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bstract

Electrochemical impedance spectroscopy (EIS) along with cyclic voltammetry (CV) has been applied as a tool for the mechanistic investigation
f methanol oxidation on nanoparticulate PtRu fuel cell anodes of a commercially available state of the art membrane electrode assembly (MEA).
he spectra could be fitted to a circuit derived analytically for multi-step single adsorbed intermediate reactions. The analysis has indicated that
ethanol adsorption and surface blocking occur below the onset and the surface is ‘poisoned’ to the highest degree just before the onset, implying
hat the removal of residues before the onset, if any, is slower compared to the formation. The onset potential is marked by a sudden change in
he mechanism as the impedance becomes pseudoinductive. It has also been demonstrated that EIS can be applied for analyzing and singling out
ifferent contributions behind electrode performance for methanol oxidation reaction under fuel cell operating condition.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Depletion of petroleum reserves, global warming and the
oncern about energy security have inspired the search for new
nergy carriers other than petroleum. Methanol is an excellent
nergy carrier because it is liquid at room temperature and pres-
ure and can be produced from diverse sources including natural
as, coal and biomass. The fact that methanol is liquid makes it
specially attractive as an energy carrier in mobile applications.
nlike hydrogen, storage of methanol is not problematic and

f methanol is used as fuel, the existing fuel infrastructure
ould be utilized without much modification. Although, using
ethanol as fuel in road transportation will not eliminate

he emission of CO2 to the atmosphere, the inherent higher

fficiency of fuel cells compared to internal combustion engines
ould substantially lower the emission of CO2 [1]. In direct
ethanol fuel cells (DMFC), methanol can be fed directly for
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he purpose of converting chemical energy to electrical energy.
esides transportation applications, DMFC is getting more
nd more attention as a replacement for secondary batteries.
MFCs have near term market penetration potential in this area
ith transport being the longer term goal [2]. However, to use
ethanol in fuel cells commercially, some serious technological

hallenges like the sluggish kinetics of methanol oxidation
eaction and the crossover of methanol to the cathode must be
vercome.

The complete anodic oxidation of methanol is described by:

H3OH + H2O → CO2 + 6H+ + 6e− (1)

hermodynamically, this reaction has quite low equilibrium
otential (0.016 V versus standard hydrogen electrode, SHE at
5 ◦C) [3]. But the oxidation of methanol requires a large over-
otential, i.e. 0.2–0.4 V depending on the catalyst and operating

onditions [4]. The complete oxidation of methanol requires the
ransfer of six electrons, resulting in sluggish kinetics even on
tRu, the widely accepted best catalyst available for the reac-

ion. Therefore, it is important to investigate the mechanism of

mailto:tj@kt.dtu.dk
dx.doi.org/10.1016/j.jpowsour.2006.08.010
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Table 1
Specification of four different MEAs used in the work

MEA Anode Cathode GDL Membrane Applied temperature
and duration

IRD PtRu (1:1) (Johnson Matthey); ∼2 mg cm−2 ∼56% Pt/C (Johnson Matthey) Toray TGPH090 Nafion 117 ∼140 ◦C; 5 min
JM PtRu (1:1) (Johnson Matthey); ∼1.5 mg cm−2 ∼20%Pt/C (E-TEK); 2 mg cm−2 Toray TGPH090 Nafion 117 ∼130 ◦C; 5 min
F EK);
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lame PtRu (1:1); ∼1.5 mg cm−2 ∼20%Pt/C (E-T

his reaction on PtRu for increasing the noble metal utilization
s well as designing novel catalysts for the reaction.

It is well known that methanol electrooxidation involves
everal reaction steps with different rates; electrochemical
mpedance spectroscopy (EIS) can distinguish processes with
ifferent time constants, and with this method it might be possi-
le to distinguish different elementary steps of the reaction [5,6].
lthough several studies have used EIS to investigate methanol

lectrooxidation [7–16], to our knowledge only three reports
ave focused on the mechanistic aspects of methanol oxidation
n a DMFC using nanoparticulate catalysts [7,8,16]. Impedance
nalysis of methanol oxidation in a ‘real world electrode envi-
onment’ is important not only to have a clearer understanding
f the reaction at the three-phase region, but also to avoid
rtifacts arising from anion adsorption which results from elec-
rolytes like H2SO4 which contains mobile anions [17]. Jiang
nd Kucernak have reported that the discharge of methanol on
t is shifted to more negative potentials when Nafion is used as
lectrolyte instead of H2SO4. They attributed the phenomenon to
he absence of mobile anions in Nafion [18]. Moreover, it has also
een reported that Nafion coating greatly enhances the methanol
xidation activity on Pt [19]. For the analysis of methanol elec-
rooxidation reaction in this work, we used a single cell fuel cell
etup with DMFC membrane electrode assembly (MEA) con-
isting of a nonoparticulate PtRu anode. Besides the mechanistic
spects, using impedance analysis on an MEA could produce
mportant information on protonic conductivity of the catalyst
ayers [20], and membrane [21]; dependence of the membrane
esistance on humidity and temperature [22]; thickness of the
atalyst layer [23], etc. We have performed a detailed analy-
is of the methanol oxidation at the PtRu nanoparticulate anode
f a state of the art commercial DMFC MEA both below and
bove the onset potentials. The impedance data along with the
oltammetric measurements were used to obtain an in-depth
echanistic understanding. Finally, the findings were applied for

nvestigating and comparing methanol oxidation performance of
ifferent in-house prepared MEAs to the commercial one.

. Experimental

The electrochemical measurements were performed in a sin-
le cell test fuel cell described elsewhere [13]. Three different
EAs were used in this work. One type of MEA was the state
f the art product obtained courtesy of IRD Fuel Cells A/S. This
EA, referred to as IRD for the rest of the article, was used for

he detailed mechanistic investigation of methanol oxidation and
stablishing a basis for performance comparison between differ-

w
b
p
p

2 mg cm−2 Toray TGPH090 Nafion 112 ∼140 ◦C; 5 min

nt MEAs. The second MEA, named as JM for the purpose of
his article, was fabricated in-house by using an unsupported
ohnson Matthey PtRu catalyst (1:1 atomic ratio, 1.5 mg cm−2)
s the anode. The cathode was a 20% Pt/C (E-TEK) painted
n gas diffusion layer (GDL). The third MEA, named Flame,
onsisted of an anode synthesized by Flame pyrolysis with a
oading of 1.5 mg cm−2 PtRu (1:1 atomic ratio). The fabrication
f the Flame MEA has been discussed in detail in our previous
rticle [13]. The geometric surface areas of the electrodes for all
he three MEAs were 3.14 cm2 and currents were normalized
ith the geometric area unless otherwise mentioned. Table 1

ummarizes the specifications of the three different MEAs used.
he anode of the fuel cell was fed with methanol solutions of
ifferent concentrations at a flow rate of 1 ml min−1. The cath-
de, which also acted as a dynamic hydrogen electrode (DHE),
as fed with H2 [13,17,24]. All the potentials reported in this
aper are given relative to a DHE. Two electrode impedance
easurements of methanol oxidation in a fuel cell anode have

een reported first by Müller et al. [8,25]. The reaction at the
ynamic hydrogen electrode is as follows:

H+ + 2e ⇔ H2 (2)

n fuel cell research, this reaction is considered very fast
ompared to reactions like methanol oxidation or O2 reduction.
ecause of this the impedance of the DHE can be considered
egligible compared to the impedance of the anode side where
ethanol electrooxidation is occurring. The total impedance

f the cell which is the sum of the anode impedance and the
athode impedance can be taken as the impedance of the anode
ide alone. In fact this assumption has been confirmed exper-
mentally by Diard et al. [16]. The impedance measurements
ere taken from 100 kHz to 10.5 mHz by applying a sine
ave of rms of 10 mV on top of the bias potentials with the
otentiostat Parstat 2273 (Princeton Applied Research). The
pectra were obtained in two different ways. For the mechanistic
nvestigation, where it was necessary to obtain a huge number of
pectra, single sine (100 kHz to 1 Hz) followed by a multi-sine
1.03 Hz to 10.5 mHz) technique was used. Using multi-sine
echniques for obtaining low frequency data makes the process
ignificantly faster. Melnick and Palmore [14,15] have also
sed the combination of single and multi-sine techniques to
btain impedance data for methanol oxidation on Pt. The
ingle sine method for the whole range was used when spectra

ere measured for the purpose of performance comparisons
etween different MEAs. During impedance measurements, the
erturbation was applied after taking the electrode to the bias
otential and waiting for 1 min to establish a pseudo-steady
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tate. In between two different impedance measurements, the
lectrode potential was cycled five times from open circuit to
.8 V at a scan rate of 50 mV s−1. Before starting the real exper-
ment, it was confirmed that the MEA was properly humidified
nd stable by flowing 1.0 M methanol solution at the anode
nd humidified hydrogen at the cathode for ∼4 h and taking
ccasional impedance spectra and cyclic voltammograms (CV).
t was observed that the system was stable after ∼2 h.

Cyclic voltammograms were taken form open circuit poten-
ial to 0.8 V. For the stripping experiment, the anode was kept
t open circuit potential for 6 min as the methanol flow started.
his is the estimated time for methanol solution to travel from

he reservoir to the cell outlet at 1 ml min−1. The potential was

hen raised to 0.1 V for methanol adsorption and after 5 min,
he methanol flow was replaced with water in order to remove
ny unreacted methanol from the anode compartment while the
otential was maintained at 0.1 V. After 30 min of flushing, the

i
∼
b
N

ig. 1. Complex plane plot of impedance of 0.1 M (a), 1.0 M (b) and 10.0 M (d); also
ith equivalent circuit in Fig. 8a. Operating temperature: 28 ◦C; anode flow: 1 ml min

n the cell.
r Sources 162 (2006) 1010–1022

tripping was performed by cycling the electrode potential from
.1 V to 0.8 V at a scan rate of 5 mV s−1.

Unless otherwise specified, all bias potentials and overpoten-
ials have been corrected for iR losses in the cell by using the
urrent from respective CVs and the membrane resistance, Re,
rom impedance data fitting (see Section 4 for further details).

. Results

Fig. 1 shows impedance behavior of room temperature
28 ◦C) methanol oxidation on nanoparticulate PtRu at various
oncentrations (0.1 M, 1.0 M and 10.0 M) and potentials. For
ll the concentrations reported in this paper, as the bias potential

ncreases, the loops are inclined to bend towards the x-axes and at

0.32 V, intersect the x-axes. Fig. 1b and c shows the impedance
ehavior for a wider potential rage for 1.0 M methanol. The
yquist plot (Fig. 1b) shows that the low frequency response

shown the Bode plot for 1.0 M methanol (c). Points: experimental; lines: fitted
−1; cathode flow: H2 at 5 ml min−1. Bias potentials are corrected for iR losses



D. Chakraborty et al. / Journal of Power Sources 162 (2006) 1010–1022 1013

F metha
e in−1;

b
A
i
n
u
a
l
v
l
s
H
c
c
p
b
i
(
c
w
t
I
l
(

m
i
a
t
b
s
v
H
d
∼
a
w

o
t
1
a
t
9
7
i
[

with 0.1 M and 1.0 M methanol solution. The onset of the
residue oxidation remained unchanged with bulk concentration
of methanol at ∼0.31 V. It can be seen from Fig. 5 that one
ig. 2. Complex plane plot (a) and phase shift plot (b) of impedance for 1.0 M
xperimental; lines: fitted with equivalent circuit in Fig. 8a. Anode flow: 1 ml m

ecomes inductive as the potential is increased above 0.33 V.
lso, as the potential increases, the “diameter” of both the capac-

tive and inductive loop decreases (even though these two are
ot perfect semicircles, diameter will be used here for ease of
nderstanding). The appearance of the inductive behavior can
lso be observed from the phase shift (Bode) plot (Fig. 1c). At
ow bias potential (e.g. ∼0.2 V), only one capacitive peak is
isible. As the potential increases, the inductive peak appears
ike the inductive loop in the Nyquist plot. After 0.6 V (not
hown), the low frequency inductive loop is no longer evident.
owever, another loop in the first quadrant appears which indi-

ates that the reaction is limited by mass transfer. We shall not
onsider the mass transfer limited case in this paper. The tem-
erature dependence of the impedance behavior at a constant
ias potential (0.4 V, uncorrected) for 1.0 M methanol is shown
n Fig. 2. The radius of both the capacitive and inductive loop
Fig. 2a) decrease as the temperature increases. The frequen-
ies at which the capacitive and inductive peaks appear increase
ith temperature: e.g. from ∼300 mHz and ∼20 mHz, at 28 ◦C

o ∼1 Hz and ∼200 mHz, respectively, at 75 ◦C (Fig. 2b).
t has been observed that the appearance of the inductive
oop occurs at lower potentials with increasing temperature
not shown).

Cyclic voltammetry plots for 0.1 M, 1.0 M and 10.0 M
ethanol solution at 28 ◦C (Fig. 3) reveal that the onset potential

s around ∼0.32 V and does not vary with concentration. Cat-
lytic activity was clearly larger on 1.0 M methanol compared
o 0.1 M methanol. However, little difference was observed
etween the 1.0 M and 10.0 M cases. The 0.1 M methanol
olution shows serious transport limitation as observed by a
ery low limiting current of ∼20 mA cm−2. The current in the
UPD (hydrogen underpotential deposition) region is depen-

ent on concentration: the current densities at 0.1 V were
4.5 mA cm−2, ∼8.6 mA cm−2 and 9.4 mA cm−2 for 10 M, 1 M

nd 0.1 M methanol solution, respectively. A blank CV done
ith only DI water at the anode is also shown in the figure.

F
d
c
5

nol at different temperatures at a bias potential of 0.4 V (uncorrected). Points:
cathode flow: H2 at 5 ml min−1.

An increase in temperature not only increases the activity
f methanol oxidation, but also decreases the onset poten-
ial (Fig. 4). The onset potential for positive going scan for
.0 M methanol decreases from ∼0.32 V at 28 ◦C to ∼0.2 V
t 75 ◦C. The current in the HUPD region is suppressed as the
emperature is increased: at 0.15 V, the current densities are
mA cm−2, 7.5 mA cm−2 and 5.3 mA cm−2 at 28 ◦C, 50 ◦C and
5 ◦C, respectively. This phenomenon could be attributed to the
ncreased rate of methanol adsorption at elevated temperatures
18].

Fig. 5 shows the result of the residue stripping experiment
ig. 3. CV plots for different concentration of methanol at 28 ◦C. A blank CV
one by flowing only DI water through the anode chamber is also shown for
omparison. Scan rate: 10 mV s−1; anode flow: 1 ml min−1; cathode flow: H2 at
ml min−1. Overpotentials are corrected for iR losses in the cell.
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Fig. 6. Anode polarization curve for three different MEAs at 50 ◦C. Scan rate:
1 mV s−1; anode flow: 1 ml min−1; cathode flow: H2 at 5 ml min−1. Overpoten-
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ig. 4. CV plots for 1.0 M methanol at different temperatures. Scan rate:
0 mV s−1; anode flow: 1 ml min−1; cathode flow: H2 at 5 ml min−1. Overpo-
entials are corrected for iR losses in the cell.

omplete cycle from 0.1 V to 0.8 V has not stripped all the
esidues from the surface. The total charge for stripping the
esidues formed form 0.1 M and 1.0 M methanol solution are
.84 C cm−2 and 1.15 C cm−2, respectively, indicating that the
esidue coverage is higher for higher concentrations of methanol.
imilar results were obtained by Stimming and co-workers for
ethanol residue stripping experiment on PtRu/C [26]. It should

e mentioned that the stripping charge has been normalized
ased on the geometrical surface area of the electrode and
ot the available three-phase boundary area. No splitting of

he residue oxidation peak was observed indicating that the
urface is homogenous in terms of Pt and Ru compositions
26].

ig. 5. CVs for adsorbate stripping at 5 mV s−1 after 5 min of the methanol
dsorption from 1.0 M and 0.1 M solutions at 0.1 V. It could be observed that
ore than one cycle was necessary for complete oxidation. For easier under-

tanding only first three cycles are shown. Both adsorption and stripping were
one at 28 ◦C. Overpotentials are not corrected for iR losses in the cell.

f
d
F

F
e
c

ials are corrected for iR losses in the cell. The currents are normalized with
eometric area of the electrodes.

Fig. 6 shows a comparison of the anode polarization curves
f three different MEAs at 50 ◦C. It could be seen that the per-
ormance not only depends on the type of catalysts, but also
n the preparation of the MEAs. The IRD MEA outperforms
he rest tested for this work: the order being IRD > JM > Flame.
t 0.4 V and 50 ◦C, the current densities are ∼78 mA cm−2,
37 mA cm−2 and ∼17 mA cm−2 for IRD, JM and Flame
EAs, respectively. The impedance responses have been shown

n Fig. 7 at 0.4 V bias potentials at 50 ◦C. Each spectrum demon-
trates a high frequency pseudocapacitive loop followed by a low
requency pseudoinductive loop with the diameters of the pseu-

ocapacitive loops show a clear decreasing tendency in the order
lame > JM > IRD for 0.4 V.

ig. 7. Nyquist plot for different MEAs at a bias potential of 0.4 V. Points:
xperimental data; lines: fitted with equivalent circuit. Anode flow: 1 ml min−1;
athode flow: H2 at 5 ml min−1; temperature: 50 ◦C.
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Fig. 8. Equivalent circuits used for fitting data (a) and a mathematical equiva-
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from the total polarization current density by using the following
formula:
ent of the circuit (b). Re: membrane resistance, L: high frequency inductance;

Ct: charge transfer resistance; CP: capacitance; RP, R0: resistances; Ls: low
requency inductance; CPE: constant phase element.

. Equivalent circuit and modeling

The equivalent circuit which has been found suitable for fit-
ing the impedance data is shown in Fig. 8a. This equivalent
ircuit typically represents impedance data for electrochemi-
al reactions with single adsorbed intermediate where diffusion
f participating species is not rate limiting. In the circuit, the
apacitance CP is related to the steady-state pseudocapacitance
described in more detail in Section 5). The resistance, RP, in par-
llel to CP, is associated with the adsorbate formation/removal
27,28]. The other resistance, RCt, is known as the charge trans-
er resistance and relates to the resistance of electron transfer
o the electrode. In electrochemical cells, all Faradaic processes
ccur in parallel with a double layer charging so a double layer
apacitance (Cdl) always comes into play whenever impedance
easurements are done. Therefore, the double layer capacitor is

onnected parallel to the Faradaic branch of the circuit. However,
ossibly due to the dispersion of capacitance over the electrode
urface area [6,29], a much improved fit of the data was obtained
hen the double layer ideal capacitor was replaced by a constant
hase element (CPE), Y0, whose impedance is defined by

CPE = Y0(jω)−n (3)

here n can have values between 0 and 1. When n approaches
, the CPE approaches the behavior of an ideal capacitor. The
elation between these two terms can be expressed as follows
30]:

dl = Y0(Y0RCt)
(1−n)/n (4)

he CPE element describes a non-ideal capacitor of non-zero
eal and imaginary parts. In the Nyquist plot, the high frequency
mpedance shows inductive behavior. Also, the high frequency
art intersects the real axis at a certain distance from the origin.
he high frequency part of the impedance spectra is associated
ith wiring and measurement equipment [31], including the col-

ector plates and metallic parts [21]. The second phenomenon,
he intersection distance of the high frequency part is due to the

hmic resistance of the cell. Considering the resistance for elec-
ron transport is negligible, this resistance, Re can be assigned to
he proton transport in the electrolyte, i.e. the membrane. This
esistance, like the high frequency impedance, resides in series

I

w
d

r Sources 162 (2006) 1010–1022 1015

ith the rest of the circuit. It is worthwhile to mention that Re is
n important parameter obtained with EIS and used to optimize
uel cell operating conditions. The value of Re can also be used
o correct iR drop in the polarization curve [13]. Impedance data
tting software ZSimpWin 3.20 (EChem Software) was used for
tting the experimental data to the equivalent circuit.

The expression for the Faradaic branch of the circuit was
rst derived analytically for a general case multi-step single
dsorbed intermediate reaction by Armstrong and co-workers
32,33]. Consequently, Harrington and Conway used similar
reatment for describing a specific case: impedance of the hydro-
en evolution reaction. Melnick and Palmore [14] and Otomo
t al. [10] used the same analogy for deriving equivalent cir-
uit for describing methanol electrooxidation on Pt considering
ingle adsorbed intermediate. Considering the complexity of
ethanol electrooxidation reaction, it is likely that more than

ne adsorbed intermediate is present. However, our attempt to
t the impedance data with a circuit for two adsorbed intermedi-
tes [34] did not result better fits than using circuit in Fig. 8a. It
s plausible that only one adsorbed intermediate has significant
tability to be detected by EIS, but the consideration of single
dsorbed intermediate does not exclude the possibility of other
arallel pathway(s) or multiple product formation.

The admittance of the Faradaic branch of the circuit (Fig. 8a)
an be expressed by:

f =
(

RCt +
(

jωCP + 1

RP

)−1
)−1

(5)

particular spectrum could be fitted with more than one possi-
le circuit. The problem of identifying the most probable circuit
an be addressed by fitting a range of spectra measured at dif-
erent, but closely related operating conditions [35]. When the
requency approaches zero (direct current condition), the admit-
ance can be expressed as:

f(ω → 0) = 1

Rdc
= (RCt + RP)−1 (6)

ere, Rdc is the dc resistance and ideally,

1

Rdc
= ∂IF

∂E
(7)

here iF is the steady-state Faradaic current. Eqs. (6) and (7)
resent the opportunity of checking the reliability of fitted
arameters by allowing comparison between the values of R−1

dc
btained from two completely independent sources. Fig. 9 shows
he R−1

dc values obtained from impedance fitting and polarization
easurement at 28 ◦C for 1.0 M methanol. The Faradaic current

ensity was obtained by subtracting the double layer response
F = I − Cdlν (8)

here ν is the scan rate. In Fig. 9, although the two sets of values
o not exactly overlap, they closely match one another.
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Fig. 9. Comparison between the vales of R−1
dc obtained from impedance fitting
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nd polarization measurement at 28 C. IF was obtained by: IF = I − Cdlν where
is the scan rate. Scan rate for polarization: 10 mV s−1; anode flow: 1 ml min−1;
athode flow: H2 at 5 ml min−1. Overpotentials are corrected for iR losses in the
ell.

. Discussion

.1. Origin of the low frequency inductive loop

The low frequency inductive loop for methanol electroox-
dation on Pt and PtRu has been observed by several groups
8–10,13,14]. Similar behavior has also been observed for the
lectrooxidation of H2/CO [31,36,37]. The inductive loop is
sually modeled by using a pseudoinductance in series with a
esistance or a pseudocapacitance in parallel with a resistance. In
he later case, a negative pseudocapacitance and negative resis-
ance represents the inductive loop. The pseudocapacitance (CP)
s related to steady-state pseudocapacitance (Cφ) and for special
ases like HUPD, these two quantities become equal [27]. By
efinition, Cφ is as follows [27,28]:

φ = qi

(
dθss

dE

)
(9)

here qi and θss are the charge density for monolayer coverage
nd the steady-state coverage, respectively. Although a negative
apacitance makes no physical sense in electrical terms, from
he above equation, a negative capacitance can be understood
y a decrease in coverage with potential, i.e. a negative slope of
overage versus potential plot. Nevertheless, a negative value of
he slope of the isotherm does not always give rise to the induc-
ive behavior, as the interference of the double layer capacitance

ay mask the inductive behavior [38,39].
Contrary to negative CP, it is not possible to give a direct

hysical significance to a negative value of RP, which one
btains while fitting inductive loops by using circuit shown in
ig. 8a other than the requirement for a positive time constant

τ = CPRP). Harrington and Conway suggested that the fitting of
n inductive circuit (Fig. 8b) that is mathematically equivalent
o the circuit shown in Fig. 8a makes it easier to give mecha-
istic significance of the elements [27]. In an inductor (Ls) an

i
v
b
T

r Sources 162 (2006) 1010–1022

lectromagnetic force (emf) is induced to oppose the current
hange occurring. This corresponds to the coverage relaxation
art of the Faradaic process opposing the coverage-independent
harge transfer part (RCt arm). The role of R0 is to adjust the
hase delay of the current to the value required by the reaction
inetics, instead of the 90◦ provided by the inductor.

.2. Kinetics

.2.1. Below the onset potential
As shown in Fig. 3, the oxidation of methanol on PtRu at

oom temperature is associated with quite high onset potential of
round ∼0.31 V. In case of Pt, the potential range from open cir-
uit to ∼0.35 V belongs to the hydrogen ionization for the anodic
weep (hydrogen deposition during cathodic sweep). However,
his potential region is more complicated for PtRu compared to
t because of the added reaction steps like ionization of hydro-
en on Ru, reoxidation of evolved hydrogen on both Pt and Ru
40], oxidation of Ru (possibly above 0.2 V [41]). In presence
f methanol, adsorption and dehydrogenation of methanol and
ossibly oxidation of methanolic residues may occur. However,
e only could detect two distinguishable time constants in the

egion from the fitting of our data. Considering that one of the
ime constants (the smaller of the two) is attributed to the relax-
tion of double layer, it could be concluded that there is only one
rocess that could be detected by our experiment or all the time
onstants for all the processes are convoluted in the two time
onstants. A continuous decrease in the values of R−1

Ct and CP
ave been observed in the potential range tested (0.11 V to before
nset) (Fig. 10). Melnick and Palmore also reported a contin-
ous decrease in R−1

Ct with increase in potential for methanol
xidation on polycrystalline Pt in the HUPD region [14]. They
ttributed this phenomenon to increasing coverage of methanol
esidues as the potential increases. Methanol adsorption on Pt is
nown to increase with potential [26,42,43]. Therefore, if there is
o or slower removal of residues compared to formation, one can
xpect the R−1

Ct to decrease with potential. Both R−1
Ct and CP at

certain potential decrease as the bulk methanol concentration
s increased (Fig. 10). The methanol residue stripping experi-

ents (Fig. 5) showed that the coverage of residues increase
ith the methanol concentration. A lower value of CP (con-

idering Eq. (9) and the possible relation between CP and Cφ)
ould mean that the rate of coverage change with the increase
n potential decreases as the concentration is increased. Conway
nd co-workers have observed a decrease in the value of CP for
poisoned Pd electrode compared to clean Pd for the reaction of
ydrogen sorption into Pd [28]. Based on these arguments, we
an conclude that there is a build up of surface bound residues
efore the onset potential.

.2.2. After the onset potential
After the onset potential, Eon, the methanol oxidation current

tarts increasing with potential (Fig. 3), and inductive behav-

or in the Nyquist plot appears (Fig. 1). At or close to Eon, the
alue of CP becomes negative (Fig. 11a). The value of RP also
ecomes negative (not shown) to represent the inductive loop.
hese phenomena indicate a certain change in reaction mecha-
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ig. 10. Dependence of R−1
Ct (a) and CP (b) on potentials for different methan

mpedance data with circuit in Fig. 8a; lines are to guide the eye and not from c

ism before and after Eon. As a negative CP may be related to
ecrease of coverage with potential, the beginning of the induc-
ive loop can be the potential where removal of residues starts to

ake free sites available for further methanol adsorption. How-
ver, the advent of the inductive loop is also accompanied by the
ighest value of RCt (Fig. 11b) for the potential range examined.
he value of RCt jumps to 135 � cm2 at the onset compared

o 1 � cm2 just before Eon. The big difference in the value of
Ct with very small change in potential indicates that the RCt
efore and after the onset is not related to the same process.
n other words, the mechanism of current response is different
efore and after Eon. The gradual decrease of RCt with potential

fter Eon is an indication that the residue coverage with potential
s a bell shaped curve as observed for adsorption/oxidation of

ethanol by Bagotzky and Vassilev [42] on Pt and Stimming
nd co-workers on PtRu/C [26]: the coverage of residue is the

p
r
b
t

ig. 11. Dependence of CP (a) and RCt (b) on potentials for a wide rage of potenti
0.32 V. This potential is also the onset potential for methanol oxidation.
centrations below the onset potential at 28 ◦C. Points: obtained by fitting the
tting. Bias potentials are corrected for iR losses in the cell.

ighest at Eon and then it decreases gradually with potential. It
s interesting to observe that the inductive loop starts around the
ame potential (∼0.32 V) for all the concentrations we tested.
he conclusion is that the advent of the inductive loop, i.e. the
nset of the residue oxidation does not depend on the coverage of
he residues. This is also seen in case of residue oxidation during
he stripping experiment (Fig. 5). So, it can be concluded that at
on, another reaction step is required to trigger the onset. The

eaction is widely speculated and recently shown by Watanabe
nd co-workers [3,44] as the discharge of water. However, we
ould not distinguish any reaction which could be related only to
he water activation step. The vale of Eon moves to more negative

otentials with the increase in temperature (Fig. 4). It has been
eported in literature that charge for OH adsorption in the dou-
le layer region as well as for oxide formation is increased with
he increase in temperature only for Pt and not for PtRu [45].

al for 1.0 M methanol solution at 28 ◦C. Notice the changes in RCt and CP at
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Fig. 12. Plot of ln(IF) vs. 1/T for calculating the apparent activation energy of
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Fig. 13. Plot of log(R−1
Ct ) vs. E (a) and log(IF) vs. E (b) for obtaining the Tafel

slope. Points: experimental data; lines: linear fit. Scan rate for polarization:
1
o
f

t
a
r
F
c
c
e
J
p
m
n
b
d
s

ethanol oxidation reaction. Points: experimental data; lines: linear fit. Scan
ate for polarization: 10 mV s−1; anode flow: 1 ml min−1; cathode flow: H2 at
ml min−1. IF was obtained by: IF = I − Cdlν where ν is the scan rate. Overpo-

entials are corrected for iR losses in the cell.

herefore, unlike on Pt [18,46], negative shift of Eon on PtRu
annot possibly be attributed mainly to an increased coverage
f active surface oxidic species. Besides the fact that methanol
dsorption rate increases with temperature, at higher temper-
tures, Ru sites, along side Pt are also available for adsorption
nd dehydrogenation of methanol [46]. These lead to higher cov-
rage of surface adsorbed species, possibly COads and greater
epulsion between the COads. As a result, the adsorption energy
ecreases resulting in weakly adsorbed and more reactive COads
47]. Therefore, it is more plausible to attribute the negative shift
f Eon on PtRu with the increase in temperature mostly to the
owered adsorption energy of the adsorbed residues. The appar-
nt activation energies obtained from plotting ln(IF) versus 1/T
Fig. 12) are 55 ± 6.7 kJ mol−1 and 48 ± 9 kJ mol−1 for 0.36 V
nd 0.39 V, respectively. It is worthwhile to mention that IF is
sed for obtaining the activation energy instead of the current
ensity, I, because when I is determined from CV, it contains a
ontribution from the double layer current. Using IF gives one
he opportunity to observe the effect of temperature or potential
n only the methanol oxidation reaction. The decrease in acti-
ation energy with increase potential indicates that the effect
f temperature on the reaction is lowered as the potential is
ncreased possibly due to the saturation effect. In other words,
oth temperature and potential push the reaction in the same
irection. The Tafel slope (b) obtained from both log(R−1

Ct ) ver-
us E and log(IF) versus E (Fig. 13) at 28 ◦C, 50 ◦C and 75 ◦C
re around 100 mV decade−1, indicating that the reaction mech-
nism possibly remains unchanged throughout the temperature
ange tested here.
.3. Comparison of performances of different MEAs

The same equivalent circuit shown in Fig. 8a has been used
or fitting the spectra shown in Fig. 7 except the spectrum of

(
d
c
m

0 mV s−1; anode flow: 1 ml min−1; cathode flow: H2 at 5 ml min−1. IF was
btained by: IF = I − Cdlν where ν is the scan rate. Overpotentials are corrected
or iR losses in the cell.

he JM MEA. To fit the spectrum, an extra component, a par-
llel combination of a capacitor (0.0093 ± 0.002 F cm−2) and a
esistor (0.112 ± 0.01 � cm2) in series with the circuit shown in
ig. 8a has been used. The very small time constant of the added
omponent suggests that it is possibly a contribution from the
athode/reference electrode. Table 2 shows the extracted param-
ters from the fitted circuits for the spectra shown. The IRD and
M MEAs have lower membrane resistance (∼1 � cm2) com-
ared to the Flame MEA (∼1.3 � cm2). Interestingly, a thinner
embrane, Nafion 112 was used for the Flame MEA. The thin-

er membrane may not have fared as well as the thicker mem-
rane upon exposure to the temperature and pressure applied
uring MEA preparation (discussed in more detail in the next
ection).

The charge transfer resistances follow the order Flame
2 2 2
∼11 � cm ) > JM (7 � cm ) > IRD (4 � cm ) and the current

ensities follow the order IRD > JM > Flame. Therefore, RCt is
ertainly a parameter that is related to the difference in perfor-
ance; the trend is that the higher the value of RCt, the lower the
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alue of current density. The value of RCt decreases because of
he increase in the three-phase region [48,49], improved trans-
ort properties in the catalyst layer [49], and obviously, due to
etter inherent catalytic activities of the material.

Electrochemically active surface areas may be estimated by
he values of Cdl which is usually proportional to the active
urface area [50–55]. In fact, Conway and co-workers have sug-
ested the use of Cdl in determining relative electrochemically
ctive surface area as ‘quite reliable’ [54]. This method is espe-
ially useful for unsupported catalyst [55]. However, caution
hould be exercised while estimating electroactive area from
dl. The value of Cdl, besides surface roughness, depends also
n the type of active materials, applied potential and conductiv-
ty of the electrolyte [56,57]. Moreover, Cdl also changes a great
eal when surface oxide is formed compared to metallic sur-
aces [29,58]. In spite of the above limitations, this method could
e very useful for comparing the electroactive surface areas of
ifferent electrodes with same active elements if applied with
aution. Application of this method is more attractive on elec-
rodes which have active catalysts like PtRu because unlike Pt,
t is not possible to accurately estimate the electroactive area of
tRu from the charge of the HUPD region. The overlap of currents
rom hydrogen ionization from Pt, hydrogen ionization from Ru
nd possible oxidation of Ru (during forward sweep) makes this
rocess very unreliable [40,59]. Furthermore, the HUPD and the
ouble layer region overlap in case of PtRu and this causes a real
roblem in terms of selecting the region in the CV for integration
o estimate the charge. CO stripping method is also not accurate
nough because of the uncertainty of CO adsorption stoichiom-
try on both Pt and Ru [59]. More complicated methods like
nderpotential deposition of Cu and a combination of (COOH)2
xidation and CO stripping have been proposed for accurate
stimation of electroactive surface area for PtRu [59,60]. The
nderlying assumptions for using the Cdl method for the pur-
ose of this article are that the PtRu in all the three anodes are
ame material and that the electrolyte conductivity in the cata-
yst layer does not vary significantly between the anodes. The
alues of the double layer capacitances calculated by using the
alue of Y0 and n are shown in Table 3. The IRD anode has
he highest value of Cdl of ∼0.2 F cm−2 (Table 3), indicating
hat it has the highest electrochemically active surface area of
he MEAs tested. This result is not surprising because the IRD
node not only has higher metal loading (Table 1) but also highly

ptimized as it is a state of the art product. It can be seen from
able 3 that the ratios of the values of Cdl between two different
EAs at 0.4 V are very close to the ratios of the current densities.

he values of Cdl/(Cdl)IRD and i/(i)IRD are shown as examples in

able 3
urrent density and double layer capacitance for different MEAs

otential MEA Current
density (i)
(mA cm−2)

Cdl (F cm−2) i/iIRD Cdl/(Cdl)IRD

.4 V
IRD ∼78 0.213 1 1
JM ∼37 0.09 0.47 0.42
Flame ∼17 0.044 0.22 0.22
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cedure than the thicker membrane (Nafion 117), giving rise to
much lower specific conductivity while inside an MEA than the
real specific conductivity. However, the poor contact between

Table 4
Specific conductivities of membranes in the MEAs

MEA Membrane Thickness (�ma) Specific conductivity
(S cm−1)
ig. 14. Double layer normalized currents for three different MEAs at 50 ◦C.
can rate: 1 mV s−1; anode flow: 1 ml min−1; cathode flow: H2 at 5 ml min−1.
verpotentials are corrected for iR losses in the cell.

able 3. To compare the intrinsic activity of the active sites, the
olarization current was normalized in terms of the double layer
apacitance obtained at 0.4 V. It is very interesting to observe
hat the Cdl normalized activities of all the three catalysts are
ery similar from 0.3 V to 0.45 V (Fig. 14). Moreover, 0.4 V is
oo low a potential for the activity to be affected by mass transfer
imitations. Therefore, the difference between the performances
f the three anodes tested here are mainly due to the difference
n the electrochemically active areas. It can be seen from Fig. 14
hat after ∼0.45 V, the activities deviate from one catalyst to the
ther with the Flame catalyst showing the highest intrinsic activ-
ty and IRD the lowest. However, one should keep in mind that
he deviations could also be due to normalization of the current
ith the values of Cdl estimated at 0.4 V for the whole potential

ange. Ideally, one should normalize the current at each potential
ith the Cdl estimated at that potential.

.4. Membrane conductivity

The activation energy for proton transport in the membrane
as determined by using an Arrhenius type relationship

1

Re
= A exp

(
EA

RT

)
(10)

here A is the pre-exponential factor, EA the activation energy
nd T is the absolute temperature. The specific conductivity is
iven by the following relation:

= d

Re
(11)

here σ is the specific conductivity (S cm−1) and d is the thick-

ess of the membrane. A plot of ln(1/Re) versus 1/T gives
he activation energy of proton transport (Fig. 15). The spe-
ific conductivity at a given temperature can be calculated by
sing Eqs. (10) and (11). The estimated specific conductivity

F
J
I

embranes in different MEAs. The equation resulted from the linear fittings
re: ln(1/Re) = −2.14 + 731.35/T, R = 0.99 for IRD; ln(1/Re) = −1.98 + 640/T,
= 0.99 for JM; ln(1/Re) = −2.7 + 932.85/T; R = 0.997 for Flame.

or membranes of the MEAs at 50 ◦C is shown in Table 4. The
embranes in the MEAs prepared with Nafion 117 (IRD and

M) have higher specific conductivity (∼0.02 S cm−1) compared
o the membrane in the Flame MEA prepared with Nafion 112
∼0.005 S cm−1). The estimated conductivity values reported
n the literature for Nafion 117 is 0.07–0.14 S cm−1 and for
afion 112 is 0.1–0.144 S cm−1, depending on the temperature

nd electrolyte [61]. The general conclusion is that our experi-
entally determined Nafion specific conductivities are less than

xpected for both Nafion 117 and Nafion 112. The low specific
onductivity is much more pronounced for Nafion 112; ∼1/25
imes of that found in the literature. This could be attributed to the
eterioration of the membrane by the pressure and temperature
pplied during the MEA preparation and/or poor contact of the
eaction zone with the membrane. It has been reported that ther-
al treatment can irreversibly change the properties of Nafion

17 membrane [62]. Cappadonia et al. observed that Nafion 117
embrane hot pressed at 130 ◦C for 2 min remained ‘dry’ even

fter 72 h of storage in water or water vapor [63]. Freire et al.
elated the changes in the Nafion membrane to the collapse of
he hydrophilic cluster consisted of sulphonic groups in Nafion
pon heating. This renders the membrane hydrophobic making
t difficult to hydrate again [22]. The thinner membrane (Nafion
12) is more likely to be affected by the MEA fabrication pro-
lame Nafion 112 60 ∼0.005
M Nafion 117 200 ∼0.02
RD Nafion 117 200 ∼0.018

a Taken from Ref. [61].
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he membrane and the reaction zone could also contribute to the
ower than expected conductivity of the membranes. Therefore,
he specific conductivity values reported here should be consid-
red as the property of the MEAs rather than the membranes.
his method of estimating conductivity can be used in selecting
ptimum temperature and pressure for hot pressing.

. Conclusions

Only single adsorbed intermediate of methanol oxidation on
anoparticulate PtRu have been detected by EIS. The onset
otentials are coincident with the appearance of the inductive
mpedance. Before the onset, the observed gradual increase in
he charge transfer resistance with potential has been attributed
o the blocking of active sites with methanol residues. The grad-
al decrease in the value of charge transfer resistance with
ncrease in potential after the onset indicates a decrease in
esidue coverage and more available sites for the reaction to
roceed. The appearance of the inductive loop (i.e. the onset
otential) does not depend on the methanol concentration (i.e.
he residue coverage).

The application of EIS in performance analysis has been
emonstrated by investigating the methanol oxidation perfor-
ance of three different MEAs. The applicability of the double

ayer capacitance as a plausible method for comparing the elec-
roactive areas between different electrodes has been discussed.
ouble layer capacitance has been used to obtain the intrin-

ic activities of the PtRu anodes in three electrodes. For the
hree MEAs we have tested, differences in performance origi-
ate mainly from the available three-phase region and not from
he intrinsic activity of the catalysts. Further, it has been shown
hat the membranes in the MEAs tested in this work have much
ower proton conductivities compared to literature reported spe-
ific conductivity values, because of membrane deterioration
uring hot pressing and/or poor contact of the membrane with
he reaction zone.
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