many
other useful DCE’s as a part of the author’s complex non-
linear least squares (CNLS) IS fitting program, LOMFP
(7,8). Since this program, which also includes a great
many different equivalent circuits for fitting, is available
from the author, it may be used, as the method of choice, in
analyzing completely blocking IS data. When data fitting
with the current version of LOMFP leads to a good fit of
such data, it will also provide direct estimates of either the
present primary set of free parameters, or of the micro-
scopic set related to them: parameters such as mobilities,
equilibrium bulk concentrations, generation-recombi-
nation constants, and so on (5).

The first exact theory for the present situation appeared
(9) in 1953. In many later papers, I and my collaborators
have generalized it greatly, culminating in the results of
Ref. (5). There, the small-signal ac response for both partly
and fully blocking electrodes is calculated (but not de-
picted graphically) for intrinsic and extrinsic conduction
situations, for arbitrary dissociation-recombination of mo-
bile and immobile centers, for arbitrary mobilities of the
two mobile species present, and for arbitrary valence num-
bers of these species. Since three and higher body recom-

.binations are not included in the theory, it is only applica-

ble in the incomplete dissociation case for equal valence
numbers, but they need not be equal for full dissociation
(5).

In a recent paper dealing with polyphenylene-oxide
polymer films (10), Glarum and Marshall derive the small-
signal ac response of a half-cell containing fully disso-
ciated unsupported material with unity valence numbers
and involving a completely blocking electrode. No inner
layer effects were included. Thus, this work treated a spe-
cial case of the considerably more general problem ana-
lyzed earlier by the present author, that mentioned in the
preceding paragraph. In fact, when the formal results of
Ref. (5) are specialized for the Glarum-Marshall simplified
situation, they involve the separation out of the geometric
capacitance and bulk resistance of the material, include all
the rest of the response in an impedance Z;, and lead to re-
sponse equations as simple as those of Glarum and Marsh-
all and fully consistent with them (see Appendix). Both the
earlier analytical work of the author (5, 9) and that of Gla-
rum and Marshall (10) apply only to situations where the
mobile charge concentration is spatially uniform before
the application of a measuring signal, the point of zero
charge (pzc) for the electrolyte situation. Since even for the
special intrinsic-conduction case, the completely blocking
solution of Ref. (5) is considerably more general than that
of Ref. (10), it is worthwhile to explore some of the pre-
dictions of the former work and to make better known that
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the full solution can now be readily included in an equiva-
lent circuit for easy CNLS fitting.

Discussion of Resuits

Circuits and normalization.—Consider an experimental
cell involving two identical plane-parallel electrodes, with
the material of experimental interest between them. Then
the total impedance, Zr, of the unsupported, completely
blocking system involves the geometric capacitance, Cg, in

parallel with the series combination of the bulk of solution

resistance, Ry, and the impedance Z; defined in the Ap-
pendix. Finally, any inner layer capacitance, C;, may be
taken in series with the above parallel combination. This
latter result, although physically plausible for the com-
pletely blocking situation, is not immediately obvious. The
Ref. (5) analysis uses Chang-Jaffé boundary conditions
and thus takes no account of an intrinsic inner layer. But
work by Franceschetti and Macdonald (11) shows how an
analytic solution using these boundary conditions may be
transformed to one which incorporates overpotential-
dependent conditions, such as those of Butler and Volmer.
Franceschetti (12) has applied this transformation to the
present situation, thus accounting properly for the pres-
ence of an inner layer in the continuum approximation,
and has thereby rigorously justified the presence of its ca-
pacitance in series with the rest of the circuit. This capaci-
tance may be readily included as an additional circuit pa-
rameter to be determined by CNLS fitting. Here we take C;
as the combined capacitance of that of the inner layers of
each of the two electrodes, taken in series.

In a CNLS fit of completely blocking data there will gen-
erally be a maximum of eight parameters involved, al-
though not all of them may be simultaneously free. In ad-
dition to Ry, C,, and possibly Cy, five further parameters are
needed to define Z, in the most general case (5). These are,
first, a quantity directly associated with the diffuse double
layer capacitance, M, the number of Debye lengths in a
half-cell; 7, the ratio of the mobility of negative charges to
that of positive ones; m,, the ratio of the valence number for
negative charges to that for positive ones; A, a measure of
charge dissociation; and &, the ratio of the recombination
relaxation time to the dielectric relaxation time, 15 = R,Cy.
In the simplest case, that considered by Glarum and
Marshall, there are only four free parameters to be deter-
mined from CNLS fitting: Ry, Cg, M, and my,. Although it
might seem from the above that one can only obtain an es-
timate of the mobility ratio, rather than the individual
mobilities, the simultaneous estimation of Ry, and C,, along
with M and m,,, allows one to obtain estimates of the sepa-
rate mobilities and bulk equilibrium concentrations as
well since the electrode separation is taken to be known
(5).

For convenience in presenting illustrative complex
plane plots of some of the completely blocking behavior,
several normalizations will be employed. First, all imped-
ances and resistances will be normalized with Ry, and all
capacitances with C,. Such normalization will be denoted
with a subscript “n”. Thus, Zg, = ZJ/R,. It turns out that for
blocking situations like those considered here, as well as
for dielectric materials, it is most instructive to present re-
sponse curves at the complex dielectric or complex ca-
pacitance level rather than at the impedance, admittance,
or complex modulus level (3, 10). Since the complex ca-
pacitance corresponding to an impedance Z is 1/(i2mvZ),
the complex capacitance corresponding to the total circuit
impedance, Zr, is Cy = 1/(i2wvZy). As usual, “i” is the posi-
tive square root of —1. Let us now introduce the normal-
ized angular frequency Q = 2wvtp. Then it turns out that
Cr, = V(GQZ1y). This quantity is proportional to the com-
plex dielectric constant, commonly written as e = ¢’ — i€".
Thus, it is natural to define Cy, as C'yp, — 1C'ry.

Our normalization is still incomplete. The low frequency
limiting value of Cpy, is Cryg = Clyg = 7= M)ctnh(M), essen-
tially equal to M for M > 3 and independent of generation-
recombination effects except for their influence on the
value of M (see later discussion). Since the minimum value
of Cr is its high frequency limiting value of C,, the mini-
mum value of Cr, is unity. In order that complex plane
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plots of the complex capacitance may all be plotted in the
region from 0 to 1, we need to normalize Cr, with r; such
normalization will be denoted with a subscript “N”. Thus
Cen = Cry/r. The high frequency limiting value of the real
part of this quantity is then 1/r and its low frequency limit-
ing value is unity.

The above results apply when the effects of any inner
layer are negligible. Since this may not always be the case,
let us introduce further normalization which will ensure
that the maximum value of C'ry is still unity for any value
of Cj, itself taken frequency independent. Define Ciy =
Cy/r and rename Cry in the absence of inner layer effects
to Cgy; it is this quantity, with “n” normalization, which is
calculated in the Appendix. Then, finally, we may write
Crxy = [(1 + Ci)(Cex + Ci)]Cery. This is the expression
plotted in the present graphs. Clearly it reduces to Cgy for
C; >> Cpg, often the situation of interest. Note that Cyy is
just the ratio of the combined inner layer capacitances to
the low frequency limiting value of the completely
blocking (diffuse double layer) capacitance.

Graphical results—We shall first show some possible
curve shapes for the completely dissociated case without
inner layer effects. Unless otherwise noted, C; will be
taken as infinite hereafter. Figure 1 indicates how the com-
plex plane Cry shape depends on m, when w, = 1. This is
the only situation considered by Glarum and Marshall in
their interesting work, and the present results are directly
comparable to theirs and essentially the same. Here fre-
quency increases from right to left so the right bottom cor-
ner is the zero-frequency point. The slight irregularities in
some of the curves herein are artifacts which arise from
the machine plotting procedure used. All curves involve
about 100 points, with equal steps of log (1), and points are
connected by straight lines.

The curves of Fig. 1 and other similar results allow sev-
eral conclusions to be drawn. First, when the mobilities
are equal and thus m, = 1, one obtains a curve which is
usually experimentally indistinguishable from a full semi-
circle (single-time constant Debye response). But see the
discussion below. The normalized response is entirely in-
dependent of generation-recombination conditions. The
simple analytical expression for this m,, = 1 response is in-
cluded in the Appendix.

Ag 7, increases from unity towards M, the Cpy curve be-
comes distorted, as in Fig. 1, and for =, >> M it divides
into two distinct parts, a high frequency semicircle and a
low frequency arc reminiscent of diffusion effects. This arc
is, in fact, associated with diffusion processes arising from
the very large difference in the mobilities. When =, >>
M >> 1, the semicircle and the arc are well separated in fre-
quency. For o, = 1, it turns out that the maximum values of
Im(Cry) are 27%2 and about 0.0743, occurring at ) values of
2Y/M and (emm)~!, respectively. Incidentally, for w, = 1 but
not otherwise, all the present results would have been ob-
tained for =, values taken as the inverses of those shown,
just as required from symmetry.

When inner layer effects are negligible and exact Debye
behavior is observed, the diffuse double layer capacitance,
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Fig. 1. Complex plane plot of Cyy for full dissociation and unit val-
ence number ratio, ,. Dependence on mobility ratio, ,, for M = 10%.
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Fig. 2. (q, left) Complex plane plot of Cpif,, a measure of the deviation from Debye response, for m, = m, = 1 and several M values. (b, right)
Complex plane plot of Cpy at high normalized frequencies for 7, = 1 and 7, = 1, 2, and 4.

Cp1, is frequency independent. But the present m, = =,
= 1 exact solution yields response close to but not exactly
the same as Debye response. It is thus of interest to exam-
ine the difference and the corresponding frequency de-
pendence of Cpy.. It turns out that the complex plane curve
shape of the deviation, Cps, of the present m, = 1 curve
from an exact Debye curve with the same low and high fre-
quency limiting values is essentially independent of M for
large M. Therefore, we shall use ‘“n” normalization for Cp.

Figure 2a presents both large and small M complex
plane plots of Cprey = C'pen + 1C7prrn, defined analytically
in the Appendix. Here frequency increases clockwise. For
large M, the deviation curve is a perfect circle with maxi-
mum values of Re(Cpy,), 0.25, occurring at QM = 1. Corres-
pondingly, the maximum values of [Im(Cpm)| occur at
QM = 22 — 1 and its inverse, 2'2 + 1. The curves are not en-
tirely symmetric for small M, and M near 4 yields the maxi-
mum value of Re(Cpr,). Since these results show that the
deviations between the exact m, = 1Cp curve and the
matching Debye curve are always a small fraction of C,,
the Debye approximation is adequate except for small M,
where the maximum value of Re(Cp) will only be slightly
larger than C, [see, e.g., Fig. 4a].

Figure 2b shows some m,, = 1 complex plane curves for
Cpin = W[i1QZo(r — 1)] = C'py — ¢C"prn. Note that here “N”
normalization involves the low frequency limiting value of
Cpin, T — 1, rather than r. The difference is negligible for
large M but becomes important when M is small. Curves
for different values of M are not included because with the
present normalization even M = 0.3 results are very close
in shape to those for large M. The present m, = 1 result is a
typical finite length diffusion curve, involving constant
phase element response at high frequencies (3,4). The
points marked on the w, = 1 and 4 curves are included to
give some idea of frequency dependence. Notice that the
CpLy curve for w, = 1 does not begin to exhibit appreciable
frequency dependence until Q is larger than 0.01, often a
higher frequency region than convenient to measure, but
the m, = 4 curve shows such departure from the low fre-
quency limiting value when €} is as small as 1072 The =, = 1
curve involves a peak value of C"py, of about 0.35 (r — 1)C,
much larger than C, for large r and M but only about a
tenth of C, for M = 1. Further, the value of Q at the peak is
about 1.6 for M >> 1 but is about 14 for M = 1 and about 140
for M = 0.3, much above the ordinary IS frequency meas-
urement range for usual values of 7p.

What is the interpretation of these m, = 1 results? It is
that only for M of the order of unity is it likely that Cp, can
be adequately determined from IS data for the present
high end of the (2 range. Since we can write, in terms of
complex capacitances, CpLn = (Cpn — I[1 — i(Crp, — 1)], it

is clear that when |Cry| is very nearly unity, as it is for large
M when Q > 0.01, an accurate value of Cpr, cannot
be calculated from even excellent data in this region. Re-
writing the above equation as Cy, = 1 + [iQ + Cpp, !]7%, one
sees that only when |Cpp, Y| is of the order of unity or
greater, as it will be for small M in this high frequency
range, or for large M for ) << 0.01, will Cpy,, contribute ap-
preciably to Cr,. Of course when Crresponse is not close to
Debye response, Cpp, will vary appreciably with frequency
and is of less interest compared to the frequency indepen-
dent primary parameters of the completely blocking so-
lution.

Figure 3 shows the effect of m, variation on two of the
curves appearing in Fig. 1. When the more mobile charge
also has the largest valence number, Fig 3a shows that the
curves again approach Debye behavior for large m,. Note
the dependence of the cusp value of Re(Cry) for Fig. 3b on
m,. For m, = 1 it approaches 1/2!? for large M.

Figure 4a indicates how curve shape depends on M for
the m, = 10% curve of Fig. 1. Note that for M >> =, Debye
behavior is again approached. The present “N” normaliza-
tion allows all these curves to be presented on the same
scale. Had “n” normalization been used, the M = 1 curve
would have had a Re(Cr,) intercept of unity at high fre-
quencies and a low frequency intercept of only r = ctrnh(l)
= 1.313. Figure 4b shows the effect of a series capacitance,
C1, on one of the curves of Fig. 1. For small Cry, Debye be-
havior is approached once more. But note that for
Ciy << 1, the high frequency limiting value of Re(Cry) ap-
proaches 1/(1 + rCr). Thus for Cyy = 1/, this value is 0.5.

Let us conclude by considering partial dissociation be-
havior. Let D denote the dissociation ratio, a quantity
given (5) by 1/(1 + A™). Thus D = 1(A = «) indicates full
dissociation, and D = 0.5 for A = 1. For this value of A, Fig.
5a show how curve shape depends on the relaxation time
ratio ¢ for w,, = 10% Note that three individual arcs are be-
ginning to appear for the £ = 10% curve. Figure 5b alterna-
tively keeps £ fixed at 100 and indicates the effect of vary-
ing A. For small dissociation, Debye behavior is again
approached. In Fig. 6, I have shown just the low frequency
part of the £ = 10° curve of Fig. 5a. The curves of Fig. 6a and
b are included to give the reader some idea of how the low
frequency arc itself can split into two diffusion-related
arcs as the dissociation increases and then meld back to a
single arc as full dissociation is approached.

The curves presented so far give only a very incomplete
picture of all the response shapes possible for the com-
pletely blocking situation. Further, in the real world, the
parameters are not all independent. The curves of Fig. 7
are included to provide some idea of response with inter-
dependent parameters. Let us allow the equilibrium bulk
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Fig. 4. Complex plane plot of Cny for m,, = 10® and 71, = 1 showing (q, left) dependence on M, and (b, right) dependence on the series capacitance

ratio, Ci\.

concentration to vary, so that D correspondingly varies.
We shall take D values of 1, 0.5, 1072, 107, and 10~%. For
D =1, wetake M = 300, £ = 10% n, = 10% and n, = 1. These
last two quantities will be taken independent of D, but M is
proportional to DY? and ¢ to D for the present situation.
Only the M values are shown on the graph but A and ¢ vary
as above with M and D. The shapes obtained are interest-
ing, but different ones would have appeared had the initial
value of &, for example, been different.

Since we cannot hope to illustrate even a fraction of the
possible behavior here, it is useful that the full solution is
available for CNLS fitting, but even such fitting may not
allow full discrimination between the various special con-
ditions that can lead to essentially Debye behavior. In such
limiting cases, other independent information will usually
be required to elucidate the response fully. For example, if
Cmv << 1 so that C; dominates the capacitative response,
the complex-capacitance plane response of Cy will be a
Debye curve arising just from R, and C; in series. In this
case, the overall response will show little dependence on

an applied static potential since C; should be field indepen-
dent or nearly so, while Cp;, depends strongly on static po-
tential (1, 3, 4, 13). Such potential independence of Cy was,
in fact, found by Glarum and Marshall (10) for their meas-
urements on a completely blocking system.

It should be emphasized that the present results only il-
lustrate the completely blocking behavior of bulk mate-
rial, particularly that present when w, is very different
from unity and thus the full response extends over a very
wide range of frequencies. The present response possibili-
ties take no account of possible electrode roughness and
thus best apply for liquid metal or, perhaps, concentrated
electrolyte electrodes. But solid metal electrodes always
exhibit some surface roughness, adding an interface im-
pedance to the present Z; response. Such an impedance
may also be significant over a wide range of frequency,
possibly overlapping the bulk response range or even oc-
curring below it. It is thus important to understand the
bulk response so it can be separated from the interface im-
pedance when one is interested in studying one or the

060

M:=104
&=10?

77-m=|0a
Mp=|

A=107*

0.50
—~ 040
Z
-
© 0304 !

£
— 0.20 1

0.10 4

0.00

104

0.20

040

060

0.80

.00

0.60
050 Mot Tm=10°
’ A=) Ty =
— 040 =
z
030
L 0°
E 020
3x10%
4 6.
0.10 10 iOza
000 . . : :
0.20 040 0.60 0.80 1.00
Re (Cyy)

Re (C;y)

Fig. 5. Complex plane plot of Cry under partly dissociated conditions for M = 10%, ., = 10%, and 7, = 1 with (q, left) A = 1 and & variable, and

(b, right) £ = 102 and A variable.



22178

0.201

M=i0
£=10°

Trn= 108
A=107 7=

0.65 0.75 0.85 0.95
Re (Cyy)

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

September 1988

0.201
M=io* =108
g=10° Tz=l

0.15

AE )

& 010

£

0.05 1
0.00 . : .
0.65 0.75 085 0.95

Fig. 6. Complex plane plot of fow frequency part of Cry under partly dissociated conditions for M = 10%, m,, = 10, and 7, = 1, with £ = 10 and

A variable.

other or both of these contributions. The interface imped-
ance is usually found to exhibit constant phase angle
(CPE) response (3, 4, 14) over a wide frequency span. Such
response appears in many small-signal response theories
(15) and can arise from various quite different physical
sources. Recently, various different fractal-related theories
of such interface CPE response have been proposed (16),
but currently unpublished work of Bates and his collab-
orators (17) strongly suggests that although the response is
indeed associated with surface roughness, it is unrelated
to the fractal dimension of the surface. Although the com-
bination of bulk and interface effects can lead to more
complicated complex plane curves than those illustrated, I
shall not show any such results here. Data possibly arising
from the combination of both effects should be plotted in
both the impedance (and possibly log impedance) and
complex capacitance planes and analyzed using CNLS.

Although the present results were derived for a system
with two identical electrodes, common for solid materials,
they also apply, in their present normalized form, to half-
cell response, the usual situation for liquid electrolytes. In
the latter case, actual impedance and capacitance values
may be obtained from the normalized expressions of the
appendix by using normalization values which take ac-
count of the presence of one rather than two electrodes.
Because of the symmetry of the system with two identical
electrodes, it may be considered to consist of two identical
half-cells in series, with the center of the material, the join-
ing point of the half-cells, a unique point where bulk con-
centrations retain their equilibrium values and remain un-
disturbed by the applied ac potential.

As already mentioned, the present graphical results rep-
resent only a small part of all the potential responses
which can arise from possible variations in mobility and
valence ratios, generation-recombination, geometric ef-
fects, inner layer capacitance, and electrode roughness.
Nevertheless, they may be of some immediate diagnostic
value. When the system being investigated is completely
blocking, or thought to be so, one should first consider the
response in the complex capacitance plane by forming and
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plotting Cr = 1/(i2nmvZy) = Y1/(iw) = C'; — iC"7. The results,
as functions of such external variables as temperature
and/or electrode separation, may then be compared quali-
tatively with the curve shapes presented herein. If similar
shapes are found, one should then be able to obtain semi-
quantitative estimates of such quantities as M, ,,, and pos-
sibly even w, and the recombination parameters. These es-
timates could then be employed as initial parameter values
for use in subsequent CNLS fitting of the data.

It is worth emphasizing that it is always very desirable to
go beyond qualitative comparisons and carry out full
CNLS fitting of the data. Such fitting is generally quite in-
sensitive and forgiving to the initial parameter guesses and
can usually converge to a good fit even when such guesses
are orders of magnitude from their final converged values.
Thus, such fitting is often useful even when no qualitative
agreement can be found between the complex capacitance
plane response of the data and any of the present theoreti-
cal responses. When a good fit has been obtained, one can
immediately identify and quantify the various physico-
chemical processes contributing to the overall response.
The CNLS program available from the author allows one
to fit an equivalent circuit which may contain geometric
capacitance, bulk, resistance, a specific Nernst-Planck
blocking element, and possible electrode roughness con-
tributions to the overall impedance. In favorable cases,
which usually means having reasonably accurate data ex-
tending over many decades of frequency, all these pro-
cesses, and the microscopic quantities associated with
them, may be identified and quantified using CNLS fitting.
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APPENDIX

The expression for Z, given in Eq. [32] of Ref. (5) for the
unsupported, completely blocking situation becomes, in
the absence of extrinsic conduction

Zsn = WA Fiy1 — Fpyal[F1 — Fo)tity + Fity — Fotq]

[A-1]
Let j = 1, 2. Then Fj= 4 — ¥, vy = (M3 ctnh(Md?), and
=+, — 1. Here y = 1 + i0, and the 9;®’s are the solutions of
a quadratic eigenvalue equation; see below for full defini-
tions. When the identity [(F; — Fo)tits + Fity — Fyty] =
[Fyyits — Fatyy.] is substituted into Eq. [A-1], one obtains Zg,
in its simplest form

Zgy = WADIF1y1 — Feyal[Fivita — Fatyys]

Now since

[A-1']

Yon = iQ + [1 + Z,] [A-2]
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and
Crn=Yq,/iQ
we obtain

Cr =1+ [iQ1 + Z,)]™! [A-3]
appropriate when inner layer series capacitance effects are
negligible. Equations [A-1'] and [A-3] may be shown to be
fully consistent with the analytic results of Ref. (10) when
w, = 1 and A and £ are infinite.

Now Eq. [A-1'] simplifies greatly when w,, and m, are both
unity (5). Then (see below), 42 = , 9,2 = i1 + ), and
F, = 0. The quantity “f’ is defined below. One finds
Zy = W[iQt,], where here t;, = (Mi)ctnh(M) — 1. It fol-
lows that

Cry = Cripn = dy/[1 + iyy] [A-4]

Now since the low and high frequency limiting values of
Cr, are r= (M)ctnh(M) and unity, respectively, normalized
Debye response which best approximates the Eq. (A-4) re-
sponse will be of the form

Cpyn =1+ (r — D1 + iQr] [A-5]

Then

Cpirn = Cr11n — Cpyn [A-6]
a measure of the departure of Cry;, from Debye behavior.

Although all the quantities necessary to calculate Cr, are
defined in Ref. (5), their definitions are given below for
completeness. But relations between the present parame-
ters, such as R, and A, and microscopic quantities will not
be repeated here.

letg=>0+m) L e=>0+m,"Y,8=1+mn)",and
8 = (1 + m, )L Define \j = d/¢; and take b = M)y, d =
A+ Ag, and f= 2b[A + 1QE]. Then if A = 4iQu(b + ) and B
=1+ id + P, ¥,° is best expressed as (5)

SMALL-SIGNAL AC RESPONSE

2279
3.2 = (A/4B)[1 + A/[B + (B> - A)\2P] [A-T]
and
312 =B - 1322 [A-g]
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ABSTRACT

The electrohydrodynamic (EHD) method of measuring the Schmidt number is compared carefully with the dc
method using a rotating disk electrode. Ferricyanide and ferrocyanide ions in 1M potassium chloride are used for the com-
parison. The best agreement between the two methods occurs when the EHD measurement is done at a low disk velocity.

The measurement of a molecular diffusion coefficient D
by electrochemical techniques is generally done with a ro-
tating disk electrode in order to control the convection of
the electrolyte and hence the mass transfer of the diffusing
species. The diffusion coefficient obtained in this way has
the same definition as that obtained from the spreading of
a dye or of a radiotracer in a capillary.

The equation linking the mass-transfer limited current
of an electrochemical redox reaction to the angular veloc-
ity of the disk has been derived by Levich (1), improved by
others (2-4), and reviewed by several authors (5-7). How-
ever, using this technique for measuring the diffusion
coefficient requires an accurate knowledge of the elec-
trode area A, the bulk concentration C of the diffusing spe-
cies, the number 7 of electrons transferred in the reaction

used, and the kinematic viscosity v of the electrolyte. Er-
rors in measuring these quantities can cause a substantial
error in determining D.

Transient methods partially overcome this disadvantage
and measure the Schmidt number Sc = v/D directly so that
the only unknown parameter is the kinematic viscosity.
Among these methods are the ac electrochemical imped-
ance method and the electrohydrodynamic (EHD)
method.

With the ac electrochemical impedance method (8-11),
the electrode potential is modulated sinusoidally at con-
stant disk speed, and the resulting sinusoidal electrochem-
ical current is measured as a function of modulation fre-
quency. The Schmidt number is obtained from the
frequency dependence of the impedance. In order to ob-





