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Surface Topography and Impedance of Metal-Electrolyte Interfaces
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The small-signal impedance of chemical cells with "blocking" electrodes is dominated at low frequen-
cies (f~ 100 Hz) by the impedance of the metal-electrolyte interfaces which is accurately represented

by Z; A(ja~) ". The frequency exponent n, n (1, is sensitive to the texture of the interface, and
several recent theories have been proposed that relate n with the fractal dimension d of the rough inter-
face. %e find no correlation between n and d from experiments using aqueous electrolytes and metal
and semiconductor electrodes.

PACS numbers: 73.40.—c

The impedance of a cell consisting of an electrolyte
sandwiched between two electrodes should ideally be
represented by a series RC circuit provided no charge
passes between the electrolyte and the electrodes. In this
case, Z(ro) R —j/roC, where R represents the ionic
resistance of the electrolyte, and C represents the capaci-
tance of the two "blocking" (ideally polarizable) elec-
trode-electrolyte interfaces. However, to the best of our
knowledge, this ideal response has never been observed.
The impedance of real cells of this type can be accurate-
ly represented by

Z(ru) =R+A(jco)
at frequencies below =50 kHz. The interface imped-
ance Z~ is given by the second term, the so-called
constant-phase-angle (CPA) impedance, ' where j
=4—1, and A and n are constants with n (1. A typi-
cal example of this behavior is shown in Fig. 1. Note
that Z; contributes a frequency-dependent term to
Re(Z), Aro "cos(nrr/2), which has the same slope as
—Im(Z) =pro "sin(nx/2) at low frequencies. Al-
though the values of A and n depend on the electrolyte
and electrode, the CPA behavior is a general characteris-
tic observed for both liquid and solid ionic conductors.

The origin of the CPA impedance has remained an un-

solved puzzle in electrochemistry for many years. For
example, more than sixty years ago, Wolff reported an
unusual frequency-dependent capacitance from measure-
ments on one of the same kinds of cells we investigated:
aqueous sulfuric acid in contact with platinum elec-
trodes. Following observations that the value of the fre-
quency exponent n depends on the roughness of the elec-
trode surface, de Levie proposed a model of a mechani-
cally polished electrode assumed to contain parallel V-
shaped grooves in which the impedance of the grooves
was represented by tapered transmission lines. While
this model gives a CPA impedance over several decades
in f, n is fixed at —,'. Wang and Bates showed that de
Levie's result could be generalized to give values of n

close to those observed experimentally (0.8 to 0.9) by use
of position-dependent resistors and capacitors.

The subject of this Letter, however, deals with several
recent theories that relate the frequency exponent n to
the fractal dimension d of the surface of a rough elec-
trode. Le Mehaute and Crepy first suggested that n
and d are related. Later, Nyikos and Pajkossy proposed
that n =1/(d —1) and claimed that impedance measure-
ments on large self-similar electrodes support their
theory. However, Keddam and Takenouti and Wang
have raised serious doubts about the validity of this rela-
tionship between n and d and about the supposed experi-
mental verification as well. Liu showed analytically
that, at low frequencies, the impedance of an equivalent
circuit for a Cantor bar model of a grooved electrode-
electrolyte interface is given exactly by the CPA expres-
sion and also that n=3 —d. Kaplan and Gray found'
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FIG. 1. Impedance spectra of an 0.1M H2SO4 solution at
25'C in contact with platinum electrodes polished on 600-grit
emery paper. The solid lines are graphs of Z =Ace

xcos(nz/2) and Z;" = —Aro "sin(nx/2) with n =0.87. Inset:
Graph of —Im(Z) vs Re(Z); O=n/2 is the impedance phase
angle.
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that the CPA form of the impedance and the relation-
ship n=3 —d held when both random branching and
random scaling of the resistors were introduced into the
equivalent circuit model. Recently Kaplan, Gray, and
Liu showed" from calculations on equivalent circuits of
more general self-affine models of grooved interfaces that
this relationship applies only to specific cases, whereas,
for the most general case considered, n & 3 —d. Sapo-
val ' calculated the response of electrodes with cross sec-
tions resembling a Sierpinski carpet. He reported that
Liu's relation holds provided the electrode has a finite
depth and that, for the surface, d & 2. These fractal
models of the electrical response of a rough electrode-
electrolyte interface are potentially very important since
they imply that the dominant effect governing the elec-
trical properties at interfaces is geometric scaling of the
interface microstructure. In this Letter, we report the
results of experiments aimed at establishing whether or
not there is a correlation between the CPA impedance
exponent and the fractal dimension of rough electrode
surfaces.

The electrodes used in our studies included platinum
and low-resistivity silicon with and without a thin gold
coating. Square pieces, =0.25-1.0 cm, of platinum
and silicon were polished with various grades of emery
paper and alumina powder. The choice of grit size was
based on our earlier experience' with solid electrolytes
and the correlation found between the value of n and the
texture produced by polishing. When viewed at low

magnification, the resulting surface finish had a definite
lay. One-dimensional surface height profiles were mea-
sured with a profilometer equipped with an 0.5-pm dia-
mond stylus. This instrument has a height resolution of
0.005 pm and a minimum horizontal step size of 0.04
pm. For each electrode, several profiles of 80, 400, and
2000 pm length were measured in directions perpendicu-
lar to the lay at different positions near the center section
to be used in the electrical measurements. For one of the

platinum electrodes, profiles were measured at 45' and
parallel to the lay. With a tracking force of 1 mg, no
detectable damage tracks from the stylus were found in
the platinum on microscopic examination before and
after profiling. Also, within the limit of resolution, re-
peated measurements along the same track gave identi-
cal profiles. (Sputtered Au films on several silicon plates
were prepared after profiling. ) Several surface profiles
were obtained by digitizing of scanning-electron micro-
graphs of the edge of cross sections of electrodes that
had been cut and the polished to remove damage from
the cut.

An example of a profile obtained from a platinum
electrode is shown in Fig. 2. The apparent large Auctua-
tion in surface height is a somewhat misleading gauge of
surface texture resulting from the different scales used
for the vertical and horizontal axes (compare with the
short segment plotted with the same scale for both axes).
To test for their possible fractal properties, we assumed
that the profiles behaved as fractional Brown curves'
and determined their structure function. ' ' The struc-
ture function for a one-dimensional record is given by

S(B)=(Ah (8)) =KB'" (2)

where Ah(B) =h(x+8) —h(x) is the difference in the
height h of the profile at x and x+8, EC is a constant, 0
is a characteristic exponent, and the brackets mean that
the average is taken over all increments of length B. The
fractal dimensions d~ for a self-affine profile is then
given' ' by d~ =2 H, so that for —the electrode surface,
d =d~+1. Examples of graphs of logS(8) vs logb deter-
mined from two profiles are shown in Fig. 3. Typically,
Eq. (2) was satisfied over =1 —,

' decades in shift dis-
tance, frotn 8=0.04 pm (limited by the horizontal reso-
lution of the instrument) to a maximum 8 of a few mi-
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FIG. 2. Profile of a platinum electrode polished on 800-grit
emery paper; top section shows the expanded segment between
30 and 40 pm plotted with equal horizontal and vertical scales.

FIG. 3. Graphs of logS(h) vs log6 for an 80-pm (asterisks)
and 400-pm (plusses) profiles of a platinum electrode ground
on 800-grit emery paper. The solid lines are graphs of S
=ECB, where EC and H are the best-fit parameters.
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TABLE I. Values of the exponent H and average roughness

R, from the profiles of roughened electrodes and the CPA im-

pedance exponent n determined from impedance measurements

using these electrodes in 0.1M H2SO4. Results are listed in or-
der of decreasing H.

Electrode'

Au/Si/180
Au/Si/600
Si/600
Pt/600
Pt/800
Au/Si/800
Pt/0. 05

0.98'
0.96
0.96
0.95
0.92
0.91
0.89

dp 2 —H

1.02
1.04
1.04
1.05
1.08
1.09
1.1 1

091
0.96
0.97
0.87
0.78
0.94
0.89

8, ' (nm)

1345
210
210
193
90
50
45

'Au/Si/600: Gold-coated silicon ground on 600-grit paper, etc.
(Note: The larger the grit size the smaller the particles on the emery

paper. )
R„ the average roughness, is the average deviation of a surface

profile about its mean line. See Ref. 18.
'Uncertainty ~ 0.01 from repeated measurements.
Uncertainty ~ 0.005 from least-squares fit.

crons. The displacement of the two graphs in Fig. 3
along the logS axis is caused by the fact that the 80- and
400-pm profiles were measured from two different start-
ing positions on the surface and, therefore, have different
zero-level reference points. We verified that the value of
H is independent of the choice of the level points and
also of whether leveled or unleveled profiles are ana-
lyzed. (The parameter K does depend on the level

points, but its value is not important to our final result. )
Values of the exponent H and the fractal dimension d~
are listed in Table I; the uncertainties listed for H are
twice the standard deviations based on averages of two
or more traces of length 80, 400, and 2000 pm measured
at four different places on the electrode surface.

A second related test' of the profiles was made by
determining the distribution of hh, N(Ah(b)), for
several of the 80-pm traces at shift distances b from 0.04
to 0.24 pm. The (unnormalized) distributions were
fitted by a Gaussian function with three parameters: a
preexponential, width (Ah )'/, and mean Zh. For each
of the profiles, the mean was 61t =0.0+0.01 (+0.1 in

the worst case), and the graph of log(ih ) vs logB was
linear with a slope 2H equal to that obtained from the
structure function within + 0.01. These are the proper-
ties expected of a fractional Brown curve, '5'6 i.e., a
Gaussian distribution with a zero mean h, h and a width
proportional to H.

After the profiling of sets of platinum or silicon plates,
electrodes were prepared by our fixing each plate to a
glass substrate, attaching a wire lead to an edge of the
plates with silver paint, and then sealing the plates and
the wire leads to the substrate with waterproof epoxy.
The electrodes were completed by the sealing of a short,
6-mm-diam glass cylinder to the plates so that a 0.3-cm

region was exposed to the electrolyte. The glass tubes
served to define the exposed area of the electrodes and to
eliminate fringing fields at the edges of the plates that
often had a significant effect on the measured frequency
exponent. The electrodes were immersed in aqueous
H2SO4, usually 0.1M, and separated by =4 cm. The
open-circuit potential of each electrode relative to a stan-
dard hydrogen electrode was measured while dissolved

oxygen was removed from the acid solution by nitrogen
stirring. After the electrode potentials reached a steady
value (=0.5 V for platinum and =0.3 V for gold on sil-

icon), impedance measurements were made at frequen-
cies from 0.1 Hz to 50 kHz with an ac peak-to-peak volt-

age of 50 mV or less applied to the cell. For several of
the cells with platinum electrodes, these measurements
were extended to 1 mHz. No change in the steady-state
open-circuit potential of the electrodes was observed
after the impedance measurements.

An example of the impedance spectra is shown in Fig.
1. The solid lines through the data points are graphs of
Re(Z;) and —Im(Z;). As can be seen, the CPA im-

pedance follows the data closely over about five decades
in frequency. In the measurements made at lower fre-
quencies with the platinum electrodes, the ideal CPA be-
havior was typically observed to =5 mHz. Below this
frequency, the impedance of several of these electrodes
indicated the presence of Faradaic process, probably the
reduction of residual dissolved oxygen. This deviation
from ideal blocking behavior at very low frequencies,
which is always a potential problem with platinum elec-
trodes, has no measurable effect on the impedance above
0.1 Hz provided the concentration of impurities in solu-
tion, especially oxygen, remains small. At f=200 Hz,
the resistance of the electrolyte dominates the impedance
so that logZ' vs logf flattens at high frequencies, while
the imaginary part of the impedance becomes so small
that large relative errors occur in the recorded values.
For a given set of electrodes, the low-frequency im-

pedance remained unchanged as the concentration of the
electrolyte was changed by a factor of 10 from IM to
0.001M. At high frequencies, of course, the frequency
(f, ) at which the resistance dominates the impedance
varies as 8 changes with concentration. Values of the
exponent n reported in Table I were determined by
least-squares fit of the CPA impedance [Eq. (I)] to
Re(Z) and Im(Z) at frequencies well below f,.

The results in Table I show that there is no obvious
correlation between the CPA impedance exponent and
the fractal dimension of the rough electrodes. The con-
clusion reached by Kaplan, Gray, and Liu" that n is not
just a function of the fractal dimension of the electrode
is consistent with our findings. Moreover, the general
condition specified in their work, n & 3 —d, is satisfied by
our data. However, on the basis of our experimental re-
sults, we conclude that there is no correlation between
the CPA exponent and the fractal dimension of a ran-
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domly rough electrode. The extended pore model and
the results of computer simulations' suggest that the
shape of the protrusions on the surface of the electrode is
one of the more important factors determining the value
of n. A comparison of the scanning-electron micro-
graphs and the high-resolution (80 pm) profiles with the
impedance data indicates that rounded or Aattened pro-
trusions such as those produced on the silicon substrates
give large exponents (n )0.9), while sharp protrusions
such as those formed by grinding of the soft platinum
plates give small exponents (n =0.8 to 0.9). This depen-
dence of n on the shape of the protrusions can also help
explain the lack of correlation between the frequency ex-
ponent and the average roughness' R, of the electrodes
given in Table I and also the fact that n does not ap-
proach unity as R, gets smaller. Although polishing the
platinum electrodes with 800-grit emery paper or with
0.05-pm powder produces a surface with a small average
roughness, the polishing material still leaves sharp sub-
micron-sized protrusions on the surface of the electrodes
that result in small frequency exponents. Only in the
ideal case of R, =0 can we expect that n = l.
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ed by the Division of Materials Sciences, U.S. Depart-
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