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a  b  s  t r a  c  t

A new  trielectrode  probe  is presented  and applied  to local electrochemical impedance  spectroscopy

(LEIS)  measurements.  As opposed to  twoprobe  systems,  the  threeprobe  one  allows  measurement  not

only  of normal,  but  also  of radial contributions of local  current densities  to the  local impedance values.

The  results  concerning  the  cases  of the  blocking electrode  and the  electrode with  faradaic  reaction are

discussed from the  theoretical  point  of view  for a disk electrode.  Numerical simulations and  experimental

results  are compared for  the  case of the  ferri/ferrocyanide  electrode reaction at  the  Pt  working  electrode

disk.  At  the  centre of the  disk,  the impedance  taking into account  both  normal  and  radial contributions

was  in  good agreement  with the  local impedance measured in  terms  of  only the  normal  contribution.  At

the  periphery  of  the electrode,  the  impedance taking into  account  both normal  and  radial  contributions

differed  significantly from the  local impedance  measured  in terms of only  the  normal  contribution.  The

radial impedance results  at  the  periphery  of the electrode are  in good agreement  with  the  usual expla

nation  that the associated  larger  current  density  is attributed to the  geometry  of  the electrode,  which

exhibits  a greater  accessibility at  the  electrode edge.

1. Introduction

Local electrochemical techniques such as  scanning elec

trochemical microscopy (SECM), scanning vibrating electrode

technique (SVET) or local electrochemical impedance spectroscopy

(LEIS) are now widely used for the characterization of surface reac

tivity [1–6], the determination of electron transfer kinetics [7–9],

as well as studying complex electrochemical reactions [10–12].

Among these techniques, local electrochemical impedance spec

troscopy (LEIS), pioneered by Isaacs et al. [13,14], takes advantage

of electrochemical impedance spectroscopy to probe the local elec

trochemical reactivity of an interface [15–17]. From this seminal

work, different approaches have been envisioned for measuring

LEIS. The most widespread procedure employs a bielectrode to

sense simultaneously the local potential at two locations above the

substrate [18,19]. This can be achieved using a  large bielectrode (Pt

electrodes in the millimetre range with an interelectrode distance

of few millimetres are commercially available) [20–23] or smaller
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probes that consist of two microelectrodes embedded in a glass

capillary [14,19,24,25]. In the latter case, Ag/AgCl microreference

electrodes can be used [19]. The local current density is thus calcu

lated from this local potential difference and the Ohm’s law for the

electrolyte.

An adaptation of SVET to AC polarization was also devised and

took advantage of the use of a single probe that is vibrated, allowing

a fine and easy control of the interelectrode distance by controlling

the amplitude of the vibration [26,27]. This technique, however,

suffers from local convection induced by the probe vibration and

from the contribution of the redox potential at a metallic electrode

[26]. Since the deposit of Ag/AgCl at the apex of the vibrating tip

results in a  fragile probe, no significant improvement in the mea

surement of the local potential can be reached.

A common feature of the above configurations is that only the

normal component of the ACcurrent in solution is monitored, i.e.,

curvature of equipotential surfaces in solution is not taken into

account. Therefore the resulting estimate for local current density

is valid only when the sensing probe is located above the centre of

the domain of interest; otherwise the local current in solution is the

vector sum of both the normal and the radial components. In addi

tion, in spite of the capability of SVET to measure simultaneously

the normal and radial dccurrent components [28–32], to the best

     



        

of our knowledge, only the normal component of the current has

been considered for the measurement of LEIS.

More recently, some developments of the microcell technique

have been reported [33,34], where only a small area of an electrode

is isolated by a glass capillary and placed in direct contact with the

electrolyte for performing LEIS measurements. It should be noted

that using a microcapillary, equipotential surfaces are constrained

by the capillary geometry, thus equipotential surfaces are parallel

to the electrode surface along the cylinder between the working

electrode and the counter electrode. With such a device, local mea

surement can be performed, but the electrochemical response does

not account for the surrounding environment of the local domain

analyzed.

The objective of the present work is to report on the use

of a trielectrode system which is used for the first time to

perform LEIS measurements. A theoretical framework is devel

oped for a classical blocking electrode and for an electrode

with faradaic reaction, allowing a  direct comparison with previ

ous works [24,25,35–37]. Then, experimental investigation for a

model system (ferri/ferrocyanide redox couple at Pt electrode) was

performed to illustrate the relevance of the simultaneous measure

ment of both normal and radial current components.

2. Experimental

The instrumentation, the new trielectrode current sensor, and

chemicals used in the experimental work are described below.

2.1. Instrumentation

The LEIS apparatus consisted of an inhouse made device

with a 3axis positioning system (UTM25, Newport) driven by a

motion encoder (MM4005, Newport) allowing a spatial resolution

of 0.2 mm in the three directions. The potentials were controlled by

a homemade potentiostat. The experimental setup was computer

controlled by a  single software developed under the Labview®

environment. Use of a fourchannel frequency response analyzer

(Solartron – FRA 1254) allowed both global and local impedances

to be recorded simultaneously [24,36,38]. Homemade lownoise

analog differential amplifiers with both variable gain and high input

impedance were developed for recording both the local potentials

and current variations.

The LEIS experiments were performed using 50 mV peakto

peak sine wave perturbation, 50 acquisition cycles over a  frequency

range of 65 kHz to 100 mHz with 7 points per decades.

2.2. Trielectrode current sensor

The trielectrode consisted of three silver microwires of 100 mm

in diameter, each of them laterally insulated using a cataphoretic

paint (few micrometers thick), and then sealed in a  capillary glass

with an epoxy resin. The electrode arrangement was optimized for

the measurement of both normal and radial local current densities

(Fig. 1). Such a setup is equivalent to the vibrating probe developed

for SVET experiments, except that the use of a multi sensor avoided

local forced convection. The apex of the electrode was polished with

SiC emery paper up to 1200 grade, and an electrochemical deposit

of AgCl was performed by potentiostatic oxidation of Ag in a KCl

0.5 M solution on each electrode. This set of reference microelec

trodes allowed simultaneous measurement of three local potentials

in the close vicinity of the substrate. It should be mentioned that,

as previously demonstrated, the relevant parameters for the local

measurements are the size of each probe, the distance between two

probes, and the tiptosample distance [15].

Fig.  1. Optical  image of a  silver trielectrode  used  for LEIS  measurement. Each  wire

is  100 mm in  diameter.

2.3. Chemicals and samples

All the experiments were performed using analytical grade

chemicals as received. Electrolytic solutions were prepared in

twicedistilled water (18 M� cm). A 10 mM ferri/ferrocyanide solu

tion was prepared in a 0.5 M KCl electrolyte. A Pt working electrode

was laterally insulated with a cathaphoretic paint, heat treated

for 1 h at 150 ◦C, and then molded into an epoxy resin (Buh

ler, EpoxycureTM). This electrode was secured at the bottom of a

Teflon cell with an Oring larger than the nominal Pt diameter. The

counterelectrode was a large platinum gauze surrounding all the

electrochemical cell in order to minimize current and potential dis

tributions due to the cell geometry. A saturated calomel electrode

(SCE) was used as reference electrode. All potentials are reported

with respect to this reference unless otherwise stated.

3. Mathematical models

The mathematical models developed for this work and the defi

nitions employed in the description of the impedance response are

presented below. First, the definitions employed in the descrip

tion of the impedance response are presented. Then, simulations

were developed for a blocking electrode and an electrode with

Faradaic reaction. All simulations were performed using finite ele

ment method, implemented in Comsol Multiphysics on a PC.

3.1. Definitions

Previous works defined global, local, local interfacial, and local

ohmic impedances using a bielectrode for probing the solu

tion potential and a multichannel frequency response analyzer

[35–37]. The local ACcurrent density iloc(ω)  was obtained through

the Ohm’s law using [13]:

iloc(ω) =
1Vprobe(ω)�

d
(1)

where �  is the electrolyte conductivity, 1Vprobe(ω)  is the AC

potential difference between the two probes, and d is the distance

between the two probes. As shown in Fig. 2, for the disk geometry,

the local current density in solution is the vector sum of radial and

normal contributions:

in(ω) =
1Vn(ω)�

dn
(2)

ir(ω)  =
1V r(ω)�

dr
(3)



        

Fig.  2.  Current  and  potential  distributions in the vicinity of an  inlaid  disk  electrode.

where 1Vn is the potential difference measured by the probe in a

direction normal to the electrode surface, and 1Vr is the potential

difference measured by the probe in a radial direction, parallel to

the electrode surface.

The two local impedances, zn(ω)  and zr(ω), involve the electrode

potential measured with respect to a  reference electrode located far

from the electrode surface:

zn(ω) =
Ṽ(ω) − ˚ref

in(ω)
=

Ṽ(ω)

1Vn(ω)

dn

�
(4)

zr(ω) =
Ṽ(ω) − ˚ref

ir(ω)
=

Ṽ(ω)

1V r(ω)

dr

�
(5)

where Ṽ(ω) − ˚ref represents the ACpotential difference between

the working electrode and the reference electrode in the bulk solu

tion.

The two local interfacial impedances, zn
0
(ω) and zr

0
(ω), involve

the potential of the electrode referenced to the potential of the

electrolyte measured at the inner limit of the diffuse layer.

zn
0(ω) =

Ṽ(ω) − ˜̊
0(ω)

in(ω)
=

Ṽ(ω) − ˜̊
0(ω)

1Vn(ω)

dn

�
(6)

zr
0(ω) =

Ṽ(ω) − ˜̊
0(ω)

ir(ω)
=

Ṽ(ω) − ˜̊
0(ω)

1V r(ω)

dr

�
(7)

Thus, the local Ohmic impedances, zn
e (ω) and zr

e(ω), can be

deduced by calculating the difference between the local impedance

and local interfacial impedance for both normal and radial contri

butions.

zn
e (ω) = zn(ω) − zn

0(ω) (8)

zr
e(ω) = zr(ω) − zr

0(ω) (9)

Following previous developments in this area [34–37], the

Ohmic impedance can be a complex number. Throughout this

paper, the results are expressed in terms of a dimensionless fre

quency, K, which is defined by:

K =
C0 ω r0

�
(10)

where C0 is the interfacial capacitance and r0 is the electrode radius.

3.2. Blocking electrode

The potential  ̊ in solution in the vicinity of an inlaid disk elec

trode is governed by the Laplace’s equation.

∇
2˚ = 0 (11)

Using cylindrical coordinates and taking into account the

cylindrical symmetry condition, the potential distribution can be

expressed as:

∂2˚

∂r2
+

1

r

(

∂˚

∂r

)

+
∂2˚

∂y2
= 0 (12)

where y is the normal distance to the electrode surface, and r is the

radial coordinate. As a  blocking electrode can be described by a  pure

capacitive behaviour, the flux boundary condition at the electrode

surface was written as:

C0
∂(V − ˚0)

∂t
=  −�

∂˚

∂y

∣

∣

∣

∣

y=0

(13)

where �  is the electrolyte conductivity, V is the electrode potential,

and ˚0 is the potential just outside the double layer. On the sur

rounding insulator and far from the electrode surface, the boundary

conditions were given by:

∂˚

∂y

∣

∣

∣

∣

y=0

= 0 for r > r0 (14)

and:

 ̊ → 0 when r2
+ y2

→ ∞ (15)

3.3. Electrode with Faradaic reaction

The second model describes an electrochemical reaction of

redox moiety in solution that also takes into account current and

potential distributions. A onestep electrochemical reaction involv

ing a single electron exchange was assumed to occur at the disk

interface, e.g.,

ox + e−
⇄ red (16)

The reaction rate (v) follows the Butler–Volmer relationship:

v = k0
(

Cred exp

[

˛
F

RT
(V − E0)

]

− Cox exp

[

−(1 − ˛)
F

RT
(V − E0)

])

(17)

where Cred and Cox are the interfacial concentrations of elec

troactive species, k0 is the standard rate constant,  ̨ the transfer

coefficient, E0 the standard potential. If the electrochemical cell is

assumed to be convection free during the duration of the exper

iment, the mass transport of electroactive species is governed by

the second Fick’s law:

∂Ci

∂t
= Di

(

∂2Ci

∂r2
+

1

r

(

∂Ci

∂r

)

+
∂2Ci

∂y2

)

(18)

where the subscript i accounts for ox or red, and Di is the diffu

sion coefficient of the species i. For the electrochemical impedance

simulations, this problem was split in two contributions: a  steady

state contribution and a harmonic contribution. The latter was

obtained from the linearization of Butler–Volmer equation as

already described elsewhere [39,40]. Thus, the system to be solved

consisted in five coupled differential equations (two for each redox

moiety describing the steadystate and the harmonic contributions,

and one for the potential). The faradaic admittance was obtained

by integrating the flux along the radial direction of the electrode

for each angular frequency (ω = 2�f).



        

Fig.  3. Local  normal  and local  radial  impedances  (a), and  local  normal and local

radial  interfacial  impedances  (b) calculated  above  the electrode surface  (at a dis

tance  y  = 100  mm)  close to  the centre  of the disk  (r  = 100  mm)  with  C0 = 10 mF  and

�  =  0.01  S/cm.

4. Results and discussion

Simulations were performed for a  blocking electrode, and

both simulations and experiments were done for a model ferri

cyanide/ferrocyanide redox system.

4.1. Blocking electrode

In the following, the case of a blocking electrode is investi

gated. It consists of a disk electrode of 0.25 cm in radius, embedded

in an infinite insulator and which behaves as a pure capacitor

(C0 =  10 mF). The electrolyte conductivity is �  = 0.01 S/cm.

Calculated normal and radial local electrochemical impedances

are presented in Fig. 3a for a probe positioned above the electrode

surface (at a distance y = 100 mm) and close to the centre of the

disk (r = 100 mm). The highfrequency limit of the spectrum is about

0.5 � for the normal local impedance, and is much larger (about

320 �) in the case of the radial local impedance. Similarly, in the

case of the local interfacial impedance shown in Fig. 3b, the high fre

quency limit is about 12 m� for the normal contribution; whereas,

Fig.  4. Local normal  and local  total  impedances  (a);  and  local  normal and local

total  Ohmic  impedances (b) calculated  above the  electrode surface  (at a dis

tance  y  = 100  mm)  close  to  the centre of the  disk (r  =  100 mm)  with  C0 =  10 mF  and

�  = 0.01  S/cm.

it is about 8 � for the radial contribution. It should be noted that,

in both cases, the ratio of the high frequency limit is the same.

The local impedance calculated from both normal and radial

contributions under the conditions described for Fig. 3 is compared

in Fig. 4a to the local impedance calculated only with the normal

contribution of the current density. Diagrams are very similar in

both shape and intensity. The error made by using only the normal

contribution is about 0.2% in the high frequencies, and about 1.5% in

the medium frequencies. The local Ohmic impedance diagrams cal

culated from both normal and radial contribution are compared in

Fig. 4b to the local Ohmic impedance calculated only with the nor

mal contribution of the current density. As already observed in the

case of the normal component only [35–37], the diagrams exhibit a

single inductive loop in the highfrequency domain with the same

time constant than the one observed for the local impedance. Thus,

above the electrode centre, the use of only the normal current den

sity for the determination of the local impedances results in minor

error, usually in the range of the experimental error.

The local impedance calculated close to the electrode edge

(r = 0.24 cm) is presented in Fig. 5a. In that case, both local

impedances calculated from the normal or from the radial current



        

Fig.  5.  Local  normal,  local  radial, and local  total  impedances (a), and local  normal,

local  radial, and  local  total  interfacial  impedances  (b) calculated  above the electrode

surface  (at  a distance  y  = 100  mm) close  to  the edge  of the disk  (r  =  0.24  cm)  with

C0 = 10 mF  and  � = 0.01 S/cm.

density are of the same order of magnitude. As a  result, the local

impedance close to the electrode edge is smaller than the one cal

culated with only one contribution. For instance, if only the normal

current density is considered, the error is larger than 50% in the

whole frequency range. Such a behaviour is attributed to the geom

etry of the electrode, which exhibits a greater accessibility at the

electrode edge. The same trends are shown in Fig. 5b for the local

interfacial impedance. However, the difference between the radial

and the normal local interfacial impedances is larger because, close

to the electrode surface, the curvature of the current lines is less

significant.

The local Ohmic impedance calculated close to the electrode

edge is shown in Fig. 6a. The local Ohmic impedance calculated

with the normal current density is mainly capacitive with a small

inductive feature in the high frequencies. Conversely, the con

tribution calculated with the radial current density only is an

inductive loop in a higher frequency range. Thus, the local Ohmic

impedance is characterized by two time constants as shown in

Fig. 6b.

Thus in the case of a  blocking electrode, the geometry of

the cell cannot be neglected. The radial component of the

Fig. 6. Local normal, local  radial,  and local  total  Ohmic  impedances  calculated

above  the electrode  surface  (at a  distance  y  = 100  mm)  close  to  the edge of  the

disk  (r  =  0.24  cm)  with C0 =  10 mF  and �  =  0.01 S/cm;  zoom  on  the local  total  Ohmic

impedance.

current is to be considered when the probe is close to the

boundary between the conducting part of the electrode and the

surrounding insulator. It is also interesting to note that both

contributions of the local current density result in two different

timeconstants that can be observed in the local Ohmic impedance

spectra.

4.2. Ferri/ferrocyanide at a Pt electrode

Experiments and simulations were also performed on a model

system (Fe(CN)6
4−/Fe(CN)6

3−) in order to investigate the con

tribution of normal and radial current densities on the most

common contributions such as charge transfer resistance and dif

fusion impedances. Three successive global impedance diagrams,

performed with a 0.25 cm in radius Pt electrode in a 10 mM

ferri/ferrocyanide and 0.5 M KCl solution at the equilibrium poten

tial, are shown in Fig. 7. The Pt disk electrode was not polished

nor electrochemically activated in order to decrease the rate of the

electron exchange reaction (i.e., causing a larger charge transfer

resistance). The diagrams were obtained in absence or in  presence

of the trielectrode in the close vicinity of the substrate. It can be



        

Fig.  7. Global impedance  measurements  (successive  experiments)  on  a  Pt  elec

trode  immersed  in a ferri/ferrocyanide  solution  with  the  trielectrode  close  to  the

electrode  centre or close  to  the electrode  edge and without  the trielectrode.

seen that even if the presence of the probe undoubtedly modifies

the current and potential distributions at the disk, no significant

effect is seen.

Experimental local impedance diagrams are shown in Fig. 8a

for a probe position close to the edge or close to the centre of

the electrode. These diagrams have the same shape as does the

global measurement (Fig. 7) and have similar time constants. How

ever, the impedance close to the electrode edge is larger, which

corresponds to smaller current density at the electrode edge than

at the centre. This behaviour was previously observed by perform

ing systematic local impedance measurements along an electrode

radius of AZ91 Mg alloy [41]. Due to the edge effect, one can

imagine that the local current density should be larger at the elec

trode edge than at the centre [42,43], thus the radial contribution

cannot be neglected. This was confirmed by the use of the tri

electrode (Fig. 8b), which allows the radial local impedance to be

measured simultaneously with the normal contribution. The low

frequency limit (0.1 Hz) shown in Fig. 8b is about 8 times larger at

the electrode centre than at the edge, but the general shape of the

signal corresponds to a highfrequency capacitive loop attributed

to the charge transfer resistance in parallel with the double layer

capacitance, and the Warburg impedance in the low frequency

domain for the diffusion of electroactive species. In addition, a

high frequency inductive feature appears when the probe is above

the electrode centre. Such a  behaviour was previously attributed

to the disk geometry of the substrate [35–37]. Simulations were

performed to account for such a behaviour using finite element

methods to describe simultaneously diffusion of electroactive

species and current and potential distributions in the electrochemi

cal cell. All calculations were performed with a  diffusion coefficient

of 10−5 cm2/s, a  heterogeneous rate constant of 10−3 cm/s, a  trans

fer coefficient of 0.5, an equimolar concentration of redox moieties

(10−2 mol/l) a tiptosubstrate distance of 100 mm, an interelec

trode distance of 100 mm, C0 = 10 mF and � = 0.01 S/cm; and results

for both radial and normal local impedance are shown in Fig. 9. The

simulation results are in  agreement with the experimental ones,

showing that when the measurement is performed above the elec

trode centre, the normal component of the local current density

(thus, the normal local impedance) describes with a good approx

imation the local behaviour. However, close to the electrode edge,

the radial current density increases and can no longer be neglected.

It should be noted that such behaviour does not apply only for a  disk

electrode. It can be easily extended to more complicated system,

e.g., for multiphase electrodes for which discontinuity exists at each

boundary between grains. In fact, the influence of the radial com

ponent of the current was previously argued in the case of galvanic

coupling between two metals in order to explain the variations in

the high frequency domain of local impedance measured with a

bielectrode [44,45].

Fig.  8.  Local normal (a) and local  radial  impedances (b) experimentally  obtained  at

the  centre  and close  to  the  edge of  the electrode  in ferri/ferrocyanide solution  at  the

equilibrium  potential.

However, some differences between experimental and simu

lated diagrams can be noticed. In particular, the amplitude of the

diagrams is different and there is a  small shift of the character

istic frequencies. This is due to limitations of the simulation for

which we cannot extend the number of meshes throughout the

whole domain. To circumvent this problem, we have used geomet

ric parameters (probetosubstrate distance, distance between the

two probes) for the calculations slightly different from the exper

imental conditions. Accordingly, the simulations account enough

for the observed experimental variations and validated the contri

butions of the normal and radial contributions on local impedance

measurements. The objective was not to fit accurately the experi

mental results.

Fig. 10a shows the experimental local normal Ohmic

impedances measured at the centre and at the edge of the

electrode. In both case, two time constants are observed at 650 Hz

and at 1 Hz. It  should be mentioned that this impedance changes

from inductive to capacitive behaviour from the centre to the edge,



        

Fig.  9. Simulation  of  local  normal  (a)  and local  radial  (b) impedances  at  the cen

tre  and  close  to  the  edge for a faradaic  system  involving  diffusion;  (c)  zoom  of

the  local radial  impedance  close  to  the  edge.  Calculations  were  performed  with

D  = 10−5 cm2/s,  k0 = 10−3 cm/s, ˛  =  0.5, Cox = Cred =  10−2 mol/l, a  tiptosubstrate dis

tance  of  100  mm,  an  interelectrode  distance  of  100 mm,  C0 =  10 mF  and �  =  0.01 S/cm.

respectively. The HF time constant should be attributed to the

relaxation of charge transfer resistance in parallel with the double

layer capacitance, and the low frequency loop is to be linked to the

diffusion process.

Fig. 10. Experimental  local  normal ohmic  impedance  (a)  and local radial  (b)

impedances  at  the  centre and close  to  the edge in ferri/ferrocyanide  solution  at

the  equilibrium potential.

The radial contributions were also measured (Fig. 10b). Close

to the electrode edge, this local Ohmic impedance exhibits an

additional highfrequency time constant, which is attributed to

the geometry of the electrode, and a shift towards smaller

value of the time constant is also observed. Above the elec

trode centre, no reliable measurement could be obtained (see

below).

The numerical simulations of the two components of the local

Ohmic impedance are presented in Fig. 11a. A good agreement with

the experimental results presented in Fig. 10 for both the shape and

the frequency shift is observed. As shown in Fig. 11b, the radial local

Ohmic impedance is very large (in the mega Ohm range), which cor

responds to very small current density. This explains why the radial

contributions to local Ohmic impedance could not be measured at

the centre of the electrode, and why only the contribution at the

electrode edge is reported in Fig. 10b.



        

Fig.  11. Simulation  of  local  normal  ohmic  impedance  (a)  and local  radial (b)

impedances  at the  centre  and  close  to  the edge  for  a  faradaic  system  involving

diffusion.  Same  conditions  than  for  Fig. 9.

5. Conclusions

The numerical simulations show that the contribution of the

radial current to the impedance response is significant near the

electrode periphery for electrodes exhibiting both blocking and

faradaic behaviour. Thus, near the electrode periphery, the local

impedance calculated above the electrode surface using only the

normal current component is larger than would be obtained using

the correct current density containing both radial and normal com

ponents. At the centre of the electrode, the radial component of

current density may be neglected, and the local impedance calcu

lated using only the normal current component is equal to that

which would be obtained using both radial and normal compo

nents.

The development of a trielectrode probe has allowed measure

ment of axial and radial contributions to local current density and to

local impedance values. At the centre of a disk electrode, the radial

component contributed little to the overall impedance response,

and the impedance taking into account both normal and radial

contributions is in good agreement with the local impedance mea

sured in the usual way in terms of only the normal contribution. At

the periphery of the electrode, the radial component of the current

density is significant, and the impedance taking into account both

normal and radial contributions differs significantly from the local

impedance measured in the usual way in terms of only the nor

mal contribution. Thus, a bimicroelectrode may be used to obtain

quantitative data when the probe is located above the centre of the

electrode; whereas, only qualitative information can be obtained

above the edge. The radial impedance results at the periphery of

the electrode are in good agreement with the usual explanation

that the associated larger current density is attributed to the geom

etry of the electrode, which exhibits a greater accessibility at the

electrode edge. In addition, the inductive and capacitive behaviour

observed on the local Ohmic impedance for the blocking electrode

are linked to radial and normal local current density, respectively.
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