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Abstract

In this work, electrochemical impedance was used to analyze the reaction kinetics and interfacial characteristics of an anode in a direct methanol
fuel cell (DMFC). An advanced equivalent-circuit model is proposed. The new model incorporates constant phase elements (CPEs) rather than
conventional capacitors in the equivalent-circuits taking into account the porous structure of the anode, particularly that in the catalyst layer and
at the anode/membrane interface. It effectively simulated the electrochemical characteristics of a DMFC porous anode. The impedance model
incorporates the interface factor, resulting in excellent matches between the simulation results and the experimental data in the Nyquist and the
Bode plots over a wide range of frequencies. In addition, the differences among methanol electrooxidation reaction kinetics at various operating
potentials are clearly observed and satisfactorily explained using electrochemical impedance spectroscopy and the CPE-based equivalent-circuit

model.
© 2006 Published by Elsevier B.V.
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1. Introduction

Direct methanol fuel cells (DMFCs) have attracted increas-
ing attentions as potential portable power sources because of
their easy operation, miniaturization and simple fuel supply. The
heart of a DMFC is the membrane electrode assembly (MEA).
This part may be a Nafion® membrane with catalyzed electrodes
bonded onto both sides, resulting in a thin and compact cell struc-
ture that favors the fabrication of low-power devices. Although
DMEFCs face many technical challenges, including catalyst poi-
soning, methanol crossover and slow reaction kinetics, signif-
icant improvements in power densities and cell performances
must be achieved for practical applications. These will depend on
improvements in the electrode structure and MEA fabrication,
as well as advances in electrocatalysts. Therefore, more studies
must be conducted on DMFC reaction kinetics and interfacial
properties. In particular, such studies that focus on the anode are
of critical importance to the development of DMFCs.
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In studies of reaction kinetics of a DMFC, electrochemical
impedance spectroscopy (EIS) is commonly employed [1-4].
Mueller and Urban [5] characterized DMFC processes using ac
impedance spectroscopy and identified three arcs on a typical
Nyquist plot. At high frequency (from 65 kHz to 900 Hz), the
size of the arc depended on the temperature and the observed
resistance fell as the temperature increased. The intercept of
the high-frequency arc on the real-axis was determined by the
ionic resistance of the membrane. In the middle of the frequency
range (900-1Hz), the corresponding resistance depended on
the potential and fell as the overpotential increased. This range
explained the range of methanol electrooxidation kinetics. The
arc was not a semicircle but was quite straight at the higher fre-
quencies, which was caused by the coupling of interfacial and
diffusional impedances and the roughness of highly dispersed
electrode surfaces. At frequencies of below 1 Hz, the magnitude
of the corresponding resistance increased as the methanol flow
rate or the concentration fell. Hence, the low-frequency arc was
thought to relate to the mass transfer of methanol in the anode.
Notably, the third arc in the impedance spectra was observed
only when the systems were operated with limited mass trans-
port from an extremely low frequency to 3 mHz.
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The Faradaic impedances of DMFC anodes were simu-
lated under kinetically controlled conditions [6,7] by sup-
plying methanol solutions at high flow rates. The capacitor-
based equivalent-circuit model employed herein did not include
the contributions from the interface and the membrane in ac
impedance simulations. The Nyquist plot generally exhibited a
response with a single arc or loop, corresponding to electrode
kinetics, because of the elimination of mass transfer resistance.
However, little information on porous and non-uniform charac-
teristics of the catalyst layer is available and previous simulation
models did not take into account the effects of the membrane
and the electrode interface on the impedance simulations. The
results of these simulations have large discrepancies. This inves-
tigation studies both sectors of the membrane and the electrode
interface over a wide range of frequencies in the impedance
simulations.

In ac impedance studies, most equivalent-circuit models are
based on the Randles circuits using RC elements with some
modifications. A double-layer capacitor is generally utilized to
model the interfacial phenomena of the electrodes. However,
the use of capacitive elements in equivalent-circuits usually
causes discrepancies in fitting the experimental data; in par-
ticular, with respect to the complex methanol electrooxidation
process in a DMFC, mainly due to the use of capacitive elements
that over-simplifies the treatment of the interfacial properties
in the catalyst layer. The complete anode reaction of a DMFC
consists of three parts — the catalyst layer at the anode, the
anode/membrane interface and the proton exchange membrane
— so a more complete model must account for all of these parts.
In fact, the membrane/electrode interface and the catalyst layer
have unique structures that are quite porous and rough. Accord-
ingly, they cannot be perfectly simulated as ideal capacitors.
Rather, frequency-dependent elements, such as constant phase
elements (CPEs), are normally required to simulate such non-
ideal conditions.

CPE is a hypothetical element that was introduced by Cole
and Cole [8] to make the equivalent-circuit model more con-
sistent with the actual processes that occur across the electro-
chemical interfaces. It is equivalent to a combination of many
RC sections with various time constants. Therefore, it has the
following advantages: (a) it simplifies a complicated equivalent-
circuit model and does not depend on the use of an excessive
number of electrical elements, and (b) it increases the accuracy
and usefulness of the illustration of the investigated properties
because it uses a simpler equivalent-circuit. The impedance of
a CPE is expressed as [9]:

Z =1/[0(jw)"] )

where Q is the admittance constant and p is an adjustment param-
eter. The value of p for an electrode or an interface is typically
between 0.5 and 1.0. In the limiting case of p = 1.0, the equation
represents a capacitor. At the other extreme case of p=0, it is
identical to that of a resistor. Hence, a smaller p corresponds to a
greater deviation of the element from a perfect capacitor. Table 1
summarizes the characteristics of CPEs at various p values. A
CPE is commonly adopted in a model in place of a capacitor to

Table 1

Characteristics of constant phase element [10]

Generalized expression Z=1/[Q(jw)’]
Capacitor p=1;Z=1/[Q(jw)]
Resistor p=0;Z2=1/Q0

p=0.5; Z=1/[Q(j)"’]
0.5<p<1.0; Z=1/[Q(jw)']

Warburg element
A porous electrode or rough interface

compensate for the heterogeneity of an electrode or an interface
in the system. In fact, a capacitor is a special case of a con-
stant phase element—one with a constant phase angle of 90°
degrees. A CPE with p=0.5, however, can be adopted to gener-
ate an infinitely long Warburg element, which applies when the
charge carrier diffuses into a porous material but does not fully
penetrate the layer under low-frequency response conditions.
The CPE has become a powerful tool in equivalent-circuit
simulations. Berthier et al. [10] demonstrated the theoretical
treatment of equivalent-circuits that include CPEs. Recently,
CPE has been widely used in simulations of a range of elec-
trochemical systems of practical importance, such as batteries
[11,12], metal corrosion [13,14], electrode interfaces and thin
films [15-19], electrode reactions [20,21], electrochemical sen-
sors [22], PEM fuel cells [23] and others. Given such important
applications, however, so far no studies that included CPEs in
simulations of DMFC systems can be found. Accordingly, this
study proposes a new CPE-based electrochemical impedance
approach to eliminate the apparent shortcomings of the use of
capacitive elements in simulations of DMFC anodes reported
previously [5-7]. Briefly, the CPEs adjusted the perfect capac-
itive elements that were frequently employed to describe the
interfacial double layer and the catalyst layer under more real-
istic conditions, to something between perfect resistors and
capacitors, according to the porosity of the catalyst layer or the
roughness of the interfaces. Fig. 1 illustrates the porous structure
of a DMFC anode in conjunction with a porous or rough inter-
face. These two porous-structure regions are treated separately
due to different physical and electrochemical properties. In the
catalyst layer, the deep layer is more compact and more difficult
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Fig. 1. shows the porous structure of a DMFC anode in conjunction with a
porous interface.
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Fig. 2. The schematic diagram of a DMFC coupled with a dynamic hydrogen
electrode (DHE) for electrochemical impedance measurements.

to access than the outer layer. A similar electrode structure can
be found in a previous report [24].

In investigations of hydrogen-air fuel cells, oxygen cathode
impedances constitute most of the measured cell impedances
[25], because of the fast kinetics and ease of mass transport in
the hydrogen oxidation reaction, such that the impedance contri-
bution of the hydrogen anode is normally negligible. A hydrogen
evolution reaction (HER), presented in Fig. 2, is employed as
the counter electrode in this study to eliminate the effect of
impedance to the cathode at which oxygen is reduced. In the
ac impedance experiments, the hydrogen evolution reaction at
the cathode can also be applied to establish a dynamic hydro-
gen electrode (DHE) reference. This setup provides a favorable
experiment environment and considerably simplifies the mea-
surement procedures. Notably, based on this configuration, the
cell is basically a pseudo-DMFC with the anode electrooxidizes
methanol and the cathode functions as a DHE.

2. Impedance models

2.1. Conventional equivalent-circuit model of the Faradaic
impedance of a DMFC anode

In the work of the Faradaic impedance of a DMFC anode
using a conventional equivalent-circuit model, the most com-
monly adopted mechanism for the electrooxidation of methanol
can be described as follows [6,7]:

[Pt]ry 20[Ru]r;

CH;0HEY (€O +4HF +e~ T8 00, 4 o 4 26—

@

Methanol is adsorbed and reacted, mainly on Pt active sites,
with a rate r to yield (CO)yqs as the dominating intermedi-
ate species. The oxidative removal of adsorbate at a rate rp, in
conjunction with the dissociation of H,O at Ru active sites, is
the rate-determining step under conditions that apply during the
operation of a methanol fuel cell; these conditions include low
anode potentials (£<0.4V [RHE]) and moderately high tem-
peratures. The net rate of production of electrons, re, and the net

rate of production of (CO),gs, 7co, could be defined as follows
[6,7]:

i
re =4r1 +2rp = T 3
gco do
= — = —— 4
rco=r-rn=-—-o “

where gco is the charge required for adsorption of CO to com-
plete coverage, 6 the fractional surface coverage of CO and F
is the Faraday constant. This conventional Faradaic impedance
model deals only with electrode reaction kinetics and does not
take into account the effects of the membrane and the interface.

2.2. Conventional equivalent-circuit model of a DMFC
anode with membrane only (model A)

The DHE is located at the opposite side of the membrane from
the anode, so the measured impedances include those associ-
ated with the membrane. Fig. 3(a) shows the equivalent-circuits,
where Ry, is the resistance of the membrane, R the charge
transfer resistance, Cq the double-layer capacitance, and R, rep-
resents the resistance of the solid phase in catalyst layer. The
inductance Lco is such that the current signal follows a voltage
perturbation with a phase delay because of the slowness of the
relaxation of (CO)yqs coverage. The simulation modeling with
respect to the kinetics-controlled region had been proposed in
several reports [5-7].

2.3. Conventional equivalent-circuit model of a DMFC
anode in conjunction with both membrane and interface
(model B)

The DHE is located at the opposite side of the membrane
from the anode, so the measured impedances include those asso-
ciated with the membrane and the interface at the anode side.
Fig. 3(b) depicts the more completed equivalent-circuits, taking
into account these two contributions. In the figure, Ry, denotes
the resistance of the membrane and R; represents the resistance
of the interface between the membrane and the catalyst layer.

2.4. CPE-based equivalent-circuit model of a DMFC anode
in conjunction with both membrane and interface (model C)

Notably, the electrodes of interest often exhibit flattening of
the measured spectrum at a specific potential, probably caused
by the roughness or the porosity of the structure of the catalytic
layer. The interface considered in this case may be governed
by the roughness and the imperfect contact between membrane
and the catalyst layer. If the effects of the roughness of the cat-
alytic layer and the non-uniform distribution of the catalyst are
considered, then the impedance of the Pt—Ru/C anode typically
exhibits a non-semicircular response in the Nyquist plots. There-
fore, the conventional equivalent circuits in Fig. 3(b) do not
yield results that fit the experimental results. The developed new
model incorporates constant-phase elements rather than ideal
capacitors, as shown in Fig. 3(c), but applies the same reaction
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(d) Medel C without a CPE for the membrane interface (Model D)

Fig. 3. The equivalent-circuits for modeling the impedances of a DMFC
anode: (a) conventional equivalent-circuit of membrane and catalyst layer
only (model A); (b) Ideal capacitor incorporated equivalent-circuit of mem-
brane + interface + catalyst layer (model B); (c) CPE incorporated equivalent-
circuit of membrane + interface + catalyst layer (model C); (d) model C without
a CPE at the interface (model D).

mechanism. The model incorporates two CPEs to account for the
anode-membrane interface and the catalyst layer, respectively.
Hence, the complex impedance of the equivalent-circuits of the
interface (Zinterface) can be expressed as
R;

Zitorface = —————— 5

interface 1+ RiQi(jw)pi ( )
where p; is the adjustment parameter of the CPE and Q; is
the admittance constant at the interface. Similarly, the com-
plex impedance of the equivalent-circuits of the catalyst layer
(Zcatalyst1ayer) can be expressed as

R(R% + 0?Lp)
1 + R¢[Ret — jwLco + Qai(jw)Pd']

(6)

antalyst layer =

where pgq) is the adjustment parameter of the CPE, Lco the induc-
tance element and Qg is the admittance constant in the catalyst
layer. The overall impedance is simply the summation of the
specific impedance in each section.

2.4.1. Model C without a CPE at the interface (model D)

In order to eliminate the possible interfaces of using two CPEs
simultaneously in a model, the CPE at the interface of model C
was replaced with an ideal capacitor forming model D as shown
in Fig. 3(d).

3. Experimental

The experimental setup as shown earlier in Fig. 2 is used
to measure the methanol electrooxidation of a DMFC anode at
various potentials. The electrodes were prepared as follows: (a)
a carbon paper (Toray Co.) was treated to make it hydropho-
bic; (b) a thin PTFE/carbon layer was cast onto the treated
carbon paper surface; (c) the catalyst layer was cast onto the
surface of the supporting layer. The catalyst suspension com-
prised Pt/C or Pt—-Ru/C (Johnson Matthey) catalyst powder,
5wt.% Nafion® solution (DuPont) and ethylene glycol (EG).
The finely ground catalyst powder was first mixed with EG, and
then Nafion® solution was slowly added with stirring. Then, the
mixture was agitated by ultrasonication using a sonicator (XL-
2020, Heat Systems Inc.). Finally, the catalyst suspension was
applied to a carbon paper support by casting to yield a cata-
lyst layer with a thickness of 50 wm. The catalyst loading of the
prepared anode was 3 mg Pt—-Rucm™2 and that of the cathode
was 1.5mgPtcm™2. In the preparation of a membrane elec-
trode assembly (MEA), the electrodes were hot-pressed onto
both sides of a Nafion® 117 membrane at 130°C under an
applied pressure of 0.5kNcm~2 for 90s. The prepared MEA
was placed in an oven at 130 °C, which was evacuated for 12h
to remove the incorporated EG. Then, the treated MEA was fab-
ricated into a single-cell DMFC using two graphite endplates and
fastened with bolts and nuts. In the experiments, pure oxygen
was first used in the cathode compartment as an oxidant to form
a true single-cell DMFC. After the DMFC had reached a sta-
ble condition, the oxygen was replaced with nitrogen, to form a
DMEFC coupled with a DHE. The single-cell DMFC was fed with
2 M methanol solution by circulation on the anode side at 40 °C
and atmospheric pressure. Electrochemical experiments were
undertaken over a range of potentials from 0.3 to 0.5 V(DHE)
with good mass-transport, so the effect of mass-transport on
impedance was negligible.

The frequency generator/analyzer was a Solartron SI 1260
Impedance Spectroscope controlled using a personal computer
and coupled to a potentiostat (Solartron 1286), to support the
modulation of large dc currents. The amplitude of the sinusoidal
potential signal was 10 mV. Experimental data were collected
between 10kHz and 5 mHz frequencies and electrochemical
impedance spectra were obtained accordingly. The value of the
parameter of each electrical circuit element was determined
using Z-View software (Scribner Associates) from the exper-
imental data. The simulation modeling procedure and method
are detailed in the operation manual of Z-View Software. Briefly,
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Table 2

Fitting parameters for the new equivalent-circuit on modeling the DMFC anode using constant phase elements at various potentials

Potential (V/DHE) Ry (Qcm?) CPE;, Q (Fem™2) CPEj,p R; (Qcm?) Ry (Qcem?)  Leo Hem™2)  CPEgq, Q (Fem™2)  CPEq,p Re (Qcm?)
0.3 0.701 0.076 0.572 3.368 2.903 3.934 0.949 0.992 5.531

0.4 0.692 0.071 0.586 2.489 2.992 0.982 0.872 0.985 2.089

0.5 0.682 0.071 0.598 1.762 7.600 0.516 0.518 0.757 1.818

after collecting the experimental data, the models to be simu-
lated are defined forming various equivalent circuits. Various
elements can be employed in the equivalent circuits. Initial esti-
mates for all elements are entered and the element values to
be calculated are selected. Simulation is performed based on
an instant-fit approach. Simulations were carried out between
5mHz and 10kHz. It should be noted that all the errors of the
modeling parameters are within 1% in this study. This confirms
the accuracy of our modeling.

4. Results and discussion
4.1. Effect of membrane on impedance

Table 2 shows that the resistance at the point at which the
frequency first became high (10 kHz) indicates that of the pro-
ton exchange membrane (Ry,), which is around 0.7 €2 cm? and
independent of the operating potential. This value is equivalent
to a conductivity of 0.025 Q! cm™! for the Nafion® 117 mem-
brane and is similar to the reported value of 0.01-0.03 Q' cm ™!
[26,27].

4.2. Polarization and impedance of direct methanol anode
with membrane

Fig. 4 plots the curve of polarization of the DMFC anode
during the electrooxidation of methanol. The figure reveals that
the employed DMFC suffered from a fairly large anodic polar-
ization loss, which is common, and only began to generate a
significant current density of over 0.2 V(DHE). However, no
mass-transport losses can be found with the polarization poten-
tial up to 0.6 V(DHE). Fig. 5 plots the measured impedance data
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0.1}

o.u i i i i i i i i I
0 20 40 60 80 100 120 140 160 180
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Fig. 4. The polarization curve of the DMFC anode (DHE) obtained at 40 °C,
2M MeOH and ambient pressure. Anode catalyst loading was 3 mg Pt—Ru cm 2
and the cathode was 1.5 mg Pt cm™2. The ohmic drop is corrected.

at various potentials. When a potential of 0.3 V(DHE) is applied
to the DMFC anode (which potential is low, and one at which the
electrooxidation of methanol is slow and reaction intermediates
are generated), a large amount of CO is adsorbed on the surfaces
of the Pt—Ru catalyst, resulting in a strong inductance effect.
When the operating potential is 0.4 V(DHE), the loop at the low
frequency becomes smaller (cf. Fig. 5), suggesting less CO,g; is
reacted at the surface of the electrode. As the applied potential
is increased further to 0.5 V(DHE), the methanol electrooxida-
tion rate increases and the adsorbed CO is almost all reacted to
CO; as a final product, according to Eq. (2). Hence, the very
small amount of CO,4s formed on Pt—Ru surfaces causes the
almost complete disappearance of inductance, as demonstrated
in Fig. 5 and Table 2. This range of potentials is, in fact, the most
commonly used range for a DMFC.

4.3. Nyquist and bode plots of various equivalent-circuit
models

Fig. 6 presents the comparisons of the impedance plots of
a Pt-Ru/C anode at 0.3 V(DHE) for experimental data and fit-
tings of three impedance models. The experimental data reveal
one arc and one loop. The arc is attributable to the response of
the interface, which is superimposed into the loop. However,
the loop is caused mainly by the Faradaic impedance response
of the methanol electrooxidation to the inductance caused by
COygs on the catalyst surfaces, as revealed elsewhere [6,7]. The
arc in the high frequency region is not a regular semicircle, but
points upward at the intercept of the high frequency end, becom-
ing flattened at below 1Hz, under the influence of coupling
between the interfacial impedance and the impedance of mem-
brane, that is strongly influenced by the roughness or porosity
of the anode/membrane interface. Accordingly, the impedance

4r
—&—0.3V(vs. DHE) Exp. data
-=-0.4V(vs.DHE) Exp. data
3r -&-0.5V(vs. DHE) Exp. data

-Im (Z )/ Ohm-cm?

10
4} Re(Z)/Ohm-cm?

2L

Fig. 5. The Nyquist plots of a Pt—Ru/C anode at various potentials (DHE)
obtained at frequencies between 10 kHz and 5 mHz, at 40 °C, 2M MeOH and
ambient pressure. Anode: 3 mg Pt-Ru cm™2; cathode: 1.5 mg Ptcm™2.
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Fig. 6. Comparisons of the impedance plots of a Pt—Ru/C anode at 0.3 V(DHE)
for experimental data and fittings of impedance models. The inset illustrates the
detailed fittings at the kinetics-controlled region.

model described in the literature [5—7] is modified herein, and
the equivalent-circuit models including models B and C pro-
posed herein includes an interface region. At frequencies of
under 0.1 Hz, the upward arc of the loop is almost semicircu-
lar. However, the magnitude of the corresponding resistance is
quite large; indicating that at this moderate potential, the driv-
ing force in the methanol charge-transfer reaction is still not
sufficiently large to facilitate the further oxidation of CO on
the surfaces of the electrode. Furthermore, the largeness of the
loop further shows that the surfaces adsorb substantial amount
of CO and, perhaps, other methanol electrooxidation interme-
diates. The species adsorbed onto the electrocatalyst surfaces
forms an insulating dielectric that causes high resistance. It also
inhibits the electrooxidation of methanol and increases resis-
tance. The magnitude of the resistance and the phase angle can
be easily analyzed using Bode plots. Fig. 7 presents correspond-
ing Bode plots of resistance magnitude and phase angle against
frequency.

The usefulness of the model C depends on the goodness of fit
between the experimental data and the simulated results. Fig. 6
shows that the experimental data almost perfectly match the
simulation using CPEs over the whole range of frequencies.
However, capacitive elements in the equivalent-circuit model
provide a fairly good fit with the kinetics of the electrode, but
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Fig. 7. Comparisons of the Bode plots of a Pt—Ru/C anode at 0.3 V(DHE) for
experimental data and fittings of impedance models.
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Fig. 8. Comparisons of the Nyquist impedance plots of a Pt—Ru/C anode at
0.4 V(DHE) for experimental data and fittings of impedance models. The inset
illustrates the detailed fittings at the kinetics-controlled region.

not with the interface-related kinetics. Clearly, the character-
istics of the interface considered in the CPE-based model C
strongly affect this part even at a moderate reaction potential
of 0.3 V(DHE), suggesting the importance of using an interface
section between the membrane and the electrode, in the electro-
chemical impedance simulations. Similarly, the Bode plot shows
the goodness of fit of the proposed impedance model C, while
the capacitive element-based model B yields large mismatches
with the impedance responses of the interface over the frequency
range of interest.

As the potential is increased to 0.4 V(DHE), methanol elec-
trooxidation becomes more vigorous. The loop shrinks and the
Nyquist plot in Fig. 8 becomes more distorted, revealing that as
well as the interface layer, the porous or rough characteristics of
the electrode and the catalyst layer are produced in the methanol
kinetic process by the strong methanol electrooxidation at a
high applied potential. At this potential (0.4 V versus DHE), the
inductance caused by CO,q4s becomes less pronounced because
more CQOygs can react to completion than that at 0.3V ver-
sus DHE. The magnitude of the arc at high frequency remains
the same as that obtained at 0.3 V(DHE), indicating that the
impedance response of this part is independent of potential and
is associated with the interface. Fig. 9 presents the corresponding
Bode plots and the simulation fitting at 0.4 V(DHE). The sim-
ulation based on the CPE-based model C once again matches
closely the empirical results over the whole range of frequen-
cies while that based on the model B yields large mismatches
for both the arc and the loop.

As shown in Fig. 10, at 0.5 V(DHE), the two arcs in the
Nyquist plot are severely distorted and superimposed in the inter-
face section. The magnitude of the arc at the high-frequency
end remains the same as that at 0.3 V(DHE), which can be seen
in Fig. 5, but the arc in the low-frequency region shrinks even
more. However, the third arc that is responsible for the methanol
diffusion resistance is still not observed so mass-transport is
not limiting at this potential. The inductance effect disappears
because the reaction of the adsorbed species on the catalyst
surfaces proceeds almost to completion. Although the reaction
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Fig. 9. Comparisons of the Bode plots of a Pt—Ru/C anode at 0.4 V(DHE) for
experimental data and fittings of impedance models.
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Fig. 10. Comparisons of the Nyquist impedance plots of a Pt—-Ru/C anode at
0.5 V(DHE) for experimental data and fittings of impedance models. The inset
illustrates the detailed fittings at the kinetics-controlled region.

conditions at 0.5 V(DHE) are more complicated than those at
0.3 V(DHE), the CPE-based model still provides a good fit with
the experimental data, whereas the conventional model that uses
capacitors rather than CPEs does not. Fig. 11 shows the corre-
sponding Bode plots and the simulated fitting at 0.5 V(DHE).
Furthermore, Table 2 summarizes the fitting parameters of the
CPE-based equivalent-circuit at various operating potentials. In
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Fig. 11. Comparisons of the Bode plots a Pt—Ru/C anode at 0.5 V(DHE) for
experimental data and fittings of impedance models.

particular, the large deviations of the p values from the ideal 1.0
indicate that the use of CPEs in the new simulation model is
justified.

For all models, model C clearly has better fits than others
in the membrane and interfaces. Although there are no apparent
differences at the kinetics-controlled region, some careful analy-
ses clearly reveal remarkable differences. It should be noted that
insets of fitting details of the kinetics-controlled region are pur-
posely added to Figs. 6, 8 and 10 to help illustrate and compare
the accuracies of the models that may not be readily realized sim-
ply from the figures. By carefully compared all the simulation
results, it clearly showed that model C is the best with respect
to fitting of experimental data at the kinetics-controlled region.
This clearly suggests the success of our innovative CPE-based
approach to modeling a DMFC anode.

The simulations conducted by Miiller et al. [6] and Liu
et al. [7] of impedance in methanol electrooxidation, were
based on the Faradaic processes of methanol electrooxidation
at the anode, without consideration of the involvements of
the anode/membrane interface and the membrane. Even given
such a simplification, however, the fittings of the corresponding
Nyquist plots were not close and simulated curves at high fre-
quency did not fit the experimental results. In fact, when all three
components — the anode catalyst layer, the anode/membrane
interface and the membrane — were considered, the simulations
that involved capacitive elements yielded results that were sub-
stantially discrepant from the experimental data, as showed by
all of the Bode plots and the Nyquist plots herein. These mis-
matches were particularly considerable in the frequency range
1Hz<f<100Hz, in which real resistance to charge transfer
associated with methanol electrooxidation occurs. However,
simulations using CPEs herein substantially improved fittings
over the entire range of frequencies.

In fact, the phase angle versus frequency plots (Bode plots)
in Figs. 6, 8 and 10 indicate the pronounced differences between
the CPE- and capacitor-based simulations. When f< 0.1 Hz, the
fittings between the simulated and experimental data are good
for both simulations. However, for simulations using model B,
when 0.1 Hz <f< 10 Hz, the phase angle is lagged, and when
f>10Hz, the phase angle is overshoot. Hence, capacitors that
are commonly used to represent the interface layer and the
anode catalyst layer clearly depend on frequency and are not
ideal circuit elements. Accordingly, these elements must be
properly appropriately modified in the conventional equivalent-
circuit model. Fortunately, these inconsistencies can be consid-
erably reduced using the CPE-based equivalent-circuit model,
as confirmed by the above figures. These figures indicate that
when f<0.1 Hz, the simulation results closely fit the experi-
mental data, for both simulations, based on CPEs or capaci-
tors. However, when 0.1 Hz<f< 1 Hz, |z| is overestimated, but
when 1 Hz<f<1000Hz, |z| is underestimated by simulations
that use capacitors. The incorporation of CPEs in the proposed
equivalent-circuit model of methanol electrochemical oxidation
improves the poor fitting.

Having achieved some successes on the use of a CPE-based
model, however, future studies can be carried out using delam-
inated membrane/electrode assemblies to emphasize the pro-
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posed contribution by the membrane interface. If porosity is the
cause of the need for a CPE, experiments using different elec-
trode porosities should confirm this assumption and possibly
allow a correlation that could be used for design to be found.

4.4. Adjustment parameter (p)

Like the inductance effect, the values of the adjustment
parameter (p) provide helpful information concerning the struc-
tures of the anode/electrolyte interface and the catalyst layer.
The value of p in the interface layer remains constant at around
0.58. In the main catalyst layer, p varies with the applied poten-
tial. At <0.4 V(DHE), p equals one, indicating that the active
surface reaction sites are uniformly distributed, suggesting that
a relatively small fraction of catalyst participates in the elec-
trooxidation of methanol. However, at >0.5 V(DHE), the value
of p decreases to around 0.76, suggesting that the distribution
of the depths of catalytic active sites is non-uniform, revealing
that the current density increases with the operating potential,
and the reaction rate increases, so more catalyst is required in
the methanol electrooxidation. Consequently, the reaction zone
expands considerably in the depth direction into the inner part of
the catalyst layer and the thickness of the reactive catalyst layer
increases. This fact, in turn, reflects the porosity of the cata-
lyst particularly at high operating potentials. Therefore, both the
interface and the anode unsurprisingly exhibit porous or fractal
characteristics because of the discrete distribution of electrocat-
alyst particles.

5. Conclusions

The replacement of capacitive elements with CPEs supports
the effective simulation of the realistic reaction conditions with
porous electrode and rough interface structures. Incorporating
Faradaic impedance into the interface and membrane resistances
supported successful modeling of the most widely accepted reac-
tion mechanism for methanol electrooxidation. A new equiva-
lent circuit model, in which CPEs replace capacitive elements,
was proposed. It reasonably explained the characteristic induc-
tive behavior of a DMFC anode without limitations on mass
transport. The inductance, Lco, varied markedly from around
3.9 at 0.3 V(DHE) to 0.5 at 0.5 V(DHE) as the degree of CO
adsorption varied. The value of the adjustment parameter p of
the interface layer remained constant at 0.58, while that of the
catalyst layer was one for <0.4 V(DHE), decreasing to 0.76 at
0.5 V(DHE). The CPE-based model effectively improves the
fit over the whole range of potentials of interest. Additionally,

various degrees of roughness of the catalytic layer and the non-
uniform distribution of the catalyst were successfully modeled
and explained using CPEs.
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