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Impedance spectroscopy is often used in the laboratory to study the kinetics of electrochemical
systems with rotating disc electrode devices. A possible application of this method may be the con-
trol of electrochemical processes because it allows analysis of a system over a large frequency
range, measurement of reaction or cell parameters like the electrolyte ohmic drop and the inter-
facial capacitances, and characterization of the kinetics of electron transfer and the hydrodynamic
behaviour of the electrolyte. In this work the feasibility of studying the kinetics of an electrochemical
system by voltammetry and impedance spectroscopy in a laboratory filter-press cell is described, under
conditions approximating those of a subsequent industrial plant. Using a model system such as Fe 111
complex reduction in an aqueous solution of KOH on a titanium electrode, the hydrodynamics of the
cell was studied from the low frequency part of the impedance diagram, corresponding to the
diffusion-convection impedance. The results were described as a first approximation by the Nernst

model and were consistent with the description of the system under steady-state conditions.

1. Introduction

Impedance spectroscopy is often used to study electro-
chemical systems to obtain a better understanding of
electrochemical reactions such as dissolution or depo-
sition of metals, corrosion or insertion in electrode
materials for batteries. More practically, it is also used
to measure electrolyte conductivities, determine cor-
rosion rates for metals and alloys and characterize the
discharge of batteries, etc [1, 2].

Another possible application of this method is the
control of electrochemical processes. For many pro-
cesses, it is important to measure reaction or cell
parameters during operation. In electrochemical
engineering, the mass transport coefficient is generally
determined by steady-state current measurements
with kinetical control by the diffusion of reactive
species. Impedance spectroscopy offers extended
posstibilities: for instance, it allows analysis of a system
over the entire frequency range, measurement of the
clectrolyte ohmic drop and the interfacial capaci-
tances and characterization of the kinetics of electron
transfer and the hydrodynamic behaviour of the elec-
trolyte. These impedance measurements are possible
over the full potential range and allow the study of
mixed conditions of mass transport and electron
transfer. It may be expected that impedance measure-
ments carried out on one or both operating electrodes,
or on any part of the cell (membrane, for example)
and compared with typical diagrams obtained in
normal conditions, could act like an electrochemical
sensor, allowing the evaluation of the shift from
normal behaviour.
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Most impedance results have been obtained in the
laboratory with rotating disc electrode devices. The
aim of this work was to point out the feasibility of
conducting impedance measurements with a cell simi-
lar to an industrial electrolyser. Impedance measure-
ments were carried out with a simple redox system,
first on a rotating disc electrode, then in a laboratory
filter-press cell with electrolyte circulation. The chosen
reaction was Fe III complex reduction, in an aqueous
solution of KOH, on a titanium electrode exhibiting
good mechanical properties and electrolyte resistant
under the studied conditions.

2. Experimental details

Experiments were carried out at ambient tempera-
ture. The electrolyte was an aqueous solution of
K;[Fe(CN)s] and K,[Fe(CN)], each at a concen-
tration of 5 x 107*M, and of KOH 1 M. Measure-
ments at the rotating disc electrode were carried out in
an argon atmosphere and in a closed Pyrex cell. The
working electrode was the cross section of a titanium
round bar, with a geometrical area of 0.196 cm?, coated
with PTFE and fixed on a rotating electrode (Tacussel).
The titanium surface was mechanically polished with
diamond paste (1 um), then cleaned in an ultrasonic
system and rinsed in alcohol and water before each
run. The cell also contained a calomel reference elec-
trode (SCE) and a platinum auxiliary electrode.

The filter-press cell (Fig. 1) was composed of PTFE
frames and titanium plates, tightened on silicone
rubber gaskets which delimited an active area of
12 cm? on the working electrode. The titanium auxili-
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Fig. I. Schematic representation of the filter-press
cell.

ary electrode was covered with ruthenium dioxide. A
Luggin capillary, situated in the middle of one side of
the electrolysis compartment, joined it to a calomel
reference electrode.

The electrolyte circuit was adapted for impedance
measurements: a very regular flow was required to
limit the scatter of low frequency impedance measure-
ments. The cell was supplied by an overhead reservoir.
The flow rate depended on the difference in levels
between the reservoir and the cell (2 m) and on the loss
of head which depended on the cross section of the
pipes (0.34cm?) and the cell entrance (0.1cm?). The
flow rate was measured with a ball flowmeter. In this
configuration, the maximum flow rate was 15¢m®s™".
The compartment was 0.6cm thick and 3cm wide,
hence the maximum velocity was 8.3cms™".

All measurements at the rotating disc electrodes
and in the filter-press cell were carried out with three
electrodes in potentiostatic mode. For voltammetric
measurements, a PRT 20-2X potentiostat (Tacussel)
was used. Impedance measurements were conducted
with a Schlumberger 1172 frequency response analyser
and a 1186 electrochemical interface, and with a
9836 Hewlett Packard computer. Impedances were
measured between the working electrode and the
reference electrode. Potentials were referred to the
saturated calomel electrode (SCE).

3. Measurements with a rotating disc electrode

These measurements were carried out under well
defined hydrodynamic conditions and acted as a refer-
ence for subsequent studies in the filter-press cell.
3.1. Voltammograms and steady-state measurements
Voltammograms were plotted for a potential sweep of

100mV s~ ! and various electrode rotation rates, r, in
r.p.m. (Fig. 2). The absolute value of the reduction

overpotential of Fe III complex was much higher than
that measured with, for example, a platinum elec-
trode. It depended on the direction of the potential
sweep as may be seen from the hysteresis observed on
the curves. Over the entire studied potential range, the
titanium electrode is covered with a TiO, layer which
is an n type semiconductor. The barrier effect related
to this type of conduction prevented any oxidation of
Fe II complex in the anodic polarization range. At
the bottom of the voltammetric wave, the reduction
kinetics of Fe III was limited by the electron transfer
at the TiO, electrolyte interface and the current den-
sity did not depend on the rotation rate of the elec-
trode. Then, it was simultaneously limited by the
electron transfer and by the transport of Fe III species
in the electrolyte, and finally by the transport alone for
potential values lower than —1V. The overpotential
depends on the doping level of the semiconducting
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Fig. 2. Measurements with a rotating disc electrode: influence of the
electrode rotation rate r on the voltammogram at 100mVs™';
S = 0.196cm’ r (r.p.m.) = 0 (a), 500 (b), 1000 (c), 1500 (d),
2000 (e), 2500 (f).
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Fig. 3. Measurements with a rotating disc electrode: variation of the

steady-state limiting diffusion-convection current with the square
root of the rotation rate w = Ir/30.

oxide layer. The hysteresis of the voltammograms may
be due to a modification in the doping level of the
oxide by an insertion-deinsertion process during the
single and return sweep, as recently proposed [3].

The steady-state current density measured on the
limiting diffusion-convection plateau followed the
Levich law. The diffusion coefficient of Fe III complex
was calculated from the slope of the I, against w'?
straight line in Fig. 3, where w is the electrode rotation
rate in rads™', assuming the active electrode area
equal to the geometrical area and taking v = 1.064 x
107 cm® s~ ' [4] for the kinematic viscosity of the sol-
ution. Therefore

Deey = 58 x 107°cm?s™!

This value is in good agreement with results found in
the literature. Using it, a Schmidt number of S¢ = v/
D = 1830 was calculated.

3.2. Impedance measurements

Impedances were measured for several electrode
potentials and were plotted in the electrochemists’
Nyquist plane (Re Z, —Im Z). For low current den-
sities (Fig. 4a), a semi-circle appeared at high fre-

nection of the transfer resistance R, and the interface
capacitance C;. The frequency measured at the top of
the semi-circle followed the relation 27/, R, C;, = 1 and
characterized, for a given potential, the interface state
(C;) and the kinetics of electron transfer (R). The
interface capacitance, C;, was the series connection of
the charge space capacitance of the semiconducting
TiO, layer and of the double layer capacitance of the
electrolyte, Cy.. The C; value, lower than that mea-
sured on a metal where C, = Cy was, however,
of the same order. On the other hand, the value
of the transfer resistance related to the doping level
of the TiO, layer was higher than for a metal such
as platinum. This explained why the high frequency
arc was observed in the frequency measurement range
(f < 10* Hz) whereas it cannot be seen for a platinum
electrode.

The diffusion-convection impedance of Fe III
species appeared in the low frequency range. Its relative
importance increased as the current density increased
(Fig. 4b and c). Close to 10 Hz, a linear part making
a 45° angle with the real axis, characteristic of
the Warburg impedance, was observed. When the
diffusion-convection plateau was reached, the transfer
resistance became negligible (Fig. 4d).

The influence of electrode rotation rate was studied
at an electrode potential of —0.85V where the two
impedance arcs are well separated and the imaginary
part of the impedance was plotted versus the log-
arithm of frequency for several electrode rotation
rates (Fig. 5). As the rotation rate increased, the rela-
tive extent of the diffusion impedance increased and
the characteristic frequency, /., at the extremum of
—1Im Z is the low frequency range shifted towards
low frequencies. The value of f; was determined by
parabolic approximation around the extremum.

With the Nernst approximation of the concentration
profile near the disc electrode, f; is theoretically
expressed as [5-8]

2nfy = (H

The constant in Equation 1 varies from 2.52 to 2.54
depending on the authors. D is the diffusion coefficient
of the electroactive species and & is given by Levich
theory [9]

2.53D/&°
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Fig. 5. Measurements with a rotating disc electrode: variation of the
imaginary part of the impedance with the logarithm of frequency
for several rotation rates, at the potential of —0.85V/SCE. r
(r.p.m.) = 3000 (a), 2500 (b) 2000 (c), 1600 (d), 1300 (e), 1000 (f),
700 (g), S00 (h).

So, fy varies linearly with @
2nfy 0.98(D/V)Pw = 0.98Sc o (3)

where Sc is the Schmidt number already mentioned.

Taking into account a more realistic profile of con-
centration near the disc, Levart and Schuhmann
solved the diffusion-convection equation using a series
expansion [10]. They defined a dimensionless fre-
quency, ¥ = (2nf]®)Sc'”(0.510)7* and tabulated the
real and imaginary parts of the impedance as a func-
tion of u for S¢ = o, S¢c = 10° and Sc = 10°. They
also gave correction parameters which allowed cal-
culation of the impedance for intermediate values of
Sc. By polynomial interpolation of these tabulated
impedance data, we numerically determined the charac-
teristic frequency uy = (2nfy/w)Sc'?(0.510)~** which
dependend on Sc, in opposition to the Nernst model
(Equation 3).

In the range 1000 < Sc < 2000, u; could be
approximated by ug = 1.22 + 2 x 1077 Sc. Then

2nf, = 0.638Sc 1P(1.22 + 2 x 107° Se)w
for 1000 < Sc < 2000 @)

The variation of f; with the rotation rate o is
represented in Fig. 6a. The Sc values were determined

from the slope of the straight line using Equation 4,
then the diffusion coefficient was calculated as D =
v/Sc:

Sc

This method of determination of the diffusion
coefficient is independent of the species concentration
and of the real area of the electrode, as opposed to the
method based on the steady state I, agamst w'?
relation. However, because the values of f; appeared
in the low frequency range, the effect of the relative
imprecision of Af;/f; on the determination of fy and
then on the slope was not negligible. It followed an
inaccuracy in the determination of Dg,y;, because the
slope of the straight line of Fig. 6a was raised to a
power of 3 to estimate Sc from Equation 4. In view of
the inaccuracy of impedance data and of limiting
steady-state currents, the values of D,y obtained by
these two methods were consistent. In Fig. 6a the fq
values calculated using the Nernst approximation
from Equation 3 are also reported as the dashed line.
In Fig. 6b, the results are plotted using a bi-logarithmic
scale. It may be seen that the Nernst model, despite its
approximate character, provides a first approximation
of the diffusion-convection model at a rotating disc
electrode.

1797 and Dy = 5.9 x 107 %cm’s™!

4. Filter-press cell measurements

The presence of a reference electrode in the filter-press
cell (Fig. 1) allowed measurement of electrochemical
kinetics as with a classical electrolysis cell.

4.1. Voltammograms and steady state measurements

Voltammograms were obtained for a potential sweep
of 100mV s~! and for several values of the electrolyte
flow rate (Fig. 7) and the steady-state limiting current
I, was measured versus the flow rate at a potential of
—1.25V. These values were plotted versus the velocity
of the electrolyte, v,, using a bilogarithmic scale
(Fig. 8a) and in a dimensionless form (Fig. 8b).

The classical correlations found in the literature
concerning mass transport express the Sherwood

number (Sh = d/J,,) against the Schmidt (S¢ = v/D)
and Reynolds (Re = v,d[v) numbers:
Sh = kSc*Ré* (%)

Fig. 6. Measurements with a rotating disc electrode:
variation of the characteristic frequency of the diffusion-
convection impedance with the rotation rate of the
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Fig. 7. Measurements carried out in the filter-press: influence of

the electrolyte velocity on the voltammogram. v = 100mVs™';

S = 12em?; 9, (cms™') = 7.92 (a), 3.96 (b), 1.98 (c).

where d 1s a characteristic length for the cell and §,, is
the average thickness of the diffusion layer in the
Nernst model

0y = FSDgyFe IIT*/ I, (6)

Fe III* refers to the bulk concentration of Fe III
complex and S to the electrode area.

In the majority of cases, « = 1/3 whereas f§ depends
on the type of hydrodynamic flow (laminar or turbu-
lent) and on the cell geometry.

The cell was assumed to be a rectangular channel
with width b and thickness 4. The principal corre-
lations found in the literature [11, 12, 13] for this
geometry are summarized in Table 1. The average
Reynolds number was calculated by assuming that
the charactistic length was the hydraulic diameter, 4,
defined in Table 1 (d = 1cm for the used cell). The
maximum linear velocity was v, = 8.33cms ', that is
Re = 783. These conditions corresponded theoreti-
cally to laminar (Re < 2000) nondeveloped flow
({, = 9.5cm for d = 1cm) (Table 1).

For the mass transport at the entrance of a channel
in nondeveloped laminar flow a variation of Sk with
Re% may be observed (Table 1), that is a variation of
the current with o5°. From the slope of the logarithmic
plot in Fig. 8a and Fig. 8b, we deduced § = 0.71. This
high exponent is characteristic of turbulent flow or for

the transition range between laminar and turbulent
flow (Table 1). The experimental relation describing
the mass transport in the filter-press cell did not corre-
spond to a simple theoretical model. Several phenom-
ena may contribute to the turbulent flow: the measured
behaviour was the average behaviour over the entire
area including the edge effects, which are important
due to the small size of the cell. To obtain the larainar
flow law, the fluid velocity must be uniform through-
out the cell entrance. The channel geometry and the
high Reynolds number at this location (narrow open-
ing), led to turbulence which may have modified the
subsequent flow. These equations are valid for a
smooth surface, however the electrode had some
roughness (1 um), which was of the same order as
the thickness of the average diffusion layer on the
¢lectrode.

4.2, Impedance measurements

4.2.1. General characteristics of the diagrams. The
impedance diagrams were plotted for several elecirode
potentials and for an electrolyte velocity of 7.9cms ™',
Their general shape was the same as for a rotating disc
electrode. At —0.5V (Fig. 9a) the diagram was
composed of a single arc corresponding to the transfer
resistance in parallel with the interface capacitance.
From —0.7 to — 0.8V (Fig. 9band ¢), it had two parts
separated to an extent depending on the clectrode
potential: the high frequency part was a semi-circle
and the low frequency diffusion-convection impedance
had a shape analogous to that already measured with
the rotating disc electrode (the part which makes a 45°
angle with the real axis). At — 1V, only the diffusion-
convection impedance was observed (Fig. 9d).

The influence of cell geometry on different par-
ameters was indicated by the comparison of the dia-
grams plotted for the two electrolysis cells. The high
frequency limit of the impedance diagrams, which
represents the sum of the circuit resistances (elec-
trolyte, electrode, contacts), was of the order of 5Q
with the rotating disc electrode where there are high
contact resistances, and around 0.5 Q in the filter-press
cell. In the latter case, it may be considered as the
resistance of the volume of electrolyte situated between
the tip of reference electrode and working electrode,

Table 1. Theoretical correlations for mass transport in a rectangular channel with width b, height h and length I, from [11, 12, 13]

Hydraulic diameter

Developing length
Re = vydjv

d = 4bh/2b + h)
I,/d = 0.00648 Re

Laminar flow Undeveloped flow

Developed flow

Sh,, = 0.678 Re}?Sc'/*

Shy = kqllv and Re, = vyl|v
Sh,, = 1.85[Re Scdji]'?

Sh = kydfv and Re = vydfv

Turbulent flow Entrance region

Developed flow

Sh,, = 0.276 (Re)**¥(Sc)* (d/H)"?
Sh = kydfv and Re = wyd|v
Shy, = 0.023 Re®3Se!3

Sh,, = kydfv and Re = vydfv
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Fig. 8. Measurements carried out in the filter-press cell:
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which is proportional to the thickness of the compart-
ment and inversely proportional to the electrode area.
The electron transfer resistance, R,, and polarization
resistance, R, = lim,, Z, are inversely proportional
to the electrode area but their specific values expressed
in Qcm? are independent of the cell used. At —0.7V,
for example, R, was 1.5Q for the filter-press cell and
90 Q) for the rotating disc electrode and the specific
value was 7.5Q cm? for both cells. The high frequency
capacitance which characterizes the electrode-solution
interface is proportional to the area. Its specific value
expressed in F/cm 2 was identical for both electrodes
(9.2 x 107° Fem™?). The characteristic frequency, f,
measured at the top of the high frequency arc such
that 2nf,R,C, = 1, was thus invariable and indepen-
dent of the electrode size, and characteristic of the
activation kinetics, R,, and of the nature of the inter-
face, C;. This comparison showed the validity of kinetic
measurements carried out in the filter-press cell.

4.2.2. Influence of the electrolyte flow rate. The
impedance diagrams were plotted at an electrode
potential of — 0.7 V where the two arcs of the diagram
are well separated and for an electrolyte flow rate
varying from 1.42cm’s™! to 13.7cm’s”', that is
a velocity varying from 0.79cms™' to 7.6cm s
(Fig. 10).

As for the rotating disc clectrode, the relative extent
of the diffusion-convection impedance varied with the
electrolyte flow rate and its shape remained the same.
As the flow rate decreased, the characteristic fre-
quency, f;, measured at the extremum of —Im Z in
the low frequency range, moved towards the low fre-
quencies. The bi-logarithmic plot of Fig. 11 shows that

£, varied proportionally to vg*.

variation of the limiting diffusion-convection steady-
3 state current with the electrolyte velocity v,. (a) log I,
against log v,; (b) log Sh against log Re.

4.2.3. Interpretation. The theoretical calculation of the
convective-diffusion impedance requires knowledge of
the concentration profile near the electrode-electrolyte
interface, which depends on the electrolyte flow
rate given by the solution of the Navier-Stokes
equation. Compton and Seally [14] rigorously solved
this equation for the case of a fully developed laminar
flow. However, the theoretical results of these authors
do not apply to our results as we have already pointed
out for our steady-state measurements.

Thus, we used the Nernst model approximation
which assumes 4 motionless layer at the interface, in
which mass transport takes place only by diffusion.
Beyond this layer, the solution is assumed perfectly
mixed and the concentrations of the electroactive
species are those of the bulk. The impedance was
calculated by assuming that the disturbance did not
extend beyond the layer d,,. In the filter-press cell, the
current density was not uniform at the electrode sur-
face (edge effects) and §,, was regarded as the average
thickness of the diffusion layer.

§,, was calculated from I, data and Relation 6, and
substituted in Relation 1. The corresponding values
of the calculated characteristic frequency were plotted
in Fig. 11. There was therefore a slight difference
between the experimental values of f; measured at the
extremum of the diffusion-convection impedance arc
and those calculated in the Nernst model from f,, as
was already observed on the rotating disc electrode in
Fig. 6a. This is because the Nernst approximation of
the concentration near the electrode surface is very
crude.

Figure 11 shows that f; varies with the electrolyte
velocity in the filter-press cell as: f; = kvg®. The
exponent was in agreement with the steady state

a b
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g 1t o 1. .8 NE . Fig. 9. Measurements carried out in the filter-press celk:
< 3 B T 2 influence of the electrode potential on the impedance
o’ . ! N olL . 1 diagram for an electrolyte velocity of 7.92cms™". Poten-
(V] 1 2 3 0 s 10 15 tial: (V/SCE) = —0.5(a), —0.7 (b), —0.8 (c), —1.0(d).
Re Z () Re Z (1) - Parameter: logarithm of frequency (Hz).



STUDY OF A FILTER PRESS CELL BY IMPEDANCE SPECTROSCOPY

997

a b
g 8 2
N 3 N 0
0 £ 3.,
E ] @, = EC I P
T o il Tol 7 >
0 1 2 [4] 1 2 3
Re Z () Re Z (Q)
d
2 £ ~ af
g 3
N R NooL Q.- = . ) .
£ 3 e £ ’,,:" Fig. 10. Measurements carried out in the filter-press cell:
Tol 7 . L Vol ¢ , . L influence of the electrolyte velocity on the impedance
diagram, at a potential of —~0.7V/SCE. v, (cms™') =
0 1 2 3 4 S 0 2 4 6 8 i0 ’ 0
Re Z (Q) Re Z () 7.92 (a), 4.95 (b), 3.65 (c), 2.22 (d). Parameter: logarithm

measurements and was characteristic of a turbulent
flow or for the transition between a laminar and tur-
bulent flow and the constant & was characteristic of
hydrodynamic conditions in the filter-press cell. Its
value could be approximated using the Nernst model.

5. Conclusion

Using a model system, such as the reduction of Fe 111
complex, the possibility of studying the hydrodynamics
of an electrolysis cell by impedance spectroscopy was
illustrated. The low frequency part of the impedance
diagram, corresponding to the diffusion-convection
impedance, were described to a first approximation
by the Nernst model and the results were consistent

05

Log f4 (Hy)

-1.9 1 : 2 i
(1] 02 04 0.6 08 1
Log Volem s

Fig. 11. Bilogarithmic representation of the characteristic fre-
quency of the diffusion-convection impedance versus the electrolyte
velocity at a potential of —0.7 V/SCE. (O) Experimental values
measured on the impedance diagrams; (a) values calculated with
the Nernst model from I, .

of frequency (Hz).

with the description of the system under steady-state
conditions.

These measurements showed the possibility of
studying the kinetics of an electrochemical system by
voltammetry and impedance spectroscopy in a mini-
pilot filter-press cell and under conditions near those
of a subsequent industrial plant.

Impedance spectroscopy allows measurement of
characteristics of the cell or the electrode, of electro-
chemical reaction and the hydrodynamics during
operation and over the entire range of frequencies
and electrode potentials. This method may find appli-
cations to control and eventually optimize the oper-
ation of an electrochemical reactor.
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