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Local Electrochemical Measurements in Bipolar
Experiments for Corrosion Studies

Nadine PØb�re[a] and Vincent Vivier*[b]

1. Introduction

Corrosion processes and metal dissolution behaviour are usual-

ly investigated by using a conventional electrochemical ap-

proach, that is, using the metal of interest as the working elec-

trode of a three-electrode system and recording its current

and/or potential variations in different conditions. An alterna-

tive way to monitor the electrode potential is bipolar electro-

chemistry, which has already been widely used over recent de-

cades.[1–11] It uses two independent electrodes (i.e. two non-

contact electrodes) to apply an electric field in an electrochem-

ical cell that contains a metallic substrate immersed in a con-

ductive medium. It results in a potential distribution along the

substrate, allowing the reactivity of the interface to be tuned.

Different aspects of bipolar electrochemistry have recently

been reviewed.[1, 2] For instance, Fleishman and Oldfield investi-

gated fluidised bed electrodes and described the electrochemi-

cal reactions occurring at individual conductive particles.[3, 4]

Goodridge et al. used arrangements of rods as bipolar electro-

des for electro-organic synthesis in a flow cell,[5] whereas

Novoa and co-workers used the concept of non-contact meas-

urements to perform electrochemical impedance spectroscopy

and to characterise rebar in reinforced concrete.[6, 7] Bipolar

electrochemistry also allows asymmetric particles to be syn-

thesised by performing electrodeposition in different systems,

such as carbon nanotubes and spherical microparticles.[1, 8–11] It

also allows the motion of small objects to be controlled

through the activation of micro- or nanomotors, allowing

translational or rotational displacements.[12–16]

Interestingly, the chemical composition of a conducting sur-

face can be tuned by controlling the chemical gradient, using

the bipolar electrode for the formation of self-assembled mon-

olayers[17] or for the doping of a polymethylthiophene film.[18]

In their seminal work, Duval et al. investigated the influence of

an electric field on the electrochemical behaviour of an alumi-

nium surface immersed in nitrate-containing electrolyte.[19]

In recent papers, Bjçrefors and co-workers used bipolar elec-

trochemistry to investigate the corrosion of stainless

steels.[20,21] They showed that it is possible to determine the

different electrochemical reactions (cathodic reduction, passivi-

ty, transpassivity, etc.) that can occur on a single 304L stain-

less-steel (304L SS) sample immersed in a sulfuric acid solution.

In a chloride-containing solution, they demonstrated the pit-

ting corrosion by a pitting gradient (i.e. the number of pits per

unit area depending on the distance from the edge of the

304L SS).[21] Interestingly, they also showed that bipolar electro-

chemistry provides an easy way to simultaneously compare

the electrochemical reactivity of different grades of steel by

performing post-mortem optical observations of the sam-

ples.[20]

In a bipolar system, surface reactivity is usually characterised

by using an indirect approach, and different methods have

been developed to link the electrochemical reactivity of both

anodic and cathodic reactions occurring at the bipolar elec-

trode in order to access to the actual resulting local current.

For instance, electrogenerated chemiluminescence (ECL) was

shown to quantitatively describe the rates of the electrochemi-

cal reactions.[13,22, 23] Crooks and co-workers screened for elec-

trocatalysis candidates by using the dissolution of Cr or Ag mi-

crobands while varying the composition of the electrocatalysis

materials to enhance the oxygen reduction reaction.[24,25]

Direct measurement of the local current remains challenging

although amperometric detection has already been reported

for capillary electrophoresis (CE) experiments by using two mi-

In this work, the local potential and local current were mea-

sured with paired Ag/AgCl reference microelectrodes during

the corrosion of a 304L stainless-steel (304L SS) sample in bipo-

lar experiments. During a single experiment, it was possible to

investigate both the anodic and cathodic domains correspond-

ing to the corrosion of the stainless steel. From these local

measurements in non-contact mode, the current/potential

curve was obtained, revealing the different reactivities of the

304L SS sample, over a large potential range. The polarisation

curve was similar to that usually obtained in a classical three-

electrode configuration.
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croband electrodes positioned close to the capillary outlet.[26]

By using ferricyanide and ferrocyanide as redox mediators,

transient measurement of the current and cyclic voltammo-

grams were recorded as a function of the electric field. This ap-

proach was then extended to an array of microband electro-

des,[27] and indirect methods such as ECL have already been

shown to be efficient for monitoring the reactivity of an array

of a thousand bipolar gold electrodes.[23]

The use of local potential sensors for measuring local current

in an electrochemical cell was devised some decades ago for

pitting corrosion investigations (e.g. determination of the

anodic and cathodic areas)[28] and biological applications (e.g.

measurement of ionic current),[29] leading to the development

of the scanning vibrating electrode technique (SVET)[29,30] and

to local electrochemical impedance spectroscopy (LEIS).[31–34] In

both cases, the local potential difference between two neigh-

bouring positions was used to evaluate the local current densi-

ty. In the present work, local electrochemical probes were used

to measure potential and current density above a bipolar stain-

less-steel substrate. The aim of this work is to demonstrate

that these local quantities can be estimated by using a simple,

cheap system. The accuracy of the measurements will be dis-

cussed.

Experimental Section

The experiments were performed in a 6 cm�5 cm�4 cm Teflon

cell. The electric field was applied through two carbon-graphite

electrodes (5�5 cm2) located at the two opposite ends, connected

to a switching DC power supply 18 V/20 A (Instek, SPS-series), as in

the sketch in Figure 1.

A 304L SS plate (5 cm�3 cm�0.1 cm) was used for the investiga-

tions. It was embedded in epoxy resin to expose a single face to

the electrolyte. The 304L SS electrodes were ground with abrasive

paper down to grade P1200, rinsed with deionised water and etha-

nol, sonicated for 5 min in an EtOH/H2O mixture and dried in

a stream of Ar gas. The SS electrode (bipolar electrode) was then

placed at the bottom of the electrochemical cell without further

preparation. The corrosive medium was deionised water containing

sulfuric acid (0.5m) and a small concentration of chloride (5 mm).

This chloride concentration was chosen to avoid localised corro-

sion (pitting), but it enables the local potential sensor (Ag/AgCl mi-

croelectrode) to behave stably and reproducibly.

Local potential and local current measurements were performed

with a paired Ag/AgCl reference microelectrode. It consisted of

two silver wires (100 mm in diameter) insulated with cataphoretic

paint, except at the tip, and sealed in a theta capillary in epoxy

resin. Silver chloride was then deposited on each wire.

The local potential was measured with the micro-reference elec-

trode of the bi-microelectrode, which was the closest to the sub-

strate.

The local current density was determined by measuring the local

potential difference DEloc ¼ Eref2 ÿ Eref1 (where Eref1 and Eref2 are the

local potentials as sensed by the two local Ag/AgCl probes) using

Ohm’s law for the electrolyte [Eq. (1)]:[32,35, 36]

jloc ¼
DEloc � k

d
ð1Þ

where k is the electrolyte conductivity and d the distance between

the two potential probes.

As d is small (about 150 mm), DEloc was first amplified with a home-

made differential amplifier with variable gain (10–2000). However,

as the two probes were slightly different, a small potential differ-

ence was noted between them (1–3 mV), which may lead to a sig-

nificant offset in current after the amplification loop. Therefore,

a level shifter had to be used to improve the accuracy of the mea-

surement. From a practical point of view, once the offset had been

adjusted, a preliminary experiment was performed in the same

electrolyte (i.e. same ionic strength), but containing a redox media-

tor that reacted at a Pt electrode, and the coefficient k/d in Equa-

tion (1) was experimentally determined from the current measured

at the Pt electrode. Note that a similar procedure is commonly

used in LEIS experiments.[33,34]

The Ag/AgCl bi-microelectrode was positioned in the vicinity of

the substrate by using a stack of three manual linear-translation

stages in an XYZ configuration (Newport), allowing long displace-

ments with a resolution of about 5 mm. This value is 30 times

smaller than the size of the local probe used in the present work.

Experiments were also performed with a three-axis positioning

system (VP-25XA, Newport) driven by a 100 nm spatial-resolution

motion encoder (ESP300, Newport). These two setups not only

moved the probe in a parallel plane above the stainless-steel sub-

strate (x, y), but also controlled the distance between the probe

and the substrate (z) in the same way as in electrochemical probe

techniques already described for corrosion studies.[37,38]

2. Results and Discussion

2.1. Considerations for Local Measurements

It has previously been shown that two different contributions

have to be measured in solution for an unambiguous determi-

nation of the local current density when the geometry of the

electrode is a planar disc, namely the normal and the radial
Figure 1. Sketch of the experimental setup used for performing local elec-

trochemical measurements during a bipolar experiment.



components.[29,32] With a rectangular electrode, three contribu-

tions have to be considered: jz , the normal component of the

local current density perpendicular to the sample surface

(which is also perpendicular to the electric field direction) ; jx ,

the x component of the local current density parallel to the

sample surface and parallel to the electric field direction; and

jy , the y component of the local current density parallel to the

sample surface, but perpendicular to the electric field direction.

However, the y component is null, owing to the symmetry of

the system. From an experimental point of view, each contri-

bution to the local current density can be measured independ-

ently by using a paired microelectrode (see the Experimental

Section) placed in the close vicinity of the substrate with the

three-axis positioning system.[39]

The maximum electric field used in this work was 10 V

(1.67 Vcmÿ1) between the two graphite electrodes, and the

distance between the two Ag/AgCl probes forming the bi-mi-

croelectrode for measuring the local current density was about

150 mm. Assuming a linear potential drop between the two

graphite plates and if the bi-microelectrode used for measur-

ing the local current density is positioned in a plane parallel to

the surface of the 304L SS bipolar electrode, a potential differ-

ence of 25 mV (corresponding to the product of the electric

field and the distance between the two Ag/AgCl reference mi-

croelectrodes) is recorded between the two electrodes. This

corresponds to the local potential drop probed by the paired

microelectrode. However, the potential drop between the two

microelectrodes should be 0 mV for a perfectly aligned system

perpendicular to the electric field. This can be seen in Figure 2,

where the potential and current distributions calculated by

using the finite element method (FEM) for an electrochemical

cell, with or without a SS bipolar electrode in the bottom.

These calculations were performed by using the experimental

cell geometry, an electric field of 1.67 Vcmÿ1, and an electro-

lyte conductivity of 10ÿ4 Scmÿ1. The bipolar electrode was as-

sumed to be a planar conducting boundary (105 Scmÿ1) with-

out any electrochemical reactivity, so the current and potential

distributions were simulated independently from the electro-

chemical processes that may take place at the bipolar elec-

trode interface. From these simulations, it is clear that, in the

absence of the SS bipolar electrode (Figure 2a), the only con-

tribution for the local current density is along the x axis (that

is, perpendicular to the two electrodes used for applying the

electric field), whereas when a conductor is inserted in the

electric field (Figure 2b), the z component is no longer negligi-

ble. This can be seen by the curvature of the current lines

(white lines in Figure 2b). Here, the current through the solu-

tion consisted of the sum of the two contributions jx and jz . In

addition, it is possible to calculate the ratio between the two

local current density contributions, as illustrated in Figure 3. In

Figure 3a, it is shown that the jz component is larger than jx
almost everywhere above the conducting substrate, except at

the centre (x=3 cm) and at the two edges (located at x=0.5

and 5.5 cm). At the electrode centre, jz tends towards 0 be-

cause of the symmetry of the system and the boundary condi-

tions used for performing the FEM simulations (distributed re-

sistance on the bipolar electrode, corresponding to a uniform

reactivity of the interface). At the edges, the jz component is

smaller than jx by 2 or 3 orders of magnitude (Figure 3b).

Figure 2. FEM simulations of potential (coloured scale) and current (white

line) in the absence (a) and presence (b) of a conductive substrate (5 cm

long, positioned at y=0 cm in the bottom of the cell). Simulations were per-

formed with the geometry of the cell used for the experiments.

Figure 3. Ratio of the local current densities jz=jx (a) and absolute value of

this ratio in a semi-log representation (b) calculated at 100 mm from the con-

ducting sample for the FEM simulation presented in Figure 2b.



Figure 3 also shows that measuring the jz component allows

the anodic (jz > 0) and cathodic areas (jz < 0) to be clearly dis-

tinguished. The absolute value of the jz=jx ratio plotted in a log-

arithmic representation also shows that jx is larger at the bipo-

lar electrode centre and at the edges (Figure 3b). Moreover,

the jx component also contains a contribution, owing to the

electric field used for polarising the bipolar electrode, which

can represent a potential difference of 25 mV for the probe

used (as previously discussed), making this contribution diffi-

cult to measure, because any tiny variation in the potential

corresponding to a local reactivity of the SS bipolar electrode

may be lost within this 25 mV. Thus, in the following, we

mainly focus on the measurement of the normal component

of the local current density, jz .

2.2. Local Potential above the Bipolar Electrode

In a first step, the local potential was monitored with an Ag/

AgCl microprobe [similar to the scanning reference electrode

technique (SRET) experiment] .[40] The Ag/AgCl microprobe was

placed 100 and 300 mm above the 304L SS bipolar electrode

(Figure 4) and its potential was measured with respect to

a commercial Ag/AgCl electrode by using a differential amplifi-

er to zero the current between these two electrodes.[40,41]

When the probe was close to the bipolar electrode (100 mm—

open circle in Figure 4), the potential along the sample varied

from about ÿ2 to +2 V/Ag/AgCl, indicating that it is possible

to simultaneously investigate the anodic and cathodic reac-

tions, as previously shown by Bjçrefors and co-workers.[20,21] In

addition, optical observations of the sample after 2 h polarisa-

tion clearly showed the transpassive domain with significant

dissolution of the material, that is, the passive domain, corre-

sponding to a rather unaffected surface area and the cathodic

side on which bubble evolution was observed during the ex-

periment. When the same experiment was carried out by posi-

tioning the probe at a greater distance from the substrate, the

local potentials were larger, which is in good agreement with

the results of the FEM calculation shown in Figure 2. Indeed,

the larger the distance between the bipolar SS electrode and

the microprobe, the lower the influence of the bipolar SS elec-

trode on the potential distribution.

2.3. Local Current Density above the Bipolar SS Electrode

Figure 5 shows the local current density (jz component) mea-

sured with the paired reference microelectrodes versus their

position above the 304L SS bipolar electrode. The potential dif-

ference was converted into a local current density by using the

procedure described in the Experimental Section (i.e. by using

the conversion factor determined experimentally, which de-

pends on both the twin electrode geometry and the electro-

lyte composition) and assuming that the electrolyte conductiv-

ity remains unchanged during the duration of the measure-

ment (2 h). However, it was already shown that bipolar experi-

ments may result in significant ion distribution around a bipolar

electrode,[42,43] which may introduce uncertainty in the mea-

surement. Figure 5a clearly reveals the anodic and cathodic

domains. The large current densities measured at both edges

of the bipolar electrode were ascribed to the cathodic reaction,

namely the hydrogen evolution reaction, in agreement with

Figure 4. Local potential versus probe position measured at 100 mm (open

circles) and 300 mm (black circles) above the 304L SS bipolar electrode in

a 0.5m H2SO4+5 mm NaCl solution after 2 h polarisation at DEloc=10 V.

Figure 5. a) Local current versus probe position measured at 100 mm above

the 304L SS bipolar electrode in a 0.5m H2SO4+5 mm NaCl solution after

2 h polarisation at DEloc=10 V; b) expansion of the small current variations

domain. Line is only to provide a visual reference.



the formation of bubbles observed during the experiment,

whereas the anodic current was ascribed to the transpassive

dissolution of the sample coupled with oxygen evolution. An

expansion of the domain corresponding to low current densi-

ties (i.e. for a probe position between x=1 and 5 cm) clearly

shows the transition between the cathodic and the anodic

domain at about 2.6 cm (Figure 5b). Moreover, a small current

peak, attributed to the activity domain, and then a decrease in

the current density, ascribed to the passive domain behaviour

of the SS electrode, can be seen in Figure 5b. Thus, the local

current density measurements performed above the 304L SS

bipolar electrode revealed the different activity domains on

a single sample. Similar domains were also reported by Bjore-

fors and co-workers for a bipolar experiment,[21] but, to the

best of our knowledge, this is the first time that local electro-

chemical measurements were performed to characterise the

different reactivities on a steel electrode surface.

When the probe used for monitoring the local current was

positioned at about 300 mm from the 304L SS bipolar electrode

(data not shown), the signal was much noisier than the results

obtained at 100 mm, especially for the passive domain (i.e. for

the lower current densities). This is attributed to the fact that

the potential difference between the pair of reference micro-

electrodes becomes smaller as the probe is withdrawn from

the substrate and, thus, the signal-to-noise ratio becomes too

small to perform an accurate measurement, even after filtering

and amplifying the potential difference.

When the probes used for monitoring both the local poten-

tial and the local current density where positioned close to the

two edges of the bipolar electrode (i.e. between x=0 and

0.5 cm, and between x=5.0 and 5.5 cm), the measurements

are subject to considerable uncertainty, owing to the formation

of bubbles, which alter the local potential distribution in these

areas. Moreover, forced convection through bubble evolution

is not taken into account for the current calculation.

2.4. Current/Potential Curve Obtained from the Local

Measurements

From the data presented in Figure 4 (local potential as a func-

tion of the probe position) and in Figure 5 (local current as

a function of the probe position), it is possible to obtain the

current/potential curve on the 304L SS bipolar electrode, as

shown in Figure 6a. In Figure 6b, the semi-logarithmic repre-

sentation of the data clearly shows the different reactivity do-

mains of the SS steel as a function of the potential, and it can

be noted that this curve is in good agreement with results pre-

sented in the literature and obtained by performing direct

measurement on a biased 304L SS electrode. Interestingly, the

local measurements enable the anodic and the cathodic do-

mains to be distinguished. Moreover, the variations in the local

density reflect the kinetics of the corrosion processes, as for

usual electrochemical techniques. From a quantitative point of

view, results in this work were obtained by measuring the

normal component of the current density, only. As pointed out

in the previous discussion, these results led to an underestima-

tion of the overall current density, which is smaller at the

centre of the bipolar electrode (corresponding to the small

overpotential cathodic domain, the active domain and the pas-

sive domain) and larger at the edges (hydrogen evolution reac-

tion and transpassive domain). However, the values obtained

in the active domain (in the range of 10 mAcmÿ2) and in the

passive domain (1 mAcmÿ2) are of the same order of magni-

tude as those obtained with a steady-state polarisation curve.

These preliminary results show that interfacial kinetics may be

explored with local measurement above the bipolar electrodes,

similarly to that usually performed with electrochemistry, but

taking advantage of working on a single sample. For instance,

by modulating the amplitude of the applied potential or po-

tential steps, the method will offer a unique way for perform-

ing local impedance spectroscopy, or local chronoamperomet-

ric studies.

2.5. Local Reactivity along the y Direction of the Bipolar

Electrode

Table 1 shows the local reactivity along the y direction (corre-

sponding to the width of a bipolar electrode) above different

domains. Irrespective of the area investigated, it can be seen

in Table 1 that the surface reactivity is independent of the y-

axis position. For instance, above the cathodic domain (x=

Figure 6. Current/potential curve on the 304L SS bipolar electrode in 0.5m

H2SO4+5 mm NaCl obtained from the data in Figures 4 and 5: a) linear scale

and b) semi-logarithmic scale.



2.2 cm), the mean potential was ÿ0.481�0.001 V versus Ag/

AgCl for three successive measurements performed on three

different locations above the sample (y=1, 2 and 3 cm; y=2,

being the centre of the bipolar electrode along the y axis),

whereas the mean current density was ÿ96�1 mAcmÿ2. Meas-

urements were not performed on the edge of the bipolar elec-

trode in order to avoid the edge effect on the local potential

and current distributions.

2.6. Variation of the Local Reactivity with Time

The local current density measured at the centre of the bipolar

electrode is plotted against time in Figure 7. Interestingly,

during the first minutes of the experiment, the current density

is negative, indicating cathodic behaviour on this part of the

surface. The current increases slightly, peaks after about 10 min

and then decreases, but still remains positive. The measured

local current shows that this part of the surface is firstly catho-

dic; it then behaves as an active domain before the current

density decreases to reach a value considered typical of a pas-

sive domain.

The net current flowing through the bipolar electrode is

zero, which can be expressed as Equation (2):

iox ¼ ÿired ð2Þ

For simplicity, let us assume that the cathodic reaction in-

volves a single reaction, whereas the total anodic process is

the sum of different contributions (dissolution, passivation,

transpassivation). Then, Equation (2) can be rewritten as [Equa-

tion (3)]:

idiss þ ipass þ itrans ¼ ÿired ð3Þ

The introduction of the current density leads to Equation (4):

jdiss � Adiss þ jpass � Apass þ jtrans � Atrans ¼ ÿjred � Ared ð4Þ

Any variation in jpass � Apass must be compensated by

a change of at least one of the other contributions. This shows

that the change in the local current density measured as

a function of time corresponds to a change in the different sur-

face area. Thus, the boundary, observed after 2 h, between the

anodic and cathodic domains (Figures 4, 5 and 6), became

shifted along the SS surface with increasing immersion time.

The observed variations of reactivity with immersion time were

linked to the corrosion behaviour of the 304L SS used in the

present study and, of course, they may change depending on

the substrate. Moreover, the magnitude of the electric field

used for polarising the bipolar electrode is also an important

parameter, which controls the potential distribution and, thus,

the kinetics of the different reactions occurring on the bipolar

electrode surface. In this work, the magnitude of 10 V was se-

lected to show the different anodic domains of the steel,

which should not have been possible with a smaller magni-

tude.

Finally, it should be emphasised that the spatial resolution

of the technique is governed by the size of the paired refer-

ence microelectrodes used for measuring the local current

density as well as the inter-electrode distance. A small inter-

electrode distance will result in a small potential difference to

be measured. The spatial resolution of the experiments de-

scribed in this work was of few tens micrometres, allowing the

potential difference to be easily amplified and, thus, the DC

component of the local current density to be accessed with

a low signal to noise ratio. To improve the spatial resolution of

the technique, the decrease in the probe size, and thus, the

decrease in the distance between the two probes is mandato-

ry, and the use of synchronous detection, similarly to the SVET

or the LEIS techniques,[32] is a promising method.

3. Conclusions

In this work, during a bipolar experiment with a stainless-steel

electrode, both the local potential and the local current densi-

ty were measured by using a pair of reference microelectrodes.

A preliminary analysis with the help of FEM simulations of the

current and potential distributions in the electrochemical cell

Table 1. Local potential and local current densities measured at 100 mm

along the y direction above the 304L SS bipolar electrode in 0.5m

H2SO4+5 mm NaCl solution after 80 min polarisation at DEloc=10 V.

x [cm] y [cm] E [V vs. Ag/AgCl] I [A]

2.2

1 ÿ0.480 ÿ9.70�10ÿ5

2 ÿ0.480 ÿ9.50�10ÿ5

3 ÿ0.482 ÿ9.60�10ÿ5

3.1

1 ÿ0.391 3.40�10ÿ5

2 ÿ0.393 3.10�10ÿ5

3 ÿ0.394 3.40�10ÿ5

4

1 ÿ0.282 2.60�10ÿ6

2 ÿ0.280 2.30�10ÿ6

3 ÿ0.279 2.70�10ÿ6

Figure 7. Local current density measured at 100 mm at the centre above the

304L SS bipolar electrode along the width in a 0.5m H2SO4+5 mm NaCl so-

lution versus time with polarisation at DEloc=10 V.



showed that both x and z components of the local current

density have to be considered. From the measurement of the

z component, the different domains corresponding to 304L SS

corrosion were determined from the local current densities

measured during a single experiment. The local current density

was seen to vary as a function of time, indicating a variation of

the active surface area of each domain. Interestingly, it can be

noted that the current/potential curve is obtainable from the

local measurements, showing the usual behaviour of 304L SS

polarised with a potentiostat in a three-electrode configura-

tion.

These results demonstrate that local electrochemical meas-

urements (potential or current) can be performed above a bipo-

lar electrode with a spatial resolution in the range of a few

tens of micrometres.

Keywords: bipolar corrosion · local electrochemistry ·

potential distribution · reactivity · stainless steel
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