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A B S T R A C T

The performance of oxygen reduction reaction (ORR) catalysts has been substantially improved over the
past several decades. These catalysts are evaluated for electrochemical activity in a rotating disk
electrode (RDE) assembly using an oxygen saturated liquid electrolyte. Koutecky-Levich (K-L) analysis
provides a simple and effective method to extract electrokinetic information by correcting for mass
transport effects. We propose extensions to the K-L analysis to address some of the simplifying
assumptions made during its derivation. In particular, we demonstrate that decreased concentrations of
surface reactants contribute to measured overpotentials in a Nernst fashion, and can lead to an
underestimation of catalytic activity. By applying a Nernst overpotential correction in conjunction with
K-L analysis, more accurate measurements of the intrinsic reaction kinetics under mass transport limited
conditions are possible. As the K-L method assumes a reaction order of unity, we also consider kinetic
reaction order deviation from unity due to measurement conditions. We show that examining the
dependence of the reaction order on overpotential can provide a straightforward technique to probe
blocking effects of surface absorbents. We propose that these extensions to the K-L method can allow for
increased versatility of the RDE technique for extracting electrokinetic parameters for ORR catalysts.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In the polymer electrolyte fuel cell (PEFC) community, extensive
research and development efforts over the past few decades have
led to the discovery of new surfaces and materials that can catalyze
the electrochemical oxygen reduction reaction (ORR) at rates much
higher than those achieved previously [1–10]. Examples include
polycrystalline surfaces, such as platinum-transition metal [11] or
platinum-rare earth metal alloys [3,12–14], and single crystal
surfaces, such as Pt3Ni(111) [15]. Achievements in this regard have
also been translated to high surface area catalysts, with
nanostructured [16–19] materials having preferential faceting
[20,21], or tailored alloyed/dealloyed systems [8–10,22–25],
showing exemplary ORR activity. These surfaces and nanostruc-
tured catalysts are now routinely capable of achieving more than
an order of magnitude activity enhancement over state of the art

carbon supported platinum (Pt/C), the commonly accepted
benchmark catalyst.

In light of the need to evaluate catalysts and surfaces with
greatly improved ORR activity, it is a worthwhile endeavor to
revisit the techniques and methods used to extract electrokinetic
information. This is a prudent approach due to the importance of
conducting accurate evaluations of catalyst activity in all experi-
ments ranging from fundamental electrochemical investigations to
fuel cell testing. The conventional technique for evaluating
electrokinetic activity for the ORR is the rotating disk electrode
(RDE) technique. RDE experiments can involve a broad range of
catalysts, including single crystal and polycrystalline materials, or
high surface area catalysts that require drop casting an ink slurry
onto an electronically conductive and chemically inert substrate
(typically glassy carbon) to form a thin catalyst layer coated
working electrode. The resulting working electrode is then rotated
in a liquid electrolyte to induce the convective flow of reactant
species (i.e., oxygen) toward the electrode surface. With the
convective-diffusive flux of dissolved oxygen dictated by the
electrode rotation rate, electrode potential-dependent current
densities can be corrected for mass transport contributions. This

* Corresponding author at: 440 Escondido Mall, Building 530, RM 226, Stanford,
CA, 94305, USA.

E-mail address: fprinz@stanford.edu (F.B. Prinz).

https://doi.org/10.1016/j.electacta.2017.09.145
0013-4686/© 2017 Elsevier Ltd. All rights reserved.

Electrochimica Acta 255 (2017) 99–108

Contents lists available at ScienceDirect

Electrochimica Acta

journa l home page : www.e l sev ier .com/ loca te /e le cta cta

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2017.09.145&domain=pdf
mailto:fprinz@stanford.edu
https://doi.org/10.1016/j.electacta.2017.09.145
https://doi.org/10.1016/j.electacta.2017.09.145
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta


allows for quantification of the kinetic current density (jk), an
intrinsic electrochemical reaction kinetic parameter. Values of jk at
a specific electrochemical potential are then reported as a figure of
merit. In the past, the typically reported ORR activity has been at
0.9 V vs the reversible hydrogen electrode (RHE), but with
significant improvements to catalytic activity achieved recently,
values of 0.95 V vs RHE are now being reported in addition.

The Koutecky-Levich equation is a powerful and versatile tool
that is commonly used for the correction of mass transport effects
in RDE testing to obtain kinetic current densities. With its full
derivation given in Ref. [26], the KL equation can be derived from
two basic assumptions. The first is a linear diffusion model of
reactants, whereby the surface reactant concentration C�

R can be

related to the reactant concentration in the bulk CBulk
R by the

measured total current density jtot and the mass transport limiting
current density jlim. This culminates in Eq. (1) shown below.

C�
R

CBulk
R

¼ jlim � jtot
jlim

ð1Þ

One important underlying assumption of this relationship is that
the reactions corresponding to jlim and jtot are the same. For ORR,
the reaction is generally referred to as reduction of oxygen to water.
Nevertheless, there are possibly other processes that lead to
reduction to hydrogen peroxide and even superoxide [27,28],
which is gaining importance in alkaline solutions and non-nobel
metal catalysts [29–31]. For these cases, one shall use oxygen
transport limiting rate and oxygen reduction rate to replace jlim and
jtot, respectively.

The second assumption is that the electrochemical reaction
follows first-order reaction kinetics. Assuming a first order
reaction, the local current density jloc is proportional to the
multiplication of surface reactant concentration and the kinetic
current density jk (Eq. (2)), whereby jk is a function of overpotential
h, and is a product of reaction rate constant and reactant

concentration C0
R under standard conditions (i.e., 298 K and 1 atm).

jloc ¼ jk hð ÞC
�
R

C0
R

ð2Þ

If the surface roughness factor (as defined by Eq. (3)) L of the
electrode is 1, one can combine Eqs. (1) and (2) as Eq. (4a) and
obtain the reciprocal relationship as shown in Eq. (4b) as the
Koutecky-Levich equation.

jtot ¼ Ljloc ð3Þ

jtot
jk

¼ jlim � jtot
jlim

ð4aÞ

1
jtot

¼ 1
jlim

þ 1
jk

ð4bÞ

In some cases, such as catalysts with ionomers and nanostruc-
tured catalysts, the linear diffusion assumption breaks down as
oxygen supply is impeded by processes other than diffusion in the
electrolyte. In such cases, it is practical to add another oxygen mass
transport limiting current term [32] to Eq. (4b), thereby invalid-
ating Eq. (1). The following discussion will set aside additional
complexity arising from other diffusion processes, such as Pt/C
powder catalysts with thick or nonuniform films and catalyst
structures with strong interference from ionomers so that
analytical approaches such as the K-L method are still meaningful.

The kinetic current density jk is a function of overpotential h.
Assuming a single rate limiting step for the multi-electron process
of oxygen reduction, jk can be formulated with a Butler-Volmer
type of relationship as shown by Eq. (5), where j0 is the exchange
current density, a is the transfer coefficient, the product of
symmetry factor and the number of electrons, nRLS, transferred in
such a elementary step, F is the Faraday constant, and R is the ideal
gas constant. For modeling reaction kinetics of Pt catalysts, the
value of a is taken as unity based on a Tafel slope of 59 mV/dec. The
value of nRLS in Eq. (5) is set to be 1, as the rate limiting steps for
ORR on Pt are single electron/proton transfer steps either to
adsorbed oxygen or adsorbed hydroxyl species [33–35].

jk hð Þ ¼ j0 exp
aFh
RT

� �
� exp

a � nRLSð ÞFh
RT

� �� �
ð5Þ

In the first part of this work, we will discuss how the
development of increasingly active catalysts can lead to an
overestimation of kinetic overpotential during RDE measurements.
The effect of lowered surface reactant concentration on the
kinetics has been considered by the KL method. Nevertheless,
according to the Nernst equation, the measured overpotential,
hmeasured, also contains a contribution associated with the lowered
surface reactant concentration. When compared at the same
absolute electrochemical potential (i.e., 0.9 V vs RHE), more active
catalysts will ultimately result in lower surface reactant concen-
trations and thus larger contribution to the Nernst losses. In other
words, higher performance catalysts are compared at a lower
kinetic overpotential hk, potentially leading to an underestimation
of intrinsic catalytic activity (i.e., overestimation of hk).

hk ¼ hmeasured þ
RT
nF

In
C�
R

CBulk
R

ð6Þ

The second part of this paper discusses the reaction order of the
ORR, which is a key underlying assumption of the reciprocal
relationship of the K-L method. Theoretical reaction orders will be
derived and compared with experimental values obtained using
polycrystalline platinum electrodes as an example. The deviation
of reaction order from unity can provide detailed information on
surface blocking effects and offer justification for appropriate
measurement protocols.

2. Experimental

A 0.196 cm2 polycrystalline platinum disk was used for the
example of electrochemical measurements on the flat substrate.
The polycrystalline platinum disk was first mechanically polished
with 0.05 mm alumina slurry to obtain a flat, mirror-like finish, and
then annealed with a butane flame. The disk was assembled in a
RDE tip for activity evaluation. The electrolyte was diluted from
70% perchloric acid (Veritas Doubly Distilled, GFS chemicals) to
0.1 mol/L with ultrapure water (18.2 MV cm, TOC <5 ppb). A three-

Nomenclature

jtot total current density
jlim mass transport limited current density
jk kinetic current density
L roughness factor, cm2

catalyst/cm2
geometric

hmeasured measured overpotential
hk kinetic overpotential
m reaction order with respect to oxygen partial

pressure
g kinetic reaction order
u portion of available active surface
C�
R concentration of surface reactant
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