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An on-line impedance measuring system based on the fast Fourier transform algorithm was constructed by
application of only commercially available interfaces and the FORTRAN language available for an OKITAC
System 50/10. A modification of the sampling system is effective for reducing two kinds of errors: the aliasing
effect is greatly reduced because of the Nyquist frequency being doubled; the leakage effect is diminished because
of the truncation interval being adjusted properly. The above modification enables us to acquire high-accuracy
data with quite a small number of averagings processed during one measurement, that is, errors may greatly be

reduced and the measurement time to get frequency spectra may be made extremely shorter.

The modified

impedance measurement using the FFT algorithm is applicable to electrochemical systems proceeding not only
at a mercury electrode-solution interface but also at a solid electrode-solution interface.

Impedance (or admittance) methods, providing a
powerful means for electrochemical analysis, have been
made applicable to practical uses through the use
of a.c. bridges and phase-sensitive devices with a
support by analog cross-correlation techniques. Re-
cently much effort has been devoted to developing
automatic operation devices in order to improve ac-
curacy and satisfy a necessity for simultaneous handling
of many data points. A great deal of development
has been made in impedance measurements by the
introduction of the so-called Fourier and Hadamard
transformation which have the multiplex advantage.
Smith et al.V) applied the multiplex technique using
the FFT (fast Fourier transform) algorithm? to the
electrochemical field and later Schwall et al.?) extended
the system so as to cover a wide frequency range from
10 Hz to 125kHz. Multiplex techniques with con-
struction of a pseudo-random noise spectrometer?) using
the Fourier transform algorithm and with establish-
ment of a new digital signal processing method using
the Hadamard transformation algorithm® have also
been applied to the field of dielectric dispersion mea-
surements. De Levie et al.9 used a similar multiplex
technique with sinusoidal wave collection signals in
a biomembrane research and recently improved the
impedance method in use in the electrochemical field
by applying the digital synchronous detection using
the Hadamard transformation algorithm.”)

In this communication, we will try to take out
the essential multiplex advantage by means of the
modified FFT impedance measurement and to make
it possible to acquire high accuracy from a short time
measurement with a small number of averagings; we
will also describe a simple system which can be com-
posed only of commercially available interfaces with-
out cumbersome hardware construction and which
can be operated with the FORTRAN language avail-
able for the OKITAC System 50/10; finally, the
system composed will be applied not only to mercury
electrode—solution systems but also to solid electrode—
solution systems.

Principle of Method

Every impedance method using various small-am-

plitude excitations essentially contains equivalent in-
formation as indicated in terms of mathematical trans-
formation. The principle of this method in use in
electrochemistry has been introduced.»® The ad-
mittance Y(w) of a linear or shift-invariant system
is completely given by a cross-power spectrum be-
tween the excitation and response of the system as
follows:

Y(w)

Il

i(w)/e(w)

i(w)e*(@)/e(w)e*(w),

where ¢(w), e*(w), and i(w) are a frequency domain
spectrum of the applied potential, that of its complex
conjugate, and that of faradaic current, respectively.
This property of Y(w) enables us to measure all fre-
quency components simultaneously and to reduce the
Fourier transformation to a demultiplexing process.
Though in principle any excitation waveforms contain
the same information, cross-power spectra in practical
systems have to be obtained in a finite time, which
requires the most suitable excitation waveform signal
to be chosen. Therefore, the present system was des-
ignated to utilize the periodic pseudo-noise, which
had been studied by Smith et al.)) and Husimi et al.9

Instrumentation

Hardware Arrangement. The impedance mea-
surement scheme was implemented on an OKITAC
System 50/10 minicomputer (memory cycle time 0.65
us, 75 kB) by using a floppy-disk-oriented system equip-
ped with DMA interface cards. The maximum sam-
pling rate of the system is 20 us. The schematic dia-
gram for the system is shown in Fig. 1. Programs
and data are stored on floppy disks and output data
may be displayed on an interfaced oscilloscope or
X-Y plotter. Low pass filters are set up for three
cut-off frequencies of 2.5, 7, and 12 kHz. The fre-
quency range is restricted mainly by both the noise-
applying rate At'(f.o=(24¢')71) and the potentiostat
response. The low pass filters (LPF) were built up
by our laboratory (40 dB Butterworth) or by Fuso-
Seisakusho (80 dB Butterworth), for cutting out the
aliasing effect and smoothing computer-synthesized
noises. The high pass filters (HPF), which were built
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TaBLE 1. RELATIONSHIP OF SAMPLING RATE WITH FREQUENCY LIMITS (MAXIMUM AND MINIMUM)
' AND MEASUREMENT DURATION IN THE CASE OF 1024-pOINT (2!°) PSEUDO-NOISE

Sampling rate Noise-applying

fmln = (NAt,)_l

fmax = (2At/)_1

Measurement time

Atfus rate At'/us Hz Hz St X3/ms
System 12 : 20 80 12.2 6250 245.8
50 200 4.9 2500 614.4
250 1000 1.0 500 3072.0
System 2» - 20 40 24.4 12500 122.9
50 100 9.8 5000 307.2
250 500 2.0 1000 1536.0

a) System 1 means the system consisting of simultaneous sampling process of excitation e(#) and response i(t)
(where the excitation and response are alternatively sampled with At/us interval and corrected with software

technique).

b) System 2 means the system consisting of separate sampling process of excitation ¢(¢) and response

i(t) (where the excitation is stored before measuring response).

72KB

5 @A

[ MINI COMPUTER

Fig. 1. Block diagram of FFT impedance instrument.
Minicomputer: OKITAGC system 50/10, DAC: dig-
ital-to-analog converter(12 bit), ADC: analog-to-dig-
ital converter(12 bit), TTY: teletypewriter, FDD:
floppy disk drive assembly, X-Y: X-Y plotter, TG:
timing generator, CNT: controller, BM: buffer mem-
ory, SH: sample and hold amplifier, LPF: low pass
filter (cut off frequency 2.5, 7, 12 kHz), HPF: high
pass filter (cut off frequency 1 Hz), ATT: attenuator,
AMP: amplifier, PS: potentiostat.

by Fuso-Seisakusho, cut out dc and frequency com-
ponents lower than 1 Hz. The potentiostat with high
response (home built or Fuso-Seisakusho HOPATS-
3)t was used instead of a dual-potentiostat as used
by Smith et al.V)

Generation of Pseudo-noise. Pseudo-noises gener-
ated by the minicomputer are subject to a synthesis
as shown in Fig. 2. First, twenty frequency com-
ponents are selected so as to avoid higher-harmonics
(especially the second-harmonics). The phase com-
ponent array is loaded with random numbers between
0 and 2n. The amplitudes of the selected frequency
components are set as constant non-zero levels and
those of the others as zero in order for all the frequency
components to be at the same excitation energy. The
“complex plane” frequency-domain array with 2048
points, which has been transformed from the “polar
coordinate” frequency spectrum, is converted into the
time-domain digital waveform with 1024 points by
use of the inverse FFT. Real and imaginary com-
ponents of the complex plane are to be set as even
and odd functions, respectively, in order that time

t The response rate is 2 ps under the conditions of 1:1
gain and 1k{) resistor.
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Fig. 2. Procedure for computerized digital wave form
generation. A4(n): Amplitude array in frequency do-
main, 6(n): phase array in frequency domain, x(%):
digital time domain array, x(¢): analog time domain
array.

domain results may become of real function. The
analog pseudo-noise thus arranged is applied ten times
to the measuring cell to produce a periodic noise
and steady-state response. Typical examples of fre-
quency limits and measurement-time durations, as cal-
culated from sampling rates, are listed in Table 1.
Three kinds of sampling rates, e.g., 20, 50, and 250
us, lead to arrangement of three frequency ranges
as shown in Table 1, thus allowing three frequency
range measurements to provide high accuracy on wide
frequency measurements. Since the measurement-time
duration is equal to three times the reciprocal of f_ .
(fam=(NAt")1), the measurement time is dependent
on the minimum frequency value.

Measuring System. The data acquisition and cal-
culation processes for the transfer function are shown
in Fig. 3. Two alternative sampling systems, Systems
1 and 2, are adopted. System 1, designed to perform
simultaneous sampling of excitation ¢(t) and response
i(t), samples both data alternately at At/us intervals
and corrects them by the software technique based
on the equation Y(w)=Y'(w)e ** (where Y, Y’,
and v are the admittance of real response, that of
delayed response, and the delay time Af¢ of sampling,
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Fig. 3. Data acquisition and calculation processes for
transfer function.
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repectively). System 2, designed to store the exci-
tation e(¢) before response i(t) is measured, samples
data of e(¢) and i(t) separately. System 2 has two
advantages over System 1: it can measure higher
frequencies because it has its maximum frequency
(fmax) doubled; it requires such a memory capacity
as decreased to two thirds of that of System 1. We
usually used System 2 because of these advantages.
Data are acquired with 2048 points to be transformed
into the frequency domain by means of the FFT.
The transfer function of the measuring cell is cal-
culated as admittance after the cross-power and auto-
power spectra have been calculated. - Final data of
admittance are obtained after sampling and averaging
which has been made of the last three waveform cycles
of the ten-time-applied waveform signals. A remark-
able feature of this sampling process is that the pseudo-
noise output signal consisting of 1024 points is sampled
at a doubled sampling rate (viz., the noise is sampled
with 2048 points). Since this sampling system causes
the Nyquist frequency to be increased, errors due
to the aliasing effect may be depressed (¢f. Figs. 4
and 5). The leakage effect also may be made inef-
fective by adequate selection of the truncation interval
which is equal to a multiple of the period. Thus,
shorter-time measurement for frequency spectra may
be realized by means of averaging the last three wave-
form signal responses.

Experimental

Polarographic measurements were performed on a
Metrohm hanging mercury drop electrode (HMDE) with
a surface area of 2.38 X 10-2 cm?.  Solutions for polarographic
experiments on HMDE was purified with active charcoal
after being prepared with reagent chemicals and triply-
distilled water. For solid electrode—solution systems, smooth
platinum (9.01 X 10-2 cm?) and gold (9.20X 10-2 cm?) wire
electrodes were used as working electrodes. To bring the
solid-electrode surface into a reproducible condition, the
working electrodes were cleaned with concentrated nitric
acid and pretreated by allowing the electrode potentials
to be scanned between the states of hydrogen and oxygen
evolutions at 10 Vs—! for several tens of minutes. The
silver-silver chloride or mercury—mercurous sulfate electrode
was used as the reference electrode and the potentials were
registered relative to the saturated calomel electrode (SCE).
Experiments were performed in a purified nitrogen atmos-
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Fig. 4. Relative errors of power spectrum for System
2 using the same duration of sampling rate and noise-
applying rate (Af=At'=120 ys).

a): Relative error of power spectrum before passing
LPF, b): relative error of power spectrum after passing
LPF.

phere at 25 °C.
Results and Discussion

Dummy Cell Results. Figures 4(a) and (b) show
typical data on relative errors for power spectra of
pseudo-noise in the case where sampling rate is equal
to the noise-applying rate (At=At'=120 ps); Figures
4(a) and (b) correspond to before- and after-passage
through the low pass filter. Since the Nyquist fre-
quency is ca. 4.2 kHz for this sampling rate, the aliasing
effect at the high frequency edge is clearly observed
as shown in Fig. 4(a). The aliasing effect at the
high frequency edge can be cut out by the low pass
filter as shown in Fig. 4(b); however, relative errors
of several percents are still recognized. In the case
of Fig. 5 where the sampling rate is twice as high as
the noise-applying rate (At=60 us, At'=120 ps), the
Nyquist frequency is made doubled to 8.3 kHz and
the aliasing effect cannot be recognized even in the
absence of low pass filter as seen from Fig. 5(a). The
relative errors for Fig. 5(a), which are less than 0.19,,
are almost equal to those obtainable after the smooth-
ing by means of low pass filter has been applied as
seen from Fig. 5(b). Therefore, the sampling system
described above is obviously effective for reducing
relative errors, making it feasible to reduce the ap-
parent measurement time. A comparison with respect
to transfer function between theoretical and experi-
mental values for a typical dummy cell shown in the
figure is illustrated by use of the complex impedance
representation, Z.,;, in Fig. 6. The experimental
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Fig. 5. Relative errors of power spectrum- for System
2 using doubled sampling rate as compared with
noise-applying rate (At=60 ps, At'=120 us).

a): Relative error of power spectrum before passing
LPF, b): relative error of power spectrum after passing
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Fig. 6. Theoretical and experimental complex imped-
ance representation of dummy cell shown in the figure.
X : Theoretical data, O: experimental data.

data for the range from 10 Hz to 2.5 kHz are in fair
agreement with the theoretical values at higher fre-
quencies than 100 Hz. The data obtained at lower
than 100 Hz, especially around 50 Hz, show some
deviation from the theoretical data, which results from
the line frequency interference.

Electrochemical Cell Results. An electrochemical
system of a cadmium-ion reduction at an HMDE-
acidified ZnSO, solution interface, which is the same
system as Schwall e al.3% studied, was examined
to obtain higher rate constants. The voltammogram
for cadmium-ion reduction shown in Fig. 7(a) gives
the maximum value of cot @ (shown as (cot®),) at
—0.557V (SCE). Faradaic impedance representa-
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Fig. 7. Experimental results for cadmium ion reduc-
tion reaction on HMDE in 1.0 M zinc sulfate +0.18
M sulfuric acid (Cd?t concentration=10-% M), where
M means mol dm3,

a): Single voltammogram of cadmium ion reduc-
tion, v=0.020 Vs, b): complex kinetic impedance
representation of cadmium ion reduction at E=
—0.557 V(SCE), c): relation between (cot @), and
/2 of cadmium ion reduction at E=—0.557 V(SCE).

tions as Z,, after subtraction of solution resistance
and double layer capacity, and plots of (cot @), vs.
w2 at —0.557 V (SCE) are shown in Figs. 7(b) and
(c). The slope for (cot @), vs. w/2 plots yields the
standard rate constant £;=4.34x10"2cm s, with
the aid of the transfer coefficient «=0.35 given by
Schwall et al.3% Though the value of k¢ obtained
here is as small as half the values 8.7x10-2 and 8.5 X
10-2cm s~1 obtained by Schwall et al.3*® with and
without scanning, respectively, our value may be con-
sidered to be in a reasonable range if data of other
workers!® are referred to.

An electrochemical system of an adsorbed-hydrogen
reaction at a platinum-sulfuric acid solution interface
was examined as one of typical examples of solid
electrode—solution systems. Figures 8(a) and (b) show
typical cyclic voltammograms for reference and com-
plex capacitance representations as Yw~! for the ad-
sorbed-hydrogen - region. The characteristic of com-
plex capacitance representations is similar to that spec-
ified by one of the authors!') using a phase-sensitive
apparatus. The results are in accord with the equiv-
alent circuit shown in the figure, previously proposed.t)
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Fig. 8. Experimental results for adsorbed hydrogen

reaction on platinum electrode in 0.5 M sulfuric
acid.
a): Cyclic voltammogram of platinum electrode, v=
0.10 Vs—1, b): complex capacitance representation,
Yw—1, of adsorbed hydrogen reaction at 0.000 V (a)
and —0.134 V(SCE) (b).
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Fig. 9. Experimental results for hydrogen evolution
reaction on gold electrode in 0.5 M sulfuric acid.
a): Cyclic voltammogram of gold electrode, v=0.10
Vs, b): complex impedance representation, Zge,
of hydrogen evolution reaction at —0.374V (a),
—0.404 V (b), and —0.424 V(SCE) (c).

Another typical example of solid electrode-solution
system, a hydrogen evolution reaction at a gold elec-
trode—sulfuric acid solution interface, was also ex-
amined, data obtained being shown in Figs. 9(a)
and (b). Figure 9(a) shows a typical cyclic voltam-
mogram on a gold electrode and Figure 9(b) the
complex cell impedance representation as Zcen for
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the hydrogen evolution region. The characteristic of
the complex cell impedance representation is of semi-
circle and in accord with the simple equivalent circuit
shown in the figure, proposed by Masui and Ohashi.!?)

Therefore, the FFT impedance method described
in the text may be concluded to be applicable to elec-
trochemical systems proceeding not only at the mercury
electrode—solution interface but also at the solid elec-
trode—solution interface. Moreover, transient behav-
iors with time dependence, e.g., variation in surface
conditions with oxide formation, can be characterized
by this method because of its short measurement time
applicable.
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