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Abstract

Non-steady state nature of impedance spectroscopy for the investigation of electrochemical systems displaying o
behavior was shown. To this aim, an electrochemical oscillator involving metal dissolution was chosen as a typical e
It was demonstrated that the impedance spectra recorded for the Fe/H3PO4 system are strongly time-dependent, which
attributed to the growth of passive layer on the electrode surface. Indeed, resistance of the passive film formed on the
surface increases gradually, which has a significant effect on the system dynamic. Interestingly, impedance mea
recorded suggest instability of the system (and consequently appearance of oscillatory behavior) for certain values o
resistance and indeed at a certain time range of the experiments. Generally, as a typical example, it was demons
how time-dependency of complex systems with complicated dynamics such as oscillators could be a source of errors in the
analyzing.
 2004 Published by Elsevier B.V.
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1. Introduction

Electrochemical impedance spectroscopy is a p
erful technique in electrochemistry. This technique
has been well proposed based on both theore
(mathematical) and experimental developments,
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has been widely used for various applications[1–5].
However, the most investigations have been m
for stationary electrochemical systems by assumin
that the results are independent of time. Only f
reports have been devoted to time-dependent na
of impedance spectroscopic measurements of ele
chemical systems[6–8]. In other words, impedanc
spectroscopy is usually considered as a steady
or quasi-steady state technique by electrochemist
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Whereas, fast reactions (changes and becoming
most electrochemical systems deserve particular a
tion to time-dependency of the experimental meas
ments.

The occurrence of oscillatory behavior in elect
chemical systems has been known for more tha
century [9,10]. Due to valuable advantages of ele
trochemical oscillators, they have been widely u
as model systems for fundamental studies from b
physical chemistry and chemical physics points
view. In this context, different techniques includin
both electrochemical and non-electrochemical o
were proposed for the investigation of such (el
tro)chemical oscillators. Impedance spectroscopy
also been used as a powerful technique for this p
pose. The concepts of impedance spectroscopic s
ies of electrochemical oscillators have been well p
posed by Koper[11–13]. According to the compli-
cated dynamic of oscillators, time-dependency of
pedance spectroscopy of electrochemical oscillato
of great interest, although, it is not usually taken in
account in the literature.

The aim of the present Letter is to investigate
influence of such time-dependency on the dynam
behavior of an electrochemical system judged by
pedance spectroscopic measurements. The Fe/H3PO4
system was typically chosen for the present resea
and there is no emphasis on this system. Hence
pedance spectroscopy of electrochemical oscilla
is a very difficult concept, it is essentially needed
examine its applicability, e.g., by Kramers–Kronig r
lationships. However, this action is not necessary
the present study, because the system under inves
tion is well known and the aim of the present Letter
simple comparative studies of time-dependent na
of impedance spectroscopy by simple experimenta
vestigation at different experiment times.

2. Experimental

The experimental measurements were performe
Department of Chemistry, K.N. Toosi University
Technology. The experiments were carried out at ro
temperature in a conventional three-electrode electro
chemical cell. The working electrode was prepa
from an iron wire as long as 10 cm with 0.008 in
diameter, which was spiraled, with 0.5 cm in diam
-

-

ter. The Fe was obtained from Hopkins & William
with purity better than 99.8%. A platinum rod and
Ag/AgCl | sat. KCl, were used as counter and re
ence electrode, respectively. A volume of 50 ml el
trolyte solution was used each time. Due to shap
the Fe electrode and short distance of the electro
in the electrochemical cell, Luggin capillary was n
used. The electrolyte solutions were prepared fr
doubly distilled water and phosphoric acid (Merc
85%). No action was taken to remove oxygen fr
solutions. Voltammetric measurements were car
out using an EG&G (Princeton Applied Resear
Princeton, NJ) Model 273A potentiostat/galvanos
Impedance measurements were performed with a
frequency response analyser (Solartron 1265) c
nected to the potentiostat/galvanostat (EG&G M27
Impedance measurements were made in different
quency ranges, as noted in the text, and only re
ducible data are presented. Different runs of the ex
iments were performed toexamine reproducibility o
the results, and similar spectra were reported for m
eling purpose of the present study.

3. Results and discussion

3.1. Oscillatory behavior of the Fe/H3PO4 system

The appearance of oscillatory behavior during el
trodissolution of iron in phosphoric acid was fir
reported by Sazou[14]. The dynamical behavio
of the Fe/H3PO4 system is similar to other meta
dissolution-involved electrochemical oscillators. D
ferent dynamical behaviors of the system under inv
tigation have been reported[15–18]. Fig. 1 shows a
typical cyclic voltammogram of the Fe/(10 M H3PO4)
system. By scanning the potential between−0.5 and
1.5 V (vs. Ag/AgCl), five main regions can be ob
served: (i) the active region, (ii) the pre-limiting cu
rent peak, (iii) the limiting current plateau, (iv) th
transition region or the oscillatory region, (v) the pa
sive region. As seen, the current oscillation was
curred at a region between the limiting current plate
and the passive region where the current decrease
increasing the potential (a branch with negative slo

A typical impedance spectrum of the system un
investigation, obtained at a potential correspondin
the negative slope of the voltammogram where the
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Fig. 1. Cyclic voltammogram of the Fe/(10 M H3PO4) system. Scan
rate of 1 mV s−1.

rent oscillations are observed, is illustrated inFig. 2(a).
The spectrum shows a semi-circle at high frequen
in the first quadrant where the impedance is alw
positive. At lower frequencies, it enters to the seco
quadrant, and subsequently enters to the third q
rant. Finally, it backs to the second quadrant but
enter in it. The spectrum suggests Hopf bifurcat
when the system resistance has a value between
Faradaic impedance (ZF) and polarization resistanc
(Rp). The other impedance spectrum recorded at a
tential out of the oscillatory region but still from th
negative branch (Fig. 2(b)) shows that although th
sign of the Faradaic impedance is negative and the
tem is dynamically unstable, it cannot oscillates a
has only unstable saddle-node bifurcation, and H
bifurcation (leading to oscillatory behavior) cannot
achieved asZF andRp are coincided (for classificatio
see[11–13]). These two impedance spectra and
general equivalent circuit illustrated inFig. 2(c) will
be used for comparative studies of time-dependen

At this section, oscillatory behavior of the Fe/

(x M H3PO4) system withx = 10 M was described
as an ideal oscillatory behavior of the system un
investigation, as the most strong current oscillatio
can be observed at this concentration[14]. However,
we continue our investigation usingx = 14.8, as the
Fe/(14.8 M H3PO4) system displays oscillatory be
havior only at certain values of controllable param
ters. The latter is a sensitive electrochemical osc
tor, which the appearance of its oscillatory behavio
highly dependent on the experimental conditions.
(a)

(b)

(c)

Fig. 2. Typical impedance spectra of the Fe/(10 M H3PO4) system
recorded at (a)E = 200 mV and (b)E = 300 mV vs. Ag/AgCl.
(c) A general equivalentcircuit for metal dissolution involving the
formation of a single passive layer.
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3.2. Effect of time during pre-passivation of the
electrode

At this stage, we are obliged to perform impedan
measurements at a narrower frequency range (w
is accompanied by a shorter experiment time) to co
pare time-dependency of the results.Fig. 3 compares
the impedance spectra of the Fe/H3PO4 system with
fresh and aged Fe electrodes. The impedance s
trum of the system using a fresh Fe electrode d
not suggest the appearance of oscillatory beha
It is what expected, as the Fe/(14.8 M H3PO4) can
display oscillatory behavior at certain values of co
trollable parameters such as external resistance (w
was not employed in the present study)[15]. However,
the impedance spectrum of the system using a Fe e
trode aged at the electrolyte solution for 1 h bef
the measurements indicates negativity of the Faradaic
impedance. This behavior disappears for longer ag
of the Fe electrode, and the impedance spectrum
the system using a 3 h-aged electrode does not s
negative Faradaic impedance, like the fresh Fe e
trode.

According to the generalization made in[11–13]
for impedance spectroscopy of electrochemical oscil
lators, two main necessity conditions for the occ
rence of oscillatory behavior isZF < 0 andRs > |ZF|.
It is aimed here to investigate the entrance of the
pedance spectrum into the second quadrant at due
quencies (e.g., in the frequency range recorded h
though, the spectrum will finally enter into the seco
quadrant, as the applied potential belongs to the n
ative branch of the polarization behavior. In the lat
case (when the spectrum is entered to the second q
rant at very low frequencies, i.e., out of the range of
present measurements), the spectrum cannot ente
the third quadrant to form a spectrum like that illu
trated inFig. 2(a). Thus, the spectrum will be simila
to that illustrated inFig. 2(b) suggesting a saddle-nod
bifurcation (which does not predict oscillatory beha
ior).

Although, this approach (investigation of the spe
tra at such given frequency range) is not very app
priate for the investigation of the occurrence of o
cillatory behavior, but it is of interest for compar
tive study, which is the aim of the present study.
the other hand, as performing impedance measure
ments at low frequencies is time-consuming, it is
-

-
,

-

(a)

(b)

(c)

Fig. 3. Impedance spectra of the Fe/(14.8 M H3PO4) system at
E = 200 mV for (a) a fresh Fe electrode, (b) a Fe electrode aged
for 1 h in the electrolyte solution before the measurements, and (c)
a Fe electrode aged for 3 h before the measurements.
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possible to compare aging effects on such long-t
recorded impedance spectra. This failure is descr
in the following section. In the results reported abo
the appearance of negative Faradaic impedance, w
suggests possibility for the occurrence of oscillat
behavior, is understandable in light of our previous
port decreasing the need for the formation of pas
surface on the metallic electrode for the occurrenc
oscillatory behavior[19].

3.3. Effect of time during experimental measurements

Now, it is appropriate to investigate whether tim
dependency of the impedance spectra is related to
tial state of the electrode surface or it is also true
measurement duration.Fig. 4 shows impedance spe
tra of the Fe/(14.8 M H3PO4) system recorded b
measuring different numbers of points. It is know
that impedance spectroscopy technique measure
impedance data at different frequencies and meas
ment at each point (at each given frequency) ta
a certain time. Thus, the experiment time is lon
when more points are measured. As seen, the ab
mentioned behavior (Section3.2) is also observable
for the measurement duration. Thus, the results s
gest time-dependency of the impedance studies o
electrochemical oscillatory during measurements
well as the time spent before starting the meas
ments. The influence of aging on electrochemical s
tems is known and can be monitored by various to
e.g., we have recently used irreversible thermodyn
ics [20,21]and fractal geometry[22] to this aim some-
how in a different context. However, the results
ported here for the influence of numbers of points u
for impedance measurements is not addressed in
literature.

3.4. Theoretical consideration

The results reported in Sections3.2 and 3.3 ob-
viously suggest time-dependency of impedance s
troscopy both before and during the experimental m
surements. It is not aimed to formulate such beh
ior here, however, a brief theoretical consideratio
will be made to understand the phenomena. Pass
tion/dissolution of Fe in acidic medium is associa
with intermediate species (FeOH)ads and the passi
vating species [Fe(OH)2]ads, which cover a fraction
-

-

(a)

(b)

(c)

Fig. 4. Impedance spectra of the Fe/(14.8 M H3PO4) system at
E = 200 mV with different numbers of data samples. The working
electrode was a fresh Fe electrode.



A. Eftekhari / Physics Letters A 332 (2004) 382–388 387

ac-
ion
he

in

t of
Ac-

for

ri-

ing.
im-
s th
od

dur-

e of
.
de
sis-
the

y to
s-
e

ity. It
the

the
tem

w:
(as
e-

on
ick
sta-

eak
.
ion

eads
(and
e-
ant

ys-
d by
ies.
ap-
or.
ur
unt

the

r-
s
im-
-
opy
m-

sing

lic

e-

hat
θ1 and a fraction ofθ2, respectively[23]. Accord-
ing to this mechanism proposed in[23] and the gen-
eral analysis of the Faradaic impedance of a re
tion involving adsorbed intermediate, an express
for the system under investigation which follows t
rate equation can be derived:

(1)
dθ1

dt
= k1(1− θ1 − θ2) − k2θ1 − k3θ1n.

The general equivalent circuit is illustrated inFig. 2(c).
For the impedance spectra shown inFig. 2(a):Rct > 0,
Rp > 0, andCp > 0, whereas the spectra shown
Fig. 2(b): Rct > 0, Rp < 0, andCp > 0. Indeed, the
behavior observed can be understood in the ligh
change of the sign of the polarization resistance.
cording to the typical model described in Section3.1,
negativity of the polarization resistance is needed
the appearance of oscillatory behavior.

The capacity of the double layerCdl and the charge
transfer resistanceRct are independent of the expe
ment time, but the polarization resistanceRp can be
significantly changed in the course of electrode ag
This is the main reason for the dependence of the
pedance spectrum shape on the electrode aging, a
sign ofRp is changed upon aging. It can be understo
by expressing the main parameters:

(2a)Rct =
[
e|j |
kT

dφsc

dφ

]−1

,

(2b)Rdl = −
[
2eΓmk1

dθdl

dφ

]−1

,

(2c)Cp = 1

k3nRct

Rdl

Rdl + Rct
,

(2d)Rp = Rct(1+ Rct/Rdl)

k1+k2
k3n

− Rct/Rdl
.

It is known that double layer resistance increases
ing passivation. Upon aging, theRct/Rdl was suffi-
ciently increased to be higher thank1 + k2/k3n, thus,
the sign ofRp changes. The negativity ofRp achieved
as a result of electrode aging satisfies the entranc
the impedance spectrum into the second quadrant

Indeed, growth of passive film on the electro
surface and consequently increase of the film re
tance (or system resistance) results in negativity of
e

Faradaic impedance at a sufficiently high frequenc
form a Hopf bifurcation, which is needed for the o
cillations to occur. However, long-time aging of th
electrode increases the system resistance superflu
is known that increase of the system resistance or
external resistance from a critical value leads to
disappearance of oscillatory behavior, as the sys
has achieved a stability condition[24]. It is also under-
standable from electrode morphology point of vie
(i) the surface of the fresh electrode is still stable
not corroded yet) to avoid participation in the activ
passive transition, however, (ii) the film formed
the aged electrode is unstable, whereas, (iii) the th
passive formed on the over-aged electrode became
ble during a long-term passivation and does not br
down to participate in the active–passive transition

It can be understood from theoretical considerat
and a mathematical model such as that proposed in[8],
as time-dependency of impedance spectroscopy l
to a gradual increase of the system impedance
consequently changes of the corresponding param
ters). However, such small changes lead to signific
difference in dynamical behavior of a complicated s
tem such as an electrochemical oscillator, as judge
the shape of impedance spectrum at low frequenc

It should be emphasized that this is not an
proach for the observation of oscillatory behavi
It is an experimental error, which involves in o
measurements and is not usually taken into acco
in the literature. For example, we can consider
results presented inFigs. 3 and 4(curves (a), (b)
and (c)) as Fe/(14.8 M H3PO4) (fresh), Fe/(14.8 M
H3PO4) (short-delayed) and Fe/(14.8 M H3PO4)
(long-delayed). While cyclic voltammetric characte
ization of the Fe/(10 M H3PO4) (fresh) system doe
not suggest oscillatory behavior (not shown, a CV s
ilar to those illustrated inFig. 1, but featureless with
out any current oscillations), impedance spectrosc
may suggest oscillatory behavior if the cell was si
ply stayed for a while before experiment (Fig. 3(b))
or when the measurements were performed u
more data during a longer experiment time (Fig. 4(c)).
Surely, it is an experimental problem. The cyc
voltammetric measurementsare performed for the Fe/
(14.8 M H3PO4) (fresh) system, whereas the imp
dance spectra for the Fe/(14.8 M H3PO4) (short-
delayed) system or the Fe/(10 M H3PO4) (long-
delayed) system. In fact, it is aimed here to clarify t
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these are three different systems, but their differen
are not usually addressed in the literature.

On the other hand, the results can be used
design of new oscillators; as can be seen, the/
(14.8 M H3PO4) (fresh) is not an electrochemic
oscillator, but Fe/(14.8 M H3PO4) (short- or long-
delayed) systems may display oscillatory behav
Based on the results reported, it is suggested
when talking about an electrochemical oscillator, it
is necessary to address the time of experiment
well as other parameters such as electrolyte concen
tration. Non-linear scientists well know this proble
that time-series will show oscillatory behavior at c
tain ranges of time. Indeed, as well as chronoamp
metric measurements for recording time-series of a
electrochemical oscillator, the time parameter is
importance and should be taken into account du
impedance spectroscopic measurements.

By definition, impedance spectroscopy is a s
sitive technique, which should be applied only
systems having well-defined time-independent ste
state. On the other hand, impedance spectroscopy
powerful tool to investigate complicated systems s
as electrochemical oscillators. Therefore, impeda
spectroscopy can be applied for study of electroche
cal oscillators, only by taking into account the proble
of severe time-dependent nature of such complica
systems. This issue is of great importance for com
ative studies.

4. Conclusion

It was demonstrated that impedance spectrosc
is strongly time-dependent and this time-depende
is very important for the investigation of complicat
systems such as electrochemical oscillators. For a
sitive system (which oscillates only at certain valu
of controllable parameters), depending on the rest t
spent before the experiment or length of measurem
duration, the impedance spectra suggested diffe
dynamical behavior for the system under investi
tion. Indeed, it was demonstrated that how muc
system with non-linear dynamics such as electroch
-

ical oscillators are time-dependent, and how much
time-dependency has influence on its dynamical
havior.
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