BioLogic

Science Instruments

EC-Lab — Application Note #56
04/2016

Electrochemical reaction kinetics measurement:
The Levich and Koutecky-Levich analysis tools

I - INTRODUCTION

Since EC-Lab v11.00, the Levich and Koutecky-
Levich analysis tools are available. This note
will aim at describing what is performed
during this analysis and which information can
be obtained.

The Rotating Disk Electrode (RDE) allows the
user to control the velocity of the fluid. The
steady-state mass transport conditions of the
species involved in the redox reactions are
then known [1,2].

The renewal of the solution at a disk electrode
occurs thanks to an ascending movement of
the solution perpendicularly to the electrode.
The fluid is then ejected on the outside of the
disk electrode (Fig. 1).
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Figure 1: Fluid movement at a uniformly rotating disk
electrode. Vi is the axial velocity of the fluid.

The control of the steady-state
hydrodynamics of the fluids results in solving
the kinetic reactions of the redox reactions.
Several relationships can also be deduced that
lead to the determination of kinetic factors of
the considered species and redox reactions:
The Levich relationship can be used to
determine the diffusion coefficient of the
electroactive species and the Koutecky-Levich
analysis can lead to the standard constant of
the reaction as well as the symmetry factor a.

Il = ROTATING DISK ELECTRODE EXP-

ERIMENT: LEVICH CRITERION

Il -1 AIM AND PRINCIPLES

The aim of this experiment is to determine the
diffusion coefficient or the concentration of
the redox species. Whatever the value of the
rate constant of the electronic transfer of the
studied reaction k°, there is always an
overpotential for which the reaction rate will
be limited by mass transfer, whether it is
diffusion, as it is the case at an Ultra Micro
Electrode (UME) or diffusion and convection,
as it is the case for an RDE.

At an RDE submitted to a large overpotential,
the current density i=I/A where A is the area
of the electrode, is expressed as

iqr = 0.620nF RPuIkD2/3y=1/6(,1/2 (1)

in the case of the oxidation of the species R
and

igo = —0.620nFOPUkpZ/Ay=1/64,1/2 (9)

in the case of the reduction of the species O,
where igr and igo are the mass transport-
limited current densities for an oxidation
reaction and a reduction reaction,
respectively; n the number of electrons
involved in the reaction, F the Faraday
constant (96500 C/mol), R° and 0OPYk the
bulk concentration of the species R and O,
respectively in mol/cm3, Dr and Do the
diffusion coefficients of R and O, respectively
in cm?/s and w the rotation rate in rad/s.

Plotting the value of the mass transport
limitation current as a function of the square
root of the rotation speed, the graph should
be a straight line (the Levich plot), with a slope
that can be named the Levich slope.
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The values of this slope is, for the oxidation:
pra = 0.620nF Rbulkp2/3,-1/6 (3)

And for the reduction:
pLc = —0.620nF 0PUkpZ/3y=1/6 (4)

Knowing the concentration of the species and
the viscosity of the electrolyte, the diffusion
constants of the redox species can be
obtained.

Il - 2 EXPERIMENT

The used electrolyte contains Ks[Fe(CN)e] and
Ka[Fe(CN)s] in an equimolar concentration of
0.005 mol/L of and KCl at a concentration of
0.1 mol/L. Let us consider that the
temperature of the electrolyte is 20°C and
that its kinematic viscosity is 102 cm?/s. The
electrode is a 2 mm diameter Pt disk (094-
Pt/2). The reaction occurring at the disk is:

[Fe(CN)6]°~ + e <> [Fe(CN)6]*~ (5)

The BluRev RDE was used for this experiment
(Fig. 2).

-

Figure 2: The BluRev RDE with EL-BLUREV, the BluRev
enclosure (094-ENCL) and Fell/Felll solution.

Connect only one channel of the potentiostat
to the cell using standard connection. The
“Levich plot” experiment will load a series of
techniques necessary to perform the Levich
experiment (Fig. 3).
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4 |~ Electrochemical Techniques
4 {7 Voltamperometric Techniques
Open Circuit Yoltage - DCY
Special Open Circuit Yoltage - SOCY
<> Cyclic Voltammetry - CV
~* Cyclic Voltammetry Advanced - CWa
-=/" Linear Sweep Voltammetry - LSY
- I L Chronoamperometry / Chronocoulometry - CA,
-IL Chronopotentiometry - CP
~* Staircase Voltammetry - SV
. Large Amplitude Sinusoidal Vaoltammetry - LASY
e B0 Voltammetry - ACY
'% Levich plot

Fighre 3: The “Levich plot” experiment.

The following parameters should be entered
in the CV technique (Fig. 4).

SetEpe to Ej= 0000 Yoowz Eoc '

i

Scan Eye with dEAdt = [5000 s

to vertex potential Eq = [0200 W ws |Ref ~

Reverse scantovertes E2 = [0g00 % ws |Ref v
Bepeat ng= [0 timels)

Measure <l over the last [on % of the step duration

Record <|> averaged over N = 10 voltage steps
ERange= |-10v; 25V v
Sarobaiin = STl
IRange = 100 pa -
Bandwadth= g ~

[~] End seanto Ef= |0.000 YWoowz Ej o

[dE Adt ~ 200 pt /8 msz)
[dEM ~ 2.0 mv]
[800 paints per cycle]

Figure 4: Settings to be entered in the CV technique.

Force E1 /E2

The following rotation rates were entered in
the RDEC technique: 500, 1000, 2000, 3000,
4000, 5000 RPM.

The OCV should be around 0.1 -0.3 V/Ag/AgCl.

The obtained results are shown in Fig. 5.
An hysteresis can be seen at the lower

rotation rates, which shows that the
experiment is not in the steady-state
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conditions, probably due to a scanning rate Levich Fit - Bio-Logic X
. . Inputs
that is too fast. As the rotation speed —
. oy List of rotati e
increases, the conditions tend to be steady- SR
yele Rotation rate/rpm ~
state, for the same scan rate. 1 500
2 1e3
Levich_Fell_Felll_500_7k_03_CV_1-6.mpt 3 2:3
— <>vs. Ewe 4 3e3
0151 5 43 W
01 Parameters
I = £0.201nF AD? 3!/ 2y~ 1/5¢
0,054
< Plateau potential = 01595 v
]
é 0 Viscosity (v) = |0.: cmfs
0,05 Radius = mm
011 (") Number of electrons (n) =
(0 Concentration {C) = |0.005 mol /L
0157 (®) Diffusion coeffident (D) = |6.BeE cm?fs
0 0,5
EwelV Results
Figure 5: Results of the Levich plot experiment for Fe" Levich slope = 2,356 226 Afsqrt(rpm)
/Fe" oxidation/reduction. The current plateaus occur Levich offset =2,651 9e-6 A
at potentials for which the reaction is limited by mass R2 = 0,999 95
transfer. Stop Copy Close
a
Il - 2 ANALYSIS )
. . ) . Levich Fit - Bio-Logic *
Open the Levich Analysis window (Fig. 6): Inputs
ECB295.tmp
[Analysis | Tools Config Windows Help List of rotation rates
I Math ' Cycle Fatation rate/rpm A
General Electrochemistry £ Peak Analysis... Fl l 1 500
#™  Electrochemical Impedance Spectroscopy  *| 27 Wave Analysis... F2
[§ Batteries P CVSim.. i 1223
Photovaoltaic / Fuel Cells b & CVFit.
Supercapacitor P Levich.. 4 de3
@ Corrosion H| i Koutecky-Levich... 5 4e3 v
B Show Analysis Results... ' Process Data (Cycles, R, QCM mass...).., Ctrl+F1 Parameters
Summary Per Protocol And Cycle..  Ctrl+F3 o -
. . o I = +0.201nFAD* 3,1/ 2y~ Ve
Figure 6: The Levich Analysis window.
Plateau potential = |0,595 v
Enter the parameters shown in Fig. 6 for the il = L0
. . Radi =
viscosity, the surface of the electrode and the e o
. 1 he diffusi Ffici (O Number of electrons (n) = |1
concentration of Fe'" (the diffusion coefficient O concentration (© e
will be calculated by the analysis). The @ Diffusion coefficent @) = 956 am¥fs
equation of the Levich current shown in Fig. 7
. |
is the same as the Eqgs. (1) and (2) apart from Resuls
h ff . t h h . dff t b th Levich slope = 2,154 9e-6 Ajsgrt{rpm)
the coefficient, which Is ditfferen ecause the T
equation above is written for a rotation speed s
in rotation per minute (RPM) as is used in EC- sl [Com o
Lab. The diffusion coefficient is the sought b)

after value so it must be selected. Click on
“Calculate”, the Levich plot should appear: the
experimental points and the least square
regression plot (Fig. 8).
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Figure 7: The Levich analysis window a) for the
cathodic part and b) the anodic part of the curves
shown in Fig. 5.
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Levich_Fell_Felll_500_7k_03_CV_1-6_Levich.mpp
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Figure 8: The Levich plot showing the mass transfer
limited current at a potential of 0.05 V for all the
rotations vs. the square root of the rotation rate.

T v T T T T
40 60
sqrt ([rotation ratefrpm])

The calculated value of Dg(cyy, 3 is 6.8 10
cm?/s. The same analysis can be performed on
the anodic part of the curves, for example by
choosing a plateau potential of 0.595 V. The
calculated value of Dip(cn) ¢~ is 5.9 10
cm?/s. The same results can be used to
determine the concentration of the species in
solution knowing its diffusion coefficient. In
the analysis window (Fig. 7) the concentration
must be selected as the parameter to be
calculated.

The same results can be analysed using the
Koutecky-Levich extrapolation to determine
the reaction standard constant as well as the
symmetry factor a.

Il — ROTATING DISK ELECTRODE EXP-
ERIMENT: KOUTECKY-LEVICH EXTRA-

POLATION

Il - 1 AIM AND METHOD

The aim of the Koutecky-Levich extrapolation
is to determine for various potentials E, the
electron transfer current i. It can also be used
to determine the symmetry factor a, (o, for a
reduction reaction and a, for an oxidation
reaction) as well as the standard constant of
the reaction k°, knowing the standard
potential E° of the reaction (5).

The method consists in:

1. Plotting the inverse of the current or
current density as a function of the inverse
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square root of the rotation rate expressed in
rpm for various potentials En.

2. Extrapolating the obtained line to 0 gives
the current for infinite rotation speed
(02 - 0 & Q — o), that is to say the
electron transfer current ¢ for various
potentials En.

3. Plotting log|/| as a function of E, (Tafel
representation) to obtain the symmetry factor
o using the slope and the standard constant of
the reaction using the current at the standard
potential.

The expression of the Tafel slope for a
cathodic reaction is:

Pre = aynF /(RT In10) (6)

With a,the symmetry factor of the reduction
reaction (a, = 1 — ay).

The expression of the current at the standard
potential E:)/R is:

logllly = log(nFke0Pulk) (7)

Eo,
Il - 2 ANALYSIS

Using the same data as for the Levich analysis,
open the Koutecky-Levich analysis tool
(Fig. 10). In the analysis parameters window in
Fig. 9 enter the Parameters as shown and click

Analysis | Tools Config Windows Help

T Math v

General Electrochemistry A Peak Analysis... Fl1
«™\  Electrochemical Impedance Spectroscopy »| Z°  Wave Analysis... F2
{ Batteries P % CVSim..

Photovoltaic / Fuel Cells b & CVFit..

Supercapacitor Pl Levich,.
@ Corrosion M= Koutecky-Levich...
Show Analysis Results... 3 Process Data (Cycles, R, QCM mass..)... Ctrl+F1

Summary Per Protocol And Cycle..  Ctrl+F3

on “Calculate”.
Figure 9: How to start the Koutecky-Levich analysis.

Two windows will then open:
For each chosen potential, 1/I vs. w2
(Fig. 10).

Bio-Logic Science Instruments, 4 Rue de Vaucanson, 38170 Seyssinet-Pariset, FRANCE 4
Tel: +33 476 98 68 31 — Fax: +33 476 98 69 09 www.bio-logic.net


http://www.bio-logic.net/

BioLogic

Science Instruments

< 710% §§ % §
E ] Tk
5 -15 ; §
X
4 X
-20 . g
X
] x
725*4 .
T T T
0 0,02 0,04

1l/sqrt ([rotation rate/rpm]|)

Figure 10: The Koutecky-Levich extrapolation plot.

. The Tafel plot log|lk| vs. E, the values |
having been obtained by extrapolating the
1/lvs. w2— 0 for each potential step
(Fig. 11).

Levich_Fell_Felll_500_7k_03_CV_1-6_Koutecky_Levich.mpp
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Figure 11: The Koutecky-Levich reconstructed Tafel
plot.

The Koutecky-Levich analysis window will
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possible for values of k° < several 102 cm.s,
i.e. sluggish kinetics.

For higher values, the extrapolated values of
It are too close to 0 and the uncertainties on
their inverse values are too large to allow a
good k° determination.

It can be seen in Fig. 10: all lines should be
parallel. In this intermediate case, all the lines
are secant but /t'* are not too close to 0.

For more information please see references
[1,2,4,5].

Some people misuse the Koutecky-Levich
analysis and try to determine the number of
electrons. This last part will explain why
people should refrain from doing so.

Koutecky-Levich Fit - Bio-Logic *
Inputs

E(Ei-sEPgngPanﬁon rates

Fiotation rate/rpm -

1e3
2e3
3e3
5 4e3 v

Parameters

Potentials from& = [015 v toEf
inN = [11 steps (dE = 10mV)

== =z v Radius = mm

Mumber of electrons= [{ Concentration = D005 molt |

N )

= |0.05 v

Results

Extrapolation
Potentialz Sloped(rpm.i) Offsetd17/4) R ~
015 -478 938 -4 651 0,999 6
014 -457 017 3378 0,939 3
013 -431 200 2774 0,939 3
012 -418 439 2230 0,933 3
011 -414 928 1714 1 v

Kouteckj-Levich slope = -5.665 4 W/lag(la]]
Koutecki-Levich offset = -2,314 8 |og(lal)

show the results of the analysis. Figure 12a Fi= 033263
and 12b shows the results for the cathodic Ki:eo““ s o
and anodic part, respectively, of the curve @ - 04874
shown in Fig. 5. Both calculated standard
constants of the reaction are similar. Coaloi=] [ | o Close
The calculation will be more accurate if the a)
selected potentials lead to a straight Tafel plot
(in log representation).
Larger values of k° could be obtained by better
cleaning the RDE for instance.
It must be noted that the determination of the
electronic transfer kinetic parameters using
the Koutecky-Levich method is practically
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Koutecky-Levich Fit - Bie-Logic *
Inputs

E(Ei-sEPgngPA:ﬁon rates

Cycle Fiotation rate/rpm ~
500
1e3
2e3
3e3

5 4e3 W
Parameters
Potentials fomE = [0.25 v to Ef =o3\0 v
inN = [11 steps (dE = 10mV)
E =z v Radius = mm

MNumber of electrons = [{ Concentration = |0,005 mal/L

Results

Extrapolation
Potentials Sloped(rpm/d) Offzet1/4) R ~
0.25 518623 5080 09398
0.26 434 776 3847 09398
0.27 467 365 2889 0,939 3
0.28 451 056 2372 0,939 3
029 442317 1807 1 Y]

Koutecki-Levich slope = 8.481 2 W/log(la))
Koutecki-Levich offzet = 5,761 logllal)

R#= 0,988 62
Kinetics
ko = BEBB4e3  cmis
o = 0507
Calculate | Stop Copy Close

b)

Figure 12: The Koutecky-Levich analysis window for a)
the cathodic part and b) the anodic part of the curves
shown in Fig. 5.

1l - 3 DETERMINATION OF THE NUMBER OF
ELECTRONS BY THE KOUTECKY-LEVICH ME-
THOD

In the case of a “quasi-reversible” (or neither
reversible nor irreversible) reaction, the slope
of the Koutecky-Levich extrapolation plot
shown in Fig. 10 is expressed as [1,2]:

1.611vY/6(D;?/2expt + D3 */?)
PKL = T (RPulkexpE — obulky

(8)
With & = nf(E — Eg,g) and f = F/RT
The slope depends on the electrode potential.
In the case of an irreversible reaction, the
slope of Koutecky-Levich extrapolation plots is
expressed as:
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In this case, the slope does not depend on the
electrode potential. For an irreversible
reaction, the Koutecky-Levich extrapolation
plots shown in Figure 10 would all be parallel
and independent from the electrode
potential. In this case only, Eq. (9) could be
used to determine the number of electrons
involved in the reaction. But, in this case, it is
equivalent to the Levich analysis. One can see
that Eq. (9) and Eq. (4) are equivalent.

IV - CONCLUSION

The “Levich plot” technique as well as the
Levich and Koutecky-Levich analyses were
presented. The Levich analysis allows the user
to determine the diffusion constant of a
reactive species and the Koutecky-Levich
extrapolation method allows for sluggish
kinetics to determine the kinetic parameters
(k> and the symmetry factor a) of the
electronic transfer for the considered
reaction. The Koutecky-Levich analysis should
be used to determine the number of electrons
involved in the reaction only if it is
irreversible.

Data files can be found in:
C:\Users\xxx\Documents\EC-
Lab\Data\Samples\Fundamental
Electrochemistry\ AN56_CV

Latest modification on 8/2020
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