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ABSTRACT
The application of naive Koutecky-Levich analysis to micro- and nano-particle modified rotating disk
electrodes of partially covered and non-planar geometry is critically analysed. Assuming strong overlap of

the diffusion fields of the particles such that transport to the entire surface is time-independent and

(o}

one-dimensional, the observed voltammetric response reflects an apparent electrochemical rate constant K3,

equal to the true rate constant ke describing the redox reaction of interest on the surface of the nanoparticles
and the ratio, ), of the total electroactive surface area to the geometric area of the rotating disk surface. It is
demonstrated that Koutecky-Levich analysis is applicable and yields the expected plots of I versus w!

where [ is the current and w is the rotation speed but that the values of the electrochemical rate constants

inferred are thereof k°

appr 1Ot ke. Thus for ¢ > 1 apparent electrocatalysis might be naively but wrongly

inferred whereas for { <1 the deduced electrochemical rate constant will be less than ke. Moreover, the effect
of V¥ on the observed rotating disk electrode voltammograms is significant, signalling the need for care in the
overly simplistic application of Koutecky-Levich analysis to modified rotating electrodes, as is commonly

applied for example in the analysis of possible oxygen reduction catalysts.
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Koutecky-Levich analysis

1 Introduction

Encouraged by the wide spread interest in the use
of nanoparticles and microparticles for the
modification of electrodes so as to economically
fabricate electrocatalytic surfaces for driving
electrode processes, and especially oxygen
reduction, we have simulated simple electrode
processes occurring at stationary, partially active,
non-flat electrodes [1]. Three assumptions were
made: first that the electrocatalysis is confined
solely to the particles (and not the substrate
electrode which simply serves to electrically
connect the particles), second, that the scale of
surface roughness is smaller than the diffusion layer
thickness and third that strong overlap between the
diffusion fields of the nanoparticles occurs such that
transport to the entire surface is linear (‘so called
case 4’ in the notation of Davies et al.) [2,3]. It was
shown, building on the pioneering work of
Amatore and colleagues [4] for the corresponding

problem at flat surfaces, that the apparent rate

constant of the electrode process, K; , is equal to

o
app’

the product of the true rate constant, ke, and the

ratio, |, where

_Aw
=3 (1)

geo

where Aaa is the surface area of the electroactive
particles and Ageo is the geometric area of the

electrode, so that
(o] —_ o]
kapp =k LIJ (2

In developing this theory, a variety of modified
electrode surfaces were simulated, as shown in Fig.
1, allowing the generalization of the results to give
the following expression for the peak potential in

the electrochemically irreversible limit.

E, = E?—%{Q?SO— I K,p)+ | “F':[T”} 3)
The application of this theory to specific examples
showed both generally, and for the case of oxygen
reduction, that significant errors can arise in the
analysis of the voltammetry of modified electrodes
unless suitable care is taken [5]. The significant
error is both quantitative and qualitative since for
P > 1 apparent catalysis can be wrongly inferred.

In this paper, we extended the analysis of
nanoparticle modified surfaces to cover the case of
rotating disk electrodes noting that these are widely
used to analyse and screen potential electrocatalysts
as illustrated in table 1 for the case of oxygen

reduction catalysts [9-22].

&

Q

o
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Figure 1 Schematic representation of an electrode surface

modified with electrocatalytically active particle¥ various
geometries. Shaded regions are electroactive, wbifiens are

inactive. Adapted from [1].
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2 Theory

The rotating disk electrode is a well characterized
hydrodynamic electrode in which the transport,
both diffusive and convective is considered

one-dimensional [6].

Under steady-state conditions and considering the
electrode process
A+ne—B 4)

Table 1. Compilation of examples from literature where #wivity of nanoparticle modified surfaces is cargd in terms of the

kinetic current (l) on the basis of Koutecky-Levich analysis of RO#tammetric data.

Ref Author Year | Electrocatalysisof O, reduction (ORR): Conclusions

[10] | Mayrhofer etal.| 2008 Guidelines for activityeasurement using RDE

[11] | Mayrhofer etal.| 2003 ORR activity is dependen Pt nanoparticle size

[12] | Ke etal. 2012 Accuracy of RDE depends otritistion of nanoparticles

[13] | Murthi et al. 2004| Pt-alloy catalysts - actyvincrease due the pre-exponential factor novatiin energy
[14] | Liuetal. 2010| Nitrogen-doped mesoporoudoarfor ORR

[15] | Erikson et al. 2012 ORR activity of spherieald cubic Pd nanoparticles versus bulk Pd and Pt

[16] | Inasaki et al. 2009 Effect of Au nanopartictesORR activity

[17] | Guo et al. 2012 PtFe nanoparticles on graptienORR

[18] | Liuetal. 2012| Bimetallic Pd-Pt nanopartefer ORR

[19] | Zoski et al. 2011 Intrinsic ORR activity of Rénoparticles

[20] | Jirkovsky et al. 2011 Dependency of rate cansand ORR activity on Au nanoparticle size

[21] | Jaouen et al. 2011 Non-precious metal caslgstoxygen

[22] | Sietal. 2013 Pt nanodendrites with enhar@BR activity

sigmoidal voltammograms are expected with a

steady-state limiting current lim

=0.62nFAD" v fw' 2 ®)

IIim
where w is the rotation speed (rad s?), v is the
kinematic viscosity of the electrolyte (m?s?), D is
the diffusion coefficient (m2s?) of the electroactive
species of interest, A is the area of the electrode (m?),
F is the Faraday constant (96485.34 C mol") and n is
the total number of electrons transferred during the
electrochemical reaction.

For an electrochemically irreversible reaction, the

electrochemical rate constant, k, for reaction (4) is

generally given by

K= ke exp(_(”'+_°‘)FEJ ©

RT

where R is the universal gas constant (] K'mol?'), T
is the temperature (K), a is the transfer coefficient
and ke is the standard electrochemical rate constant
(m s1) and n’ is the number of electrons transferred
before the rate determining step.

For the case of a flat uniformly accessible rotating
disk electrode, Koutecky-Levich proposed a well

established procedure for the analysis of
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voltammetric data at variable rotation speeds [7].
The approach is best illustrated by the early work of
Vielstich and Jahn who applied the method to the
study of the rates of the Fe?*/Fe3* system [8].
In the following, we apply this approach and
investigate numerically the effect of introducing
equations (1), (2) and (6) into the analysis thus
addressing the effects of sparse nanoparticle
coverage and of non-flat surfaces, albeit exclusively
with the case 4’ in the notation of Davies et al. [2,3].
This work complements and extends that
summarized by Johnson et al. [9] for flat, partially
blocked electrodes.
For reactions which are controlled by both diffusion
and kinetics at rotating disk electrodes, the total
flux, j, of the reacting electroactive species is related
to the speed of rotation of the electrode (w) through
equation (7), commonly known as the
Koutecky-Levich equation.

1_ 1 1

= +

T_ ke, Dc,/xp @

where k is the potential dependent rate constant of
the reaction defined in equation (6), c- is the bulk

concentration of the reacting species in the

electrolyte and X is the thickness of the diffusion
layer given by
XD :1.6](.1)_1/2U1/6D][3 ®)

Application of equation (7) to extract the kinetic
parameters of an electrode reaction usually involves
one of two common approaches. In the first case,
the reciprocal of the measured current ,I, where I =
-nFAj, at selected potentials where the reaction is
controlled by both diffusion and kinetic effects
(diffusion-kinetic region) is plotted against the
reciprocal of the speed of rotation of the electrode,
that is I versus w'2. From the slope of this graph,
the number of electrons (n) involved in the charge
transfer reaction can be calculated, and the intercept

of the graph on the I axis gives the kinetic current

(I). Alternatively, and more commonly, Ik is

calculated from the expression
lim X!

— _lim , 9
=g 9)

a reformulation of (7), where lim is the steady-state

lim

limiting current defined in equation (5). Knowing I,
the rate constant k of the reaction at a given
potential is then calculated from
Ix = nFAkc~ (10)

Ir is commonly normalized against the electroactive
surface area of the electrode, referred to as specific
activity, or against the mass of the catalyst (mass
activity), or rarely and specifically for non-platinum
group metal catalysts, against the volume of the

catalyst (volumetric activity) [21].

3  Results and discussion

3.1 Effect of variation of k* on RDE voltammetry

The standard electrochemical rate constant ke is a
true measure of the intrinsic electrocatalytic activity
of an electrode surface for a given reaction.
Therefore, when electrode surfaces are modified
with various nano- or micro-particles, experimental
values of ke for a give reaction on the modified
surfaces are expected to reflect differences in the

intrinsic electrocatalytic activity of the particles.

We investigated the influence of the variation of ke
(from 1 x 103 cm s! to 1 x 107 cm s?) on RDE
voltammetry by numerically solving equations 6, 7
and 8, using the following fixed parameters: c- =1
mM, a =0.5, v = 0.01 cm2s?, Ee=0.0V, D =1 x 105
cm?s?, w = 1000 rpm, and T = 298 K. The resulting
voltammograms are shown in Fig. 2a. Evidently,
whereas the potential varies with ke in accordance
with equation (6), the total flux j to the electrode

remains unaffected.

Therefore, for a given rotation speed, provided the
correct laminar flow hydrodynamic conditions
prevail, that is, 10v/r2 < w < 2 x 10°v/r2, where r is the

radius of the electrode and v is the kinematic
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viscosity of the electrolyte [22], a potential shift
towards a lower overpotential indicates an

electrocatalytic effect.
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Figure 2 (a) Variation of RDE voltammetry for the reduction

reaction 4 with the electrochemical rate constantCk = 1.0
mM, o = 0.50, D=1 x 18cn? s, v =0.01 cAs?, E°= 0.0V,
® = 1000 rpm, and n = 1. (b) RDE voltammograms fiédint
electrode rotation speeds.

The limiting current Lim (Eq. 5) is independent of the
kinetics of the reaction, and the flux j increases with
rotation speed as shown in Fig. 2b. Accordingly, a
plot of the potential independent steady-state
limited current lim against w'?yields the expected
linear plot through the origin (not shown), while I
versus w2 at selected potentials in the
kinetic-diffusion region gives parallel lines as
expected, Fig. 3a. Therefore, determination of the
number of electrons transferred, n, from the slope of

the ['' versus w2 graph is expected to yield the

correct result regardless of the kinetics of the
reaction, provided that the hydrodynamic

conditions remain valid.
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Figure 3 (a) Graph of } versuso™? at different potentials
taken from the mixed kinetic-diffusion controlledgion for a
flat uniformly active electrode, (b)jversuso™? at 0.10 V for

different values ofp, for a partially covered, non-flat electrode.

Additionally, the kinetic currents extracted from the
intercept of Fig. 3a and their corresponding values
of k, and hence ko reflect the intrinsic
electrocatalytic activity of the electrode as described
by the Koutecky-Levich theory. However, distortion
may arise when comparing the electrocatalytic
activity of nano- or micro-particles of different
materials due to involuntary variation in the
coverage or the electroactive surface area of the
modified surface. For example, Fig. 3b shows that a

plot of I versus w2 at -0.10 V for different values
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of 1y yields different intercepts and the

consequences of this are discussed in section 3.3.

3.2 Influence of  on RDE voltammetry
We  investigated the influence of an
electrochemically inert but electrically conductive
surface which is covered with electrocatalytic
nanoparticles so that the ratio of the total active
surface area of the nanoparticles to the geometric
area of the electrode, |, is in the range 0.2 << 1.4,
reflecting modified surfaces with the total
electroactive surface area being less (¢ < 1) or

greater (1 > 1) than the geometric electrode area [1].
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Figure 4 (a) Variation RDE voltammetry witly: m = 0.2,0 =
0.4, A =0.7;0=1.0;¢ = 1.4 (b) influence ofp on half-wave
potential &y,

The dependency of the RDE voltammetry on { was
simulated using the following parameters: c- = 1
mM, « =0.5, v =0.01 cm2s?, Ee=0.0V, D=1 x 105
cm?s?, w = 1000 rpm, T =298 K and ke=1 x 10? cm

s1). The resulting RDE voltammograms for selected
values of Y are shown in Fig. 4a. When { < 1, the
reaction proceeds at an apparently higher
overpotential compared to that of a fat uniformly
covered surface for which the electroactive surface
area of the particles is the same as the geometric
area of the rotating disc surface. On the contrary,
when ) >1, the reaction would appear to occur at a
lower overpotential for an electrode modified with

the same material.

A quantitative picture of this variation is presented
in Fig. 4b for the variation of the potential at
half-maximum current Ei2 with {. In this case,
without any change in the intrinsic activity, a
surface with { = 1.4 would appear to reduce the
overpotential of the reaction by 17 mV, which might
be falsely attributed to a catalytic effect.

A problem that has baffled scientists in the field of
oxygen reduction for decades is the need to develop
catalysts that would significantly decrease the
overpotential for oxygen reduction, and indeed,
despite massive financial investment and research
efforts spanning decades, no major breakthrough
has been reported. Consequently, even marginal
reduction in the overpotential for oxygen reduction
is often received with much optimism [23, 24].
However, it is clearly demonstrated here that when
comparing surfaces modified with different nano-
or micro-particles, a relatively lower overpotential
of one modified surface compared to others may

not necessarily be due a catalytic effect.

3.3 Effect of  on the kinetic current Ix, and standard
rate constant k

A common practice for reporting the activity of
catalysts for oxygen reduction is by comparison of
their kinetic currents (Ix) at a specific potential
chosen from the mixed kinetic-diffusion controlled
region of RDE voltammograms, for example as

reported in the literature summarized in table 1.
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Two approaches are generally employed in
obtaining Ir. In the first approach, Iris calculated
using equation (9), or in the second, the intercept of
a plot of I vs w'? is used. Knowing I, the rate
constant of the reaction at a given potential is then
calculated from equation (10). However, we see
from Fig. 4(a) that at a fixed potential in the
kinetic-diffusion controlled region, the calculated I«
will be different for the different values of J, and
more obviously in Fig. 3(b), that different intercepts
exist for the different values of {, with Ix following
the order: 1.4>1.0>0.7>0.4.

The rate constants k at variable overpotentials (E)
were determined from the intercept of the plots of
I versus w2, Fig. 3(b), for the different values of ¢

and plotted against E, Fig. 5(a).
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Figure 5 (a) Graph of In (k) against overpotentidlH) at

various values ofp, (b) graph of the apparent standard rate

constant K against).

The graphs are parallel with a slope of -19.5 V-1 in
agreement with the expected theoretical value of
—-anF

——, taking a =05 n=1,n"=0 R=8314 ] K!
RT

mol!, F = 96485 C mol?! and T = 298 K. However,

one can note that the apparent standard rate
constant kgppvaried with 1. We have called these
active surface area dependent “standard rate

constants” apparent rate constant ( kgpp). For ¢ <1.0,

kgpp< ke while for ¢ > 1.0, kgpp> ke, and generally,

for a given 1V, kgpp= Pke, Fig. 5(b). Therefore, the

rate constants of electrode catalyzed reactions
extracted via the intercept of I' vs w?? plots for
surfaces modified with nano- and micro-particles
must be interpreted taking into the discrepancy
between the geometric area of the rotating disk
surface and the total active surface area of the

catalytic particles, if flux is known.

4  Conclusions

For an inert surface partially or fully covered with
catalytic particles, such that the total surface area of
the electroactive particles is different from the
geometric area of the substrate 1 # 1, due to partial
coverage of the substrate or due to extended surface
area effects, the rate constants determined by the

Koutecky-Levich analysis of RDE voltammetric
data reflect apparent rate constants kgppand not

true standard rate constants ko; and the values of

ko, will depend on ¥. For ¢ > 1.0, K3 will be

greater than ke and may thus be falsely interpreted
to cause a catalytic effect. On the other hand, if { <

1.0, k®

app will be less than ke, the consequence

might be denial of an electrocatalytic effect even if it

existed. Additionally, whereas the present results
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focused on surfaces modified with nanoparticles of
various geometries, it should generally be
applicable to other surfaces in which catalytic
particles are used to modify a surface. Furthermore,
we see that provided the hydrodynamic
requirements remain valid, the diffusion limited
flux is independent of 1 and the determination of n

using the Koutecky-Levich analysis is not affected.
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