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Abstract

This paper presents a dynamic analysis of the methanol oxidation kinetics on a direct methanol fuel cell anode in a cyclone flow cell.
Four kinetic descriptions for methanol oxidation are discussed. They differ in the adsorption/desorption mechanisms, as well as in the
potential dependence of a reaction step. Since all kinetic descriptions quantitatively describe the experimental steady state behaviour,
dynamic measurements, here electrochemical impedance spectroscopy, is used for model discrimination. The presented impedance spec
tra are modelled by using the frequency domain transformed balance equations of the four kinetic descriptions. Analysis of the depen
dence of the modelled impedance spectra on parameter variation shows a narrow range in which pseudo inductive behaviour is
produced: at least two consecutive steps with similarly fast reactions have to be involved. Besides reaction rate constants, storage param
eters and anode potential also show a strong influence on the impedance spectra. The parameters of all four kinetic descriptions have
been globally optimised. A comparison of the resulting impedance spectra leads to the identification of the best quantitative description
of the electrochemical methanol oxidation kinetics.
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1. Introduction

The direct methanol fuel cell (DMFC) has important
advantages to the hydrogen fuel cell, the fuel is liquid,
hence it can be more easily stored and handled, and it
has a higher energy density. None-the-less, the oxidation
of methanol at the low operating temperatures of the
DMFC (6400 K) is significantly slower than hydrogen oxi-
dation. The decomposition of methanol, in gross

CH3OH + H2O! 6Hþ+ 6e�+ CO2 ð1Þ
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can only proceed via various reaction steps. At least one of
these steps involves a strongly adsorbed intermediate which
slows down the oxidation rate. A vast amount of research
on methanol oxidation can be found in the literature [1
13]. Most of the research nowadays is conducted on binary
Pt/Ru catalysts [6 9], since they seem to be the most active
catalysts for methanol oxidation. The addition of small
amounts of other metals, see [14 16], showed no significant
improvement of the catalyst activity. It is accepted that the
enhancement of the reaction rate for methanol oxidation
on PtRu catalyst compared to pure Pt catalyst is due to a
bifunctional mechanism [17] where Pt is responsible for
methanol adsorption and dehydrogenation, and Ru for
OH adsorption which commences at lower overpotentials
than on platinum itself [18]. As a further reason, an elec-
tronic effect between Pt and Ru decreases the strength of
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Nomenclature

A system matrix
As geometric electrode area, 2.14 · 10 4 m2

B input vector
cCH3OH methanol concentration in anode catalyst layer,

mol/m3

cPt, (cRu) surface concentration of Pt, (of Ru), mol/m2

C output vector
Cdl anode double layer capacitance, C/m2

D direct transmission parameter
E anode potential, V
f frequency, Hz
gCO, (gOH) inhomogeneity/interaction factor for Frum-

kin/Temkin adsorption on Pt, (on Ru)
F Faraday constant, 96,485 C/mol
G transfer function
j imaginary unit
jcell cell current density, A/m2

ki,0 reaction rate constant for reaction i
keff

i effective reaction rate function for reaction i

R universal gas constant, 8.314 J/mol/K
s Laplace variable

t time, s
T cell temperature, K
u, (U) input variable (in Laplace domain)
x, (X) state variable (in Laplace domain)
y, (Y) output variable (in Laplace domain)
Z electrochemical impedance, X
aai charge transfer coefficient for anodic reaction i

bCO, (bOH) symmetry parameter for Frumkin/Temkin
adsorption on Pt, (Ru)

hCO surface coverage of Pt with COads

hOH surface coverage of Ru with OHads

subscripts

A anode
ACO anode COads surface coverage on Pt
AE anode potential
AOH anode OHads surface coverage on Ru
i counter

superscripts

> reference state
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Fig. 1. Response of the DMFC to a current step down experiment
(concatenated symbols) vs. DMFC model with a single reaction step
(dashed line) and vs. DMFC model with a consecutive reaction mecha
nism (solid line), details see [20].
the bond between an adsorbed intermediate and the Pt sur-
face. This increases the reaction rate on PtRu catalyst com-
pared to pure Pt even for the same surface coverage of CO
and OH [19].

Knowledge of the reaction mechanism is relevant for
understanding and optimising the DMFC behaviour. In
[20], the authors analysed the cell voltage response of
the DMFC to cell current steps, finding a very intense
dynamic behaviour with overshoots of �30% (Fig. 1, con-
catenated symbols). Simulations with a simple one-step
reaction mechanism (Fig. 1, dotted line) or a consecutive
two-step reaction mechanism (Fig. 1, solid line) cannot
quantitatively reproduce the behaviour, but they show
that the anodic methanol reaction mechanism has a
strong influence on the dynamic behaviour. Furthermore,
understanding the mechanism may help generating better
catalysts as well as developing a special control strategy to
improve the power output, e.g., by periodically removing
adsorbed species.

Most investigations on the reaction mechanism of meth-
anol oxidation are conducted on non-technical electrodes,
e.g., on single crystals or smooth surfaces [2 5,10 13]. They
focus on the detection of adsorbed species or products.
Using different analysis techniques (CV, FTIR, FTIR-
DRS, DEMS, etc.), more than 10 adsorbed methanol der-
ivates were detected or postulated: (CO)ads, (COH)ads,
(CHO)ads, (COOH)ads, (OCH)ads, (OCH2)ads, (OCH)ads,
(CHOH)ads, (CH2OH)ads, and (CH3OH)ads. Due to the
deviation of the experimental conditions to real fuel cell
conditions (electrode structure, temperature, additional
chemicals, no diffusion layer, etc.), they are not all equally
important for the reaction inside the DMFC. Summarising
the main experimental findings in the literature, the reac-
tion pathways given in Fig. 2 can be formulated.

The aim of this work is to use electrochemical imped-
ance spectroscopy as a dynamic method for model discrim-
ination. A lumped reaction mechanism based on the
reaction scheme above is discussed. The mechanism should
be able to qualitatively and quantitatively describe the
steady-state and dynamic behaviour of the methanol oxida-
tion on Pt/Ru fuel cell catalysts for DMFCs. The reaction
mechanism and four different kinetic formulations are
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Fig. 3. Schematic representation of the experimental setup: 1 working
electrode compartment, 2 counter electrode compartment, 3 reference
electrode compartment.

Fig. 2. Main reaction pathways of methanol oxidation.
based on assumptions made in [6]. All models can quanti-
tatively reproduce the steady-state experiments, but not the
dynamic behaviour. Impedance spectra are modelled by
using frequency domain transformed transfer functions
generated from balance equations. In contrast to equiva-
lent circuit models, these models do not contain empirical
elements. An in-depth investigation of the parameter influ-
ence on the impedance spectra is presented, highlighting
the complex influence of the parameters on the EIS.
Recorded electrochemical impedance spectra are used for
model discrimination, and a quantitative reaction kinetic
model is identified.

2. Experimental

2.1. Production of MEAs

The membrane electrode assembly (MEA) is prepared
from NAFIONe N-105 membrane foil, onto which the
catalyst layers are applied using an airbrush technique
developed by ZSW Ulm (Germany) [21]. The anode cata-
lyst layer features a catalyst loading of 5 mg/cm2 (unsup-
ported) platinum ruthenium black (Alfa Aesar Johnson
Matthey HiSPECe 6000) and a NAFIONe content of
15 mass% relative to the metal loading (i.e. 0.75 mg/cm2).
As diffusion layer PTFE-coated TORAY carbon paper
(TGP-H-060) is used, with a PTFE loading between 20
and 25 mass% with respect to the uncoated material. The
MEA was hot pressed at 403 K at a pressure of 10 MPa
during 3 min onto the TORAY carbon paper. The total
geometric area of the MEA covered by the catalyst layer
was 12.56 cm2, but only 2.14 cm2 were exposed to the
anode and cathode compartment.

2.2. Experimental setup

The measurements were conducted in a half cell setup [6]
which resembles an idealised anode of a DMFC: it contains
a MEA and shows minimal mass transport and cathode
influence, as explained in the following. (a) The setup is a
cyclone flow cell, see Fig. 3. Like in a fuel cell, a DMFC
MEA separates the anode and cathode compartment. So
the results can be directly used in complete DMFC models.
(b) The flow pattern inside the compartments is similar to
the flow inside a cyclone, causing a homogeneous concen-
tration distribution over the MEA. (c) The setup enables
measurements at a defined anode potential by using a ref-
erence electrode.

The cyclone flow cell consists of three compartments:
working electrode compartment (1), counter electrode
compartment (2) and reference electrode compartment
(3). The reference electrode was saturated silver/silver chlo-
ride (0.196 V vs. SHE). All potentials in this paper were
recalculated vs. SHE. The working electrode compartment
was supplied with reactants (methanol/water mixture with
different methanol concentrations), while the counter elec-
trode (2) and the reference electrode (3) compartments
were supplied with 1 M sulphuric acid solution. The refer-
ence electrode compartment was connected to the counter
electrode compartment by a Luggin capillary. Due to the
electric current in the liquid layer between the end of the
Luggin capillary and the catalyst layer, the measured work-
ing electrode potential was corrected for corresponding
Ohmic drop (see below). The electrolyte solutions are pre-
pared from sulphuric acid (Merck, extra pure), methanol
(Merck, extra pure) and ultrapure water (Millipore,
18 MX cm). Working electrode compartment and counter
electrode compartment supply containers were deaerated
with nitrogen, and the deaerated solutions were circulated
through the cell.

All electrochemical measurements were carried out with
a Zahner impedance measurement unit (IM6e). Experi-
ments were performed at a temperature of 333 K. The cell
temperature was controlled by use of a Julabo F12 thermo-
stat. For all electrochemical measurements, precondition-
ing of the membrane electrode assembly (MEA) was
done by cyclic voltammetry in the potential range from 0
to 0.7 V at a sweep rate of 20 mV s 1. Five cycles were
enough to obtain a reproducible MEA behaviour.



2.3. Impedance measurements

For impedance measurements, the potential was
stopped after preconditioning at the desired set point,
and the current was recorded over time (30 min in metha-
nol containing solution). Impedance measurements were
performed immediately afterwards at the same DC poten-
tial, over a frequency range between 2 kHz and 10 mHz.
The amplitude of the sinusoidal signal was 5 mV (from
base to peak). The measurements were corrected for Ohmic
drop by subtracting the Ohmic resistance (impedance at
high frequencies) from the real part of the impedance data.

3. Reaction mechanism and four kinetic descriptions

Based on the reaction pathways given above and on the
literature findings, the following mechanism for methanol
oxidation was formulated in [6]:

ðPtÞ CH3OH!k1
CH3OHads ! . . . !�3Hþ�3e

COads þHþ þ e�

ð2Þ

ðRuÞ H2O �
k2

k 2

OHads þHþ þ e� ð3Þ

ðPt=RuÞ COads þOHads!
k3

CO2 þHþ þ e� ð4Þ
Vidakovic’ et al. [6] could show that mass transport resis-
tance from the anode compartment to the catalyst layer
can be neglected when using the presented experimental
setup. The first modelling relevant mechanistic step is
therefore the partial oxidation of methanol, shown in Eq.
(2): methanol physisorbs at Pt and is subsequently decom-
posed to COads by H-atom extraction. This process is sup-
posed to occur only on the Pt adsorption sites. In a parallel
reaction step (Eq. (3)), OH species are formed by water dis-
sociative adsorption on the Ru adsorption sites. The third
reaction step (Eq. (4)) represents the surface reaction be-
tween OHads and COads, leading to CO2 evolution. The sur-
face then is set free for new methanol and water
adsorption.

To analyse the methanol oxidation kinetics, non-linear
mathematical models based on the above given reaction
mechanism were developed accounting for the following
phenomena:

� Irreversible electrochemical partial oxidation of metha-
nol to the adsorbed intermediate COads.
� Reversible electrochemical partial oxidation of water to

the adsorbed intermediate OHads.
� Irreversible electrochemical or chemical reaction of

adsorbed COads and OHads to CO2.

The following model assumptions are made:

� The methanol concentration in the anode catalyst layer
is identical to the methanol feed concentration (mini-
mised mass transport influences in the cyclone flow cell
[6]).
� In the given temperature range, methanol adsorption
occurs only on Pt.
� For the electrochemical partial oxidation of methanol

(Eq. (2)), the first step (potential independent methanol
physisorption) is considered to be the rate-determining
step.
� In the given temperature range, water adsorption occurs

only on Ru.
� Water concentration is constant since it is an excess

component.
� A pure liquid phase mixture is assumed, i.e. gas-phase

formation by release of carbon dioxide bubbles is not
taken into account. Problems with bubble formation
only get visible when working and modelling in or near
the limiting current regime of the polarisation curve,
which is not done here.
� Ohmic drop is zero, since experiments have already been

corrected.

Based on the assumptions given above, balance equa-
tions for the surface coverage of the adsorbed intermedi-
ates COads (Eq. (5)) and OHads (Eq. (6)), as well as for
the anodic potential E (Eq. (7)) are formulated:

cPt �
dhCO

dt
¼ keff

1 ðhCOÞ � cCH3OH � ð1� hCOÞ

� keff
3 ðE; hCOÞ � hCO � hOH ð5Þ

cRu �
dhOH

dt
¼ keff

2 ðE; hOHÞ � ð1� hOHÞ � keff
�2ðE; hOHÞ � hOH

� keff
3 ðE; hCOÞ � hCO � hOH ð6Þ

Cdl �
dE
dt
¼ jcell � F ½4 � keff

1 ðhCOÞ � cCH3OH � ð1� hCOÞ

þ keff
2 ðE; hOHÞ � ð1� hOHÞ � keff

�2ðE; hOHÞ � hOH

þ keff
3 ðE; hCOÞ � hCO � hOH� ð7Þ

hCO and hOH are the fractional surface coverages of Pt with
COads, and Ru with OHads, respectively, and E is the anode
potential. keff

1 ðhCOÞ, keff
2 ðE; hOHÞ, keff

�2ðE; hOHÞ, and
keff

3 ðE; hCOÞ are the effective reaction rate functions for reac-
tion i 2 {1,2,�2,3}. These rate functions contain different
kinetic descriptions and dependencies on E, hCO and hOH.
They are defined below in this section. Cdl, cPt and cRu are
the storage capacities for charge, i.e. the double layer capac-
itance, for CO, i.e. the Pt surface concentration, and for
OHads, i.e. the Ru surface concentration, respectively. Set-
ting the left side of the set of Eqs. (5) (7) to zero results in
the steady-state descriptions, in which the storage capacities
have no influence. Formally seen, cPt and cRu influence the
effective reaction rate functions keff

i ðE; hCO; hOHÞ, but since
these surface concentrations cannot be separated from the
reaction kinetic constants at steady-state, they are incorpo-
rated in the reaction rate constants (see Section 4.3.3).

In the literature, various dependences of the reaction
rates on potential and surface coverage are given [5,7,22
27]. In [6], five kinetic descriptions, assuming different
adsorption mechanisms and potential dependences, have
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symbols) at three potentials.
been discussed and compared with regard to their influence
on the polarisation curve. Based on these, we here present
four kinetic variants, which can be expressed by modifying
the reaction rate functions keff

i ðE; hCO; hOHÞ.
The first distinction is done with regard to the potential

dependence of reaction step 3 (Eq. (4)): Vidakovic’ et al. [6]
postulate a potential dependent surface reaction with

COads þOHads ! CO2 þHþ þ e� ð8Þ
while Kauranen et al. [7] assume a consecutive reaction

COads þOHads !
r.d.s.

COOHads ! CO2 þHþ þ e� ð9Þ

where the first reaction, a chemical reaction, is the rate
determining step. Hence, reaction step 3 (Eq. (4)) would
be potential independent. We will refer to the potential
dependent description as VCS (author initials of [6]), and
to the potential independent description as Kauranen.

In addition to the potential dependence, we introduce a
second distinction with regard to the adsorption/desorp-
tion mechanism, which affects all three reaction rate func-
tions. The most frequently used adsorption description,
based on mechanistic considerations, is Langmuir adsorp-
tion [5,23 27]. Kauranen et al. [7] assume Frumkin/Tem-
kin type adsorption for methanol on the Pt adsorption
sites, but at the same time use Langmuir for the adsorp-
tion of OHads. Only in [22], Frumkin/Temkin type
adsorption is assumed for all species. The assumption of
Langmuir adsorption for OHads should yield a well-
expressed peak in cyclic voltammograms in the absence
of methanol, which was not observed [6]. Hence, in case
of introducing a Frumkin/Temkin type adsorption for
COads, also Frumkin/Temkin type adsorption for OHads

should be adopted. So, the second type of distinction in
this manuscript is drawn with regard to the adsorption/
desorption mechanism, which is either a Langmuir-type
adsorption or a Frumkin/Temkin type adsorption. The
type then holds for all reaction steps.

Combining these two types of distinction (potential
dependence of third reaction step, adsorption/desorption
mechanisms) yields four different kinetic variants: VCS
Langmuir, VCS Frumkin/Temkin, Kauranen Langmuir
and Kauranen Frumkin/Temkin. Mathematically, the dif-
ferences between the kinetic descriptions can be summa-
rised in the reaction rate functions keff

1 ðhCOÞ; keff
2 ðE; hOHÞ;

keff
�2ðE; hOHÞ, and keff

3 ðE; hCOÞ for the reactions 1 to 3:

keff
1 ðhCOÞ ¼ k1;0 � exp½�bCOgCOðhCO � 0:5Þ� ð10Þ

keff
2 ðE; hOHÞ ¼ k2;0 � exp

aa2F
RT

E
� �

� exp �bOHgOHðhOH � 0:5Þ½ �

ð11Þ

keff
�2ðE; hOHÞ ¼ k�2;0 � exp �ð1� aa2ÞF

RT
E

� �

� exp ð1� bOHÞgOHðhOH � 0:5Þ½ � ð12Þ

keff
3 ðE; hCOÞ ¼ k3;0 � exp

aa3F
RT

E
� �

� exp½ð1� bCOÞgCOðhCO � 0:5Þ� ð13Þ
Here, ki,0 is the reaction rate constant for reaction i with
i 2 {1,2,�2,3}, and aai is the charge transfer coefficient
for reaction i. The assumption of a Kauranen kinetics
yields a potential independent keff

3 ðhCOÞ with aa3 0,
whereas for the VCS kinetics keff

3 ðE; hCOÞ is potential depen-
dent with aa3 0.5. The distinction between dependence
and independence of the adsorption/desorption energy on
surface coverage yields for the first case (Frumkin/Temkin
kinetics) an exponential term in all keff

i ðE; hCO; hOHÞ,
consisting of the symmetry factor bi 0.5 (with
i 2 {COads,OHads}), the inhomogeneity/interaction factor
gi, and the surface coverage. For the case of surface cover-
age independent adsorption energies, i.e. for the Langmuir
kinetics, the inhomogeneity factors are set to zero, i.e.
keff

i 6¼ f ðhCO; hOHÞ.
Steady-state measurements were recorded in [6] at vari-

ous concentrations between 0.03 and 3 mol/l (at 333 K), as
well as at various temperatures between room temperature
and 333 K (at 1 mol/l). The measurements have been dis-
cussed in detail as well as modelled with the different
kinetic models in [6]. All kinetic variants are able to
describe satisfactorily the experimental results [6]. Since
the steady-state measurements and their concentration
and temperature dependence are not sufficient for model
discrimination between the kinetic descriptions, electro-
chemical impedance spectroscopy (EIS) is used.

4. Analysis of the electrochemical impedance spectra

4.1. Experimental results

Electrochemical impedance spectra were recorded at the
(Ohmic drop corrected) potentials 0.37, 0.41 and 0.44 V at
333 K, using a 1 M anodic methanol solution. These oper-
ating conditions are identical to the conditions at dynamic
operation of the DMFC, which allows a good portability
of the kinetic results to DMFC models.

The frequency ranges from 2 kHz to 10 mHz. The
recorded spectra are presented in Fig. 4 (concatenated sym-
bols). The impedance plots resemble each a depressed semi-



Fig. 5. Representation of the anode catalyst layer as a transfer function
block diagram.
circle and a low frequency pseudo-inductive loop. EIS of
depressed semicircle shape characterise surfaces with a high
roughness [28]. Increasing the potential, the size of the
overall EIS decreases which indicates that the charge trans-
fer resistance for methanol oxidation becomes smaller.

Pseudo-inductive behaviour in the low frequency region
has been reported in the literature for methanol oxidation
at smooth polycrystalline platinum [29], at carbon-sup-
ported Pt-nanoparticles [30] and at Pt/Ru fuel cell anodes
[8]. Such pseudo-inductive patterns are known to be a typ-
ical feature of systems with adsorbed intermediates or with
a transition between a passive and an active state [9].

The observed pseudo-inductive behaviour most proba-
bly can be attributed to a particular kinetic phenomenon
characterising methanol oxidation. Hence, a good repro-
duction of the pseudo-inductive behaviour is a precondi-
tion for acceptance of a kinetic model.

4.2. Modelling EIS via Laplace transformation

To model the recorded impedance spectra with the
kinetic descriptions, the set of equations (Eqs. (5) (7)) is
transformed into the frequency domain. In contrast to
modelling with equivalent circuit EIS models, such models
have a direct physico-chemical relevance, since they do not
contain empirical elements. For the SOFC, a similar
approach has been done by the group of Gauckler [31],
with the difference that the double layer charging influence
is added as an equivalent circuit element. The approach
applied in this paper is a combination of standard methods
used in process dynamics [32] and control engineering [33].
The exact procedure is shown in the following:

After linearisation around the contemplated steady-
state, the set of balance equations, Eqs. (5) (7), is cast into
the state space form:

dx

dt
¼ AxðtÞ þ BuðtÞ ð14Þ

yðtÞ ¼ CxðtÞ þ DuðtÞ ð15Þ

where A, B, C and D are the system matrix, input vector,
output vector and direct transmission number (in this case
D 0), respectively. u(t) is the perturbed input variable, i.e.
in this case the cell current density, y(t) is the observed out-
put variable, i.e. the anode potential response, and x(t) is
the vector of state variables [hCO(t) hOH(t) E(t)]T.

Laplace transformation (t! s; y(t)! Y(s); u(t)! U(s);
x(t)! X(s)) of this set of equations yields the transfer func-
tion G, which is the ratio of output to input variable:

GðsÞ ¼ Y ðsÞ=UðsÞ ¼ BðsI � AÞ�1C þ D ð16Þ
Y(s) is the Laplace transformed anode potential, U(s) is the
Laplace transformed cell current density, and I is the unit
matrix. Transfer functions as shown in Eq. (16) are a major
tool in linear system analysis for investigating the dynamic
behaviour of systems, e.g., of a reactor network.

Instead of calculating the total transfer function G(s)
using all equations at once, the system can be decom-
posed into single modules which are interconnected as
shown in the blockdiagram in Fig. 5. The decomposition
is done with regard to the different state variables: anodic
COads surface coverage (GACO), anodic OHads surface
coverage (GAOH) and anode potential (GAE). The single
transfer functions are generated from the balance equa-
tion of the respective state variable. This method of
decomposition has the advantage that the mathematical
description of the single modules can be chosen from
within a library. The library contains the various alterna-
tive mathematical descriptions for each state variable,
and the appropriate description is selected according to
the investigated kinetics. This enables easy switching
between various reaction mechanisms or between quasi
steady-state and dynamic assumptions. In addition, the
modules are suitable for direct implementation into
DMFC models [20].

In a last step, the transfer function G(s) is transformed
into the frequency domain to yield the electrochemical
impedance Z(f) by exchanging the Laplace variable s with
j Æ 2pf, where j is the imaginary unit and f is the frequency
vector [33]. The resulting intensive impedance [X m2] is cor-
rected with the cross sectional electrode area As to yield the
electrochemical impedance in X:

Zðf Þ ¼ Gðs ¼ j � 2pf Þ
As

ð17Þ
4.3. Qualitative parameter studies

The following section shows a qualitative parameter
study: The influence of model parameters on the imped-
ance spectra is analysed, as well as the occurrence of
pseudo-inductive behaviour.

The parameter influence has been studied for all four
kinetic models. Since the qualitative parameter depen-
dence of the impedance spectra is widely similar in all
models, we present the VCS Langmuir model results when
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varied from the reference value k>
1;0.
investigating parameters that are present in all models, and
the VCS Frumkin/Temkin model for the study of the
interaction factor influence on the EIS.

4.3.1. Reference spectrum of the VCS Langmuir model

A reference spectrum of the VCS Langmuir kinetics is
generated, from which the parameter variations are done.
An anode potential of 0.41 V is selected, which is identical
to the anode potential of one of the experimental EIS. The
following parameters have to be fixed: ki,0 (i 2 {1,2,�2,3}),
cPt, cRu and Cdl. The reference reaction rate constants k>

i;0

are chosen, so that reaction 1 and reaction 3 are similarly
fast ðkeff

1 � cCH3OH ¼ keff
3 ðEÞÞ, and reactions 2 and �2 are

100 times faster than reaction 1 and reaction 3 ðkeff
2 ðEÞ ¼

keff
�2ðEÞ ¼ 100 � keff

3 ðEÞÞ. This gives k>
1;0 ¼ 1:37� 10�6 m s�1,

k>
2;0¼110�10�6 mol m�2 s�1, k>

�2;0¼171 mol m�2 s�1, k>
3;0¼

1:1�10�6 mol m�2 s�1. The double layer capacitance
C>

dl (�1827 F m 2) has been experimentally pre-estimated
from CV measurements (current vs. sweep rate plot, the dif-
ference between anodic and cathodic currents at constant
potential (0.3 V) is used to eliminate errors due to a faradaic
reaction [34]). Pt and Ru surface concentrations have been
roughly estimated ðc>

Pt ¼ c>
Ru¼ 0:0145 mol m�2Þ by using

the BET surface area published in [35].
Fig. 6 shows the simulated spectrum (solid line), as well

as the experimental spectrum (concatenated symbols).
Although the size of the simulated spectrum is smaller than
the experimental one, the simulated spectrum has a shape
similar to the experimental one and it also shows pseudo-
inductive behaviour. Hence, the given reaction kinetic
model with parallel and consecutive reaction steps is able
to generate a dynamic behaviour qualitatively similar to
the experimentally measured behaviour. The depressed
shape of the EIS observed at medium and high frequencies
cannot be reproduced by the model, since it results from
the non-ideality of the electrode, as discussed in Section 2.

4.3.2. Variation of reaction rate constants

A variation of the reaction rate constants k1,0, k2,0, k 2,0

and k3,0 shows the influence of a shifting influence of the
reaction steps on the EIS. Fig. 7 shows the variation of
k1,0 from 0.25 times the original value to 10 times the ori-
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Fig. 6. Reference EIS of the VCS Langmuir model at 0.41 V (line) and
experimental EIS (concatenated symbols). Reaction rate constants are
selected so that the reaction rates of step 1 and step 3 are equally fast, and
reaction 2 is in quasi equilibrium (values see text).
ginal value. Deviation of k1,0 from its original value k>
1;0,

where reaction 1 and reaction 3 are equally influencing
the reaction rate, should lead to the preference of either
reaction 1 or reaction 3: decreasing k1,0 decreases the veloc-
ity of step 1, and increases its influence on the overall reac-
tion rate. On the other hand, increasing k1,0 decreases its
influence, and reaction 3 is the rate determining step
(r.d.s). This is clearly visible in the spectra, decreasing
k1,0 increases the overall impedance, and vice versa. In
addition, the pseudo-inductive behaviour depends strongly
on k1,0, i.e. on the dominance of step 1. Decreasing as well
as increasing k1,0 leads to vanishing of the pseudo-inductive
behaviour. Hence, there is only a small regime in which this
phenomenon occurs. According to these findings, a rate
determining step (step 1 or step 3) most probably inhibits
pseudo-inductive behaviour.

Variation of k3,0 substantiates this hypothesis. The EIS
are shown in Fig. 8. Decreasing k3,0 leads to a larger overall
impedance and to a loss in pseudo-inductive behaviour,
since only reaction 3 is determining the overall reaction
resistance (reaction 3 is r.d.s.). On the other hand, an
increase leads to lower impedance and also to a loss in
pseudo-inductive behaviour, i.e. at high k3,0, reaction 1 is
the rate determining step. Hence, only at roughly equal
reaction rates of the two subsequent steps the phenomenon
of pseudo-inductance occurs. This finding is in accordance
with the result in [6] that there is no single rate determining
step in methanol oxidation at medium potentials.
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Fig. 8. EIS of the VCS Langmuir model with reaction rate constant k3,0

varied from the reference value k>
3;0.
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Fig. 11. EIS of the VCS Langmuir model with electrochemical double
layer capacitance Cdl varied from the reference capacitance C>

dl .
In contrast to reaction 1 and reaction 3, reaction 2 is
supposed to be in quasi equilibrium. The variation of k2,0

is shown in Fig. 9. A change in k2,0 changes the equilibrium
constant, i.e the ratio k2,0 to k 2,0, producing more or less
OHads, which in turn influences reaction 3. As can be seen,
varying k2,0 influences the pseudo-inductive behaviour, its
size changes, but it is not extinguished. This indicates that
the pseudo-inductive behaviour is caused by the subse-
quent reactions 1 and 3, and it is only indirectly connected
to reaction 2 (via OHads). This is also in accordance with
the variation of k1,0 and k3,0: As long as reaction 1 and
reaction 3 are similarly dominating, the model produces
pseudo-inductive behaviour.

Finally, Fig. 10 shows the variation of k 2,0. The EIS at
n Æ k 2,0 (with n 2 {0.25, 0.1,4,10}) deviate only slightly
from the EIS at 1/n Æ k2,0. This substantiates the assump-
tion that a change in k2,0 or k 2,0 mainly influences the
EIS due to the equilibrium constant k2,0/k 2,0, but not
due to a separate dynamics.

4.3.3. Variation of storage parameters

While the reaction rate constants strongly influence the
steady-state and dynamic behaviour, the storage parame-
ters Cdl, cPt and cRu characterise how fast the mass and
charge balances, Eqs. (5) (7), are in a quasi-steady state.
i.e. they are not influencing the steady-state, but the
dynamic behaviour, hence the EIS.

A variation of the double layer capacitance Cdl is shown
in Fig. 11. Besides shifting the impedance to different fre-
quencies (only visible in Bode plots), the shape of the EIS
changes qualitatively. At high electrochemical capacitance,
the shape of the EIS is dominated by the charge balance,
since the mass balances are faster in a quasi-steady state
than the charge balance. Hence, the influence of the mass
balances on the EIS is diminished, and no pseudo-induc-
tance is visible. On the other hand, a minimisation of Cdl

leads to a pure interaction of the mass balances (5) and
(6), since the charge balance is in a quasi-steady state. This
is also indicated by the more prevalent pseudo-inductive
behaviour. At the reference parameter values therefore,
all three balances are influencing the EIS.
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Fig. 9. EIS of the VCS Langmuir model with reaction rate constant k2,0

varied from the reference value k>
2;0.
Interpretation of a variation of the surface concentra-
tions of Pt and Ru, cPt and cRu, is less transparent. For-
mally seen, the surface concentrations directly influence
the reaction rate functions, hence also the steady-state
behaviour. But since it is not possible, as mentioned above,
to distinguish between the original reaction rate constants
and the surface concentrations in steady-state measure-
ments, the here used reaction rate constants are the product
of original reaction rate constants and surface concentra-
tions, e.g., k1, 0 const k1,orig Æ cPt. Changing cPt or cRu

implies therefore an externally not visible change in the
internal composition of the reaction rate constants, which
neither has an influence on the EIS nor on the steady-state.
But, the given model formulation enables the definition of
pure dynamic variables to study their influence on the EIS.

The variation of cPt is shown in Fig. 12. An increase in
Pt surface concentration leads to a much larger pseudo-
inductive behaviour. This increase in cPt lowers the time
constant of the COads balance equation, Eq. (5), which
directly increases the dominant influence of reaction 1
and reaction 3 over reaction 2. The opposite holds for a
decrease in cPt, where reaction 2 will dominate more
strongly, and the pseudo-inductive behaviour disappears.
Fig. 13, where a variation in Ru surface concentration is
displayed, supports this. Increasing cRu has the same effect
as decreasing cPt, namely a diminished pseudo-inductive
behaviour, while a decrease in cRu gives a larger pseudo-
inductive behaviour.
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Fig. 14. EIS of the VCS Frumkin/Temkin model with inhomogeneity/
interaction factors gCO and gOH varied from the reference inhomogeneity/
interaction factors of the VCS Langmuir model (gCO = 0,gOH = 0).
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Fig. 15. EIS of the VCS Langmuir model with electrochemical potential
E varied from the reference potential (0.41 V).
Since all storage constants influence the impedance spec-
tra, and since the exact parameter values are not known, all
of them should be included into the quantitative fitting
procedure.

4.3.4. Variation of the inhomogeneity / interaction factors

Two of the four kinetic models contain Frumkin/Tem-
kin descriptions. Hence, the influence of this adsorption/
desorption type in contrast to the Langmuir adsorption/
desorption is investigated in the following. Fig. 14 shows
the influence of the inhomogeneity/interaction factors
gCO and gOH on the impedance spectra. It can be observed
that an increase in gCO extinguishes the pseudo-inductive
behaviour, while an increase in gOH only increases the over-
all impedance. The variation of gCO has a direct impact on
the first and the third reaction step due to the exponential
dependence of keff

1 ðhCOÞ and keff
3 ðE; hCOÞ on gCO: in case of

an increase in keff
1 ðhCOÞ, keff

3 ðE; hCOÞ is decreased, and vice
versa. Hence, the inhomogeneity factor gCO causes a dom-
inance of either step 1 or 3, which extinguishes the pseudo-
inductive behaviour, as shown in Fig. 14. In the case of
gOH, the influence is less pronounced, since the factor will
influence the EIS via the surface coverage of OH, as in
the case of k2,0 and k 2,0.
4.3.5. Variation of potential

A change in potential strongly influences the effective
reaction rate functions keff

i ðE; hCO; hOHÞ for the reactions
i 2 {2,�2,3}, and it therefore shifts the relative dominance
of the single steps. This is shown in Fig. 15, where the
simulated impedance spectra for 0.44 and 0.37 V are
displayed in comparison to the reference impedance spec-
trum at 0.41 V. The changes are qualitative and quantita-
tive: With increasing anode potential, the impedance
spectra become smaller due to the higher effective reaction
rate functions keff

2 ðEÞ and keff
3 ðEÞ. Besides changes in the

overall size of the spectrum, the change in potential also
shows an expected strong influence on the pseudo-induc-
tive behaviour. An increase of potential to 0.44 V leads
to a loss in pseudo-inductive behaviour. This can be
explained by the different dependence of the effective reac-
tion rate functions keff

i ðE; hCO; hOHÞ on potential: While
reaction 1 is potential independent, reaction 2 and reac-
tion 3 depend on potential. This leads to a decrease in
the relative dominance of the latter steps in the EIS for
increasing potentials.

Qualitatively similar findings were observed for the
VCS Frumkin/Temkin, Kauranen Langmuir and Kaura-
nen Frumkin/Temkin kinetics.
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Fig. 16. Simulated EIS (lines) of the VCS Frumkin/Temkin model with
optimised parameters (values see Table 1) vs. experimental EIS (concat
enated symbols) at three potentials.
4.4. Quantitative model discrimination

The previous section showed the sensitivity of the mod-
elled impedance spectra to the reaction rate constants ki,0

(i 2 {1,2,�2,3}), to the storage parameters Cdl, cPt and
cRu, to the quasi-steady state potential E and, in case of
Frumkin/Temkin adsorption, to the inhomogeneity/inter-
action factors gCO and gOH. In this section, each of the four
models is best fitted to the experimental impedance data
and to the steady-state currents. A comparison of the best
results is used for quantitative model discrimination.

Since the EIS depends on the above mentioned parame-
ters, all of them are optimised simultaneously. To include
the potential dependence, a combined optimisation of the
parameters to all three experimental EIS (i.e. at 0.37, 0.41
and 0.44 V) is conducted. As already shown (Figs. 7 15),
the parameters are not linearily influencing the impedance
spectra, and a variation in one parameter may annihilate
the influence of the variation of others on the EIS. Since
a local optimiser most probably finds only local minima,
which in our case gave results with low accordance to the
experiments, a global optimiser with an evolutionary strat-
egy was used. In the objective function, higher single
weights were given to experimental points in the pseudo-
inductive region, to emphasise the importance of this
region of the EIS for the methanol oxidation kinetics.
For a similar reason, medium to low frequency points
(f < 2 Hz) were only used for optimisation: at high frequen-
cies, the electrode structure influence and the membrane
influence dominate the EIS shape.

Fig. 4 shows the EIS optimisation result of the VCS
Langmuir model (lines) in comparison to the experimental
EIS (concatenated symbols). The respective parameter val-
ues are given in Table 1. All simulated curves show pseudo-
inductive behaviour, but in contrast to the experimental
EIS, this behaviour is not increasing with decreasing anode
potential. Furthermore, the potential dependence of the
size of the simulated impedance spectra is smaller than in
experiments. This is especially distinctive with the simu-
lated EIS at 0.44 and 0.41 V. The model results are close
and even intersect at low frequencies. Taking all above
mentioned points into consideration, a quantitative repre-
sentation of the experimental EIS with the VCS Langmuir
model seems not possible.
Table 1
Parameter results of the global optimisation for all four kinetic models

Parameter VCS Langm. VCS Fru

106 k1,0/m s 1 1.48 1.54
105 k2,0/mol m 2 s 1 6.11 1.59
k 2,0/mol m 2 s 1 25.3 6.78
106 k3,0/mol m 2 s 1 0.515 0.545
Cdl/F m 2 8690 6350
102 cPt/mol m 2 7.75 8.82
102 cRu/mol m 2 4.32 9.3
gCO 0.293
gOH 2.08
The optimisation result of the VCS-model with Frum-
kin/Temkin adsorption is displayed in Fig. 16 (parameter
values see Table 1). For this model hold similar findings
and conclusions as for the VCS Langmuir model: all
curves show pseudo-inductive behaviour, but the potential
dependence both of the EIS size and of the pseudo-induc-
tive behaviour diverge from the experiments’. None-the-
less, the potential dependence of the size of the EIS has
slightly improved. This effect should be attributed to the
exponential dependence of the reaction rates on the surface
coverages of COads and OHads.

In contrast to the VCS kinetic models, both Kauranen
kinetic models show a higher accordance of experiment
and simulation with regard to potential dependence.
Fig. 17 displays the optimisation result for the Kaura-
nen Langmuir model (parameter values see Table 1). The
EIS at 0.41 and 0.37 V represent the experimental EIS
much better than both VCS-models. None-the-less, the
EIS at 0.44 V shows no pseudo-inductance, which should
be due to the occurrence of an r.d.s. Since the loss of
pseudo-inductive behaviour at high anode potentials was
not reported for methanol oxidation experiments in the lit-
erature, this model would not pose a good approximation
of the real dynamic behaviour at high potential.

In contrast to the former model, the Kauranen Frum-
kin/Temkin kinetic model produces pseudo-inductive
behaviour at all potentials. Like in the experiments,
this behaviour increases with decreasing potential.
mk./T. Kaur. Langm. Kaur. Frumk./T.

0.87 1.15
6.26 54.4

98,200 21,800
649,000 10,400
18,100 9040

7.21 9.57
1.2 4.83

3.72
0.408
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Fig. 17. Simulated EIS (lines) of the Kauranen Langmuir model with
optimised parameters (values see Table 1) vs. experimental EIS (concat
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Fig. 18. Simulated EIS (lines) of the Kauranen Frumkin/Temkin model
with optimised parameters (values see Table 1) vs. experimental EIS
(concatenated symbols) at three potentials.
Furthermore, the model gives the best potential depen-
dence of the EIS. The spectra are given in Fig. 18 (param-
eter values see Table 1).

Compared to the other kinetic descriptions, the Kaura-
nen Frumkin/Temkin kinetics shows the best accordance
of simulation with experiment. Hence, with respect to the
four kinetic formulations, the Kauranen Frumkin/Temkin
kinetics is identified as the kinetic model which can best
describe the steady-state and the dynamic behaviour.

A comparison of all model parameters of Table 1 shows
a relatively stable k1,0, a similarly large k3,0 for the VCS
models, but a much larger k3,0 for the Kauranen models.
This results in similarly large keff

1 ðhCOÞ and keff
3 ðE; hCOÞ for

the VCS models ð0:65 6 keff
1 ðE; hCOÞ=keff

3 ðE; hCOÞ 6 4:28Þ
in the contemplated potential region, but keff

1 ðhCOÞ is much
smaller than keff

3 ðhCOÞ for the Kauranen models
ðkeff

1 ðhCOÞ=keff
3 ðhCOÞ 6 0:12Þ. Although this suggests that

the first reaction step is dominating in the Kauranen mod-
els, which would contradict the interpretation of the
pseudo-inductive behaviour, this is not the case: The equi-
librium of the second reaction step in the Kauranen models
is strongly shifted to the left, causing a lower OH surface
coverage (60.15). As a result, reaction step 3 is decelerated.
5. Conclusions

The reproduction of dynamic methanol oxidation
kinetic measurements by a kinetic description is essential
for modelling of the dynamic behaviour of DMFCs. This
paper presented such a dynamics analysis of the methanol
oxidation kinetics on a DMFC anode. Four different
kinetic descriptions for methanol oxidation were investi-
gated. They differ in the adsorption/desorption mecha-
nisms, as well as in the potential dependence of a
reaction step. Since all kinetic descriptions quantitatively
describe the experimental steady-state behaviour, dynamic
measurements, here electrochemical impedance spectros-
copy, is used to identify the most adequate model.

The EIS of the four kinetic descriptions were modelled
by using their frequency domain transformed balance
equations. Analysis of the dependence of the modelled
impedance spectra on parameter variation showed that
there is a narrow range at which pseudo-inductive behav-
iour is produced: at least two consecutive steps with similar
dynamic reaction rates have to be involved. In the models
presented in this paper, these steps were the methanol par-
tial oxidation and the oxidation of the adsorbed intermedi-
ate, while a further reaction parallel to the methanol partial
oxidation was in quasi equilibrium and influences the EIS
only indirectly via the surface coverage hOH. Besides the
reaction rate constants, the storage parameters and the
potential dependence also showed a strong influence on
the impedance spectra.

These findings were used during global parameter opti-
misation of all four kinetic descriptions. A comparison of
the resulting EIS lead to the identification of the Kaura-
nen Frumkin/Temkin kinetics as the best quantitative
description of the steady-state and dynamic electrochemi-
cal methanol oxidation. In subsequent works, this kinetic
description will be used for modelling the dynamic behav-
iour of whole DMFCs.
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