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Abstract

This paper investigates the effects of methanol slip and water vapor in a high temperature proton exchange mem-
brane fuel cell (HT-PEMFC). A H3PO4-doped polybenzimidazole (PBI) membrane electrode assembly (MEA), Celtec
P2100 of 45 cm2 of active surface area from BASF was employed. A long-term durability test of around 1250 hours
was performed, at various concentrations of methanol-water vapor mixture in the anode feed gas. Vapor concentra-
tions of 5% and 8% by volume in anode feed gas produced a continuous performance decay for as long as they were
fed. Impedance measurements followed by equivalent circuit fitting revealed that the effects were most significant for
intermediate-high frequency resistances, implying that charge transfer losses were the most significant losses. Vapor
mixture of 3% in feed, however, when introduced after operation at 8%, showed positive or no effect on the cell’s
performance in these tests.
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1. Introduction

Methanol is a colorless, neutral, polar and flammable
alcohol. There are two ways it can be used in fuel cells,
either directly as in a direct methanol fuel cell (DMFC)
or by reforming it to hydrogen and carbon dioxide for
use in the so called indirect methanol fuel cells, such as
HT-PEMFC. In the latter case, the reformer can be im-
plemented on-board the fuel cell system, with an option
to even be integrated internally in the fuel cell assembly
[1, 2, 3, 4].

The advantages associated with using methanol refor-
mate instead of hydrogen from other sources, such as
electrolysis, is mainly the ease of handling of methanol
and the possibility of on-site hydrogen production. Con-
trary to hydrogen, gaseous at room temperature and
whose infrastructure and technology implementation
would be very costly, methanol being liquid at room
temperature is easy to handle, and can use existing gaso-
line infrastructure with only limited modifications [5, 6]

However, the use of methanol which has the above
mentioned advantages, comes at the cost of adding com-
plexity to the fuel cell system. More components are
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needed, including the reformer itself, the burner and
some other auxiliaries. Moreover, reforming by prod-
ucts namely, CO and CO2 have undesirable effects on
the fuel cell’s performance and health. While CO2
mainly dilutes the reactants, CO is known to preferen-
tially adsorb on the Pt surface, thereby taking up active
catalyst sites and degrading the performance of the cell
[7, 8, 9, 10]. HT-PEMFCs have come a long way in in-
creasing the tolerance to CO. Das et al. [11] found that
CO concentration up to 5% could be tolerated without
any fuel cell performance losses, at 180◦C, < 0.3 A/cm2

and > 0.5 V. This is mainly due to reduced CO adsorp-
tion and the removal of adsorbed CO via oxidation at
higher temperatures [12, 13]. Nevertheless, CO poison-
ing remains one of the limiting factors of the lifetime of
HT-PEMFCs, and hence, crucial for their commercial-
ization.

Presently, methanol production heavily rely on syn-
gas produced from coal and natural gas, both of which
are fossil fuels. Since the reforming process also pro-
duces CO2, the use of methanol in fuel cells is not com-
pletely CO2 neutral. For this to happen, methanol for
fuel cell application should be produced from renew-
able sources, an issue that is common to all sources
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of hydrogen. However, methanol can be produced
in big quantities from renewables of various biomass
sources such as wood, forest waste, peat, municipal
solid wastes, sewage and even chemical recycling of
CO2 from the atmosphere [14, 15]. Solid oxide elec-
trolyzer for-example, can be used to produce synthe-
sis gas, a mixture of CO and hydrogen, from CO2 and
steam at high temperature that can then easily be con-
verted into methanol or dimethyl ether (DME) [16].
This makes methanol, at the current stage and with cur-
rently available technology, the most practical proposi-
tion for fuel cells of a greener future.

Even though, the conversion of methanol in a re-
former never goes to 100%, the possible poisoning ef-
fects of unconverted methanol are rarely studied in HT-
PEMFCs. Methanol crossover with subsequent oxida-
tion in the cathode and methanol dehydrogenation on
Pt-surface of both electrodes, with intermediate forma-
tion of CO are some of the degrading mechanisms in
DMFCs [5, 17, 18]. Similar mechanisms may be ex-
pected to be at play in a PBI based HT-PEMFC as
well, but the quantities of methanol involved are much
smaller in this case, which makes experimental char-
acterization more complex. Methanol dehydrogenation
on Pt surface is a fairly well studied phenomenon, es-
pecially in DMFCs [17, 18, 19]. However, the inter-
mediates of the process and the different pathways that
take place at various potentials are not well defined. Ad-
sorbed CO is usually identified as the main stable sur-
face product, which as mentioned before has a poison-
ing effect on Pt catalyst. The different pathways de-
pend on the electrode potential and the surface structure
of Pt electro-catalyst, and at higher electrode potentials
non-CO pathways are also observed [18]. Other inter-
mediates include CO2, formaldehyde and formic acid
[18, 20]. Unlike the effects of CO and CO2, which are
fairly well studied, it is not clear how the rest of the
complex intermediates affect the fuel cell.

This work investigates experimentally the effects of
methanol slip in a H3PO4/PBI-based HT-PEMFC, to
broaden the understanding of the effects of a reformate
gases by adding methanol-water vapor mixture to the ar-
ray of poisoning impurities. The analysis is made based
on impedance measurements done over a period of time,
which were then fitted to an equivalent circuit model.
Literature review on PEMFCs, HT-PEMFCs and DM-
FCs, together with the observed trends were used to
analyse the different degradation mechanisms.

2. Experimental

Figure 1 illustrates schematically the experimental
setup used in this study. It consists of a LabView R©

based fuel cell control system and a Gamry FC350
hardware and control software for impedance measure-
ments. Mass flow controllers were used for H2 and air,
and a vapor delivery system composed of a dosing pump
and an electrically heated evaporator was used for the
delivery of methanol-water vapor mixture. The fuel cell
used is a unit cell assembly of a 45 cm2 active area with
a Celtec R© P-2100 MEA from BASF, sandwiched be-
tween graphite composite flow plates of serpentine flow
channels.

The fuel cell was subjected to a break-in procedure
for more than 100 hours before methanol was added to
the anode feed gas. Operating conditions for break in
were set at: current density of 0.2 A/cm2 (9A), tem-
perature of 160 ◦C, stoichiometric ratio of hydrogen,
λH2=1.2 and that of air , λAir=4.

Since to the knowledge of the authors, this is the first
study of its kind, the scope of the work was limited to
generally investigate the effects of methanol-water va-
por mixture on an operating HT-PEMFC. For this, it
was decided to vary their composition in the feed gas,
and start at a rather high concentration of vapor mix-
ture of 5% by volume followed by 8% in order to ac-
celerate the tests. Furthermore, to check the reversibil-
ity of the effects of the vapor mixture, the concentra-
tions were reduced to 3% by volume before their sup-
ply was completely interrupted for operation on pure
hydrogen. The fuel cell was then restarted at the end
of tests for further reversibility check. It is worth not-
ing, therefore, that varying the methanol-water vapor
concentration frequently may limit the generalization
results, while still giving invaluable qualitative insight
into the changes in the fuel cell performance.

The tested methanol concentrations are above what
can be expected from the current technology of reform-
ing processors, which depending on operation temper-
ature and feed rates, can give a hydrogen yield that
can keep unconverted methanol-water vapor mixture to
lower percentages [21, 1]. This can however increase in
the case of stack operation, as there may be some ac-
cumulations over time, and also possible condensation
during shut down. Therefore, the reason for undertaking
tests at such high methanol concentrations is not only to
accelerate the durability tests, but also investigate the
worst operation conditions that may occur during stack
operation.

Temperature and current density were kept constant
at 160 ◦C and 0.22 A/cm2 (10 A), respectively, through-
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Figure 1: Experimental setup.

out the duration of the experiments. For methanol-water
vapor mixture a steam to carbon ratio of 1 is assumed for
the entire experiment.

Impedance measurements were done at frequency
sweeps between 10 kHz and 1 Hz. For the analysis
and interpretation of impedance data, an equivalent cir-
cuit (EC) model shown in Fig. 2 was chosen from lit-
erature [22]. It is composed of ideal circuit elements,
where Rohmic, corresponds to the ohmic losses of the
cell, which are mainly due to the electrolyte resistance
and contact resistances between interfaces. Rhf and Rif ,
are charge transfer resistances between electrode and
electrolyte interfaces for high frequency range and in-
termediate frequency range, respectively. The last resis-
tance, Rlf , is the low frequency resistance, which is usu-
ally related to mass transport process (finite diffusion).
The choice of the model was based on the number of
time constants observed on the the measured impedance
data. Three time constants were observed, which are
represented by the three R/CPE loops in Fig. 2.

3. Results and Discussion

3.1. Overall durability

A durability test of the duration of 1250 hours was
performed, in which the content of methanol-water va-

por in the anode feed was varied. It is observed that the
degradation rate for operation on pure hydrogen taken
over a period of 123 hours gives a near horizontal line
on the voltage-time plane (Fig. 3). The voltage drop rate
is calculated to be -20 µV/h on average in this period.
Moçotéguy et al. [10] found a voltage drop rate of the
same order of magnitude of -41 µV/h over a period of
505 hours on a Celtec-P1000 MEA, at a current density
of 0.4 A/cm2 and temperature of 160 ◦C. Schmidt and
Baurmeister [23] also did long-term durability studies
on HT-PEMC based on the same MEA and found volt-
age drop rate of -5 µV/h over a period of 3000 and 6000
hours, respectively, which is also the degradation rate
claimed by BASF for the MEA. The conditions for their
tests were similar to ours, with cell temperature kept at
160 ◦C and current density at 0.2 A/cm2.

In comparison, operation in the presence of 5% by
volume of methanol-water vapor mixture in the anode
feed gas shows a degradation rate of -900 µV/h, which
is evidently deviated from the case of a pure hydrogen
operation. Li et al. [24] worked with reformate in their
long-term durability tests with a voltage drop rate of -20
µV/h, which however can not be directly compared with
the current work as they used natural gas reformate.

Further increase in methanol content to 8% produces
even steeper degradation slope. The rate in this case is
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Figure 2: Equivalent circuit model for fitting with measured impedance data.

-3.4 mV/h and degradation continued without any sign
of stabilization until the methanol content in the feed
gas was reduced. The concentration was reduced to 3%
by volume and this caused a rapid recovery in the be-
ginning, which then continued slowly until the supply
was shut down. The total recovery was a modest 0.03
V over 157 hours with respect to a total voltage drop
of 0.17 V, caused by the vapor mixture until that point
over a period of 988 hours. When the methanol supply
was interrupted, further recovery of the fuel cell perfor-
mance followed by slow degradation was observed. The
fuel cell was restarted before end of tests and a signif-
icant rise in voltage was noticed, 11% increase in cell
voltage.

It appears clear that, high concentrations of methanol
have a degrading effects on the performance of the fuel
cell. However, lower concentrations of methanol below
3% did not show any degrading effects for the duration
in which they were tested. The recovery in cell per-
formance seen at later stages of the test, including the
restart of the fuel cell, suggests that some of the effects
of methanol-water vapor mixture are reversible.

3.2. Overall EIS

To be able to understand and attribute the different
losses to the different frequency regions, a detailed EIS
analysis was performed. Here below, a summary of the
overall observation on the impedance spectra before the
data is fitted to equivalent circuit model, and a succes-
sive analysis of the fitted results is given.

In Fig. 4 it can be seen from the Nyquist plot that the
impedance spectra expands with time and with the in-
troduction of the methanol-water vapor mixture, while
also being displaced to the right on the real axis. The
bode diagram also shows that the maximum phase shift
and the frequency at which it occurs increases with
time. Similar trend of expanding spectra is seen in [25]
with decrease in temperature of a HT-PEMFC, and is a

typical indication of increased losses manifested by in-
creased impedance.

Contrary to expectations, the spectra in Fig. 4 do
not show any inductive behavior at high frequency.
High frequency inductive behavior is usually present in
impedance measurements due to the wiring and other
instrumental non-idealities [26, 25]. In the current work
the recommended wiring supplied by Gamry was used
to connect the impedance measurement system to the
fuel cell, and other wires were used for the rest of the
setup. Mamlouk and Scott [25] limit the inductive be-
havior to above 10 kHz. Otomo et al. [27] on the
other hand did not see a high frequency inductive be-
havior in their sweep of until more than 10 kHz, but
observed instead, a low frequency inductive loop for
methanol electro-oxidation in the anode. Despite these
uncertainties and a relatively high positive −Zimg values,
the changes in impedance observed due to variation in
the concentration of methanol-water vapor mixture are
rather typical of performance degradation, and follow
closely the overall durability plot in Fig. 3.

It can also be noticed that, a high frequency loop
is only seen on measurements before the tests with
methanol started, after which instead a low frequency
semicircle evolves increasingly with time and with in-
crease in methanol concentration. Moçotéguy et al.
[10] also observed that the high frequency loop disap-
pears with increase in degradation, which makes it plau-
sible to suggest that the disappearance of this loop is
related to increased degradation from poisoning due to
methanol.

In the beginning, as methanol-water vapor mixture
was introduced to the system the impedance spectrum
shrinks, as can be seen in Fig. 4. This shrinking of spec-
trum could imply that the vapor mixture has an initial
positive impact on the cell’s performance. This may be
attributable to the presence of water vapor, which en-
hances the cell performance by promoting the proton
conduction through the membrane [28]. However, wa-
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ter is also reported to have a degrading effect by leach-
ing of H3PO4 (PA) from the PBI membrane at lower
temperatures during fuel cell shut down [29]. This is
expected to be limited in the current work, as there were
no start/stop cycles tested, in which dilution of acid at
lower temperature during shut down is suggested [30].

Further continuous operation at 5% and then suc-
cessively at 8% causes the impedance spectra to con-
tinuously expand. This expansion implies loss in cell
performance with time, according to the increase in
methanol concentration. The increase in spectra size
stops for operation at 3% of vapor mixture and restarts
slowly when the methanol supply is interrupted, sug-
gesting that poisoning effects are seen only at high con-
centrations of methanol.

At the same time, it is observed that more methanol
in anode feed means more pronounced low frequency
loops. In fact, the shapes of the spectra before methanol
was introduced and after methanol supply was inter-
rupted resemble each other in the low frequency region,
in that, they have less pronounced low frequency loops.
Otomo et al. [27] observed an inductive loop at frequen-
cies lower than 0.1 Hz. They concluded that since the
inductive loop appeared through the electro-oxidation,
it was an indication of the fact that during the electro-
oxidation of methanol the passage from the intermedi-
ates to the products was the rate-determining process of
the overall reaction. The low frequency loop in our case
could be characterized by the start of such behavior, or
just mass transport and diffusive limitations. In either
case it can be said that, methanol-water vapor mixture

increases the losses in this frequency range. Ji et al.
[5] reported that the hydroxyl groups of methanol form-
ing hydrogen bonds, are more likely to accept hydrogen
atoms than to donate hydrogen atoms. This may slow
down diffusion of hydrogen in the anode side, implying
that diffusion losses are not limited to the cathode side
alone.

3.2.1. Overall fitted resistances
In the following, the different resistances are analysed

individually and an overview of their trend is shown in
Fig. 5.

Ohmic resistance
Generally speaking, there is not significant change in

ohmic resistance. There is a slight decrease in Rohmic
at all the stages of the tests, but it is cancelled out by
the increase seen at each change of methanol content
in feed gas. Assuming that, Rohmic represents the con-
tact resistances and electrolyte resistance, it can be said
methanol-water vapor mixture has negligible effect on
the overall conductivity of the electrolyte. The slight
decrease in Rohmic observed in all the stages of the tests,
may be attributed to the presence of water vapor, which
enhances the proton conduction in PBI-based polymer
electrolytes [28]. Membrane thinning due to degrada-
tion may also be another contributor to such an effect.

On the contrary, the vapor mixture has also the ef-
fect leaching H3PO4 from the PBI membrane, which
being the proton conduction media may lead to perfor-
mance degradation [29]. Moçotéguy et al. [10] observed
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vapor content in the anode feed gas.

PA leaching without significant changes in ohmic resis-
tance in their long-term durability tests. They however
tested start/stop cycling every 12 hours, in which PA
leaching may be accelerated by liquid water formed at
lower temperatures during fuel cell shut down. In our
case, start/stop cycling were not tested, and therefore
PA leaching may be very limited.

High frequency resistance
There is a clear increase in high frequency resistance

in the presence of 5% methanol as can be seen in Fig.5.
The increase is strangely arrested when the methanol
content is raised to 8%, and then slightly increases on
the passage to and during operation at 3%, where it
then remains constant towards the end. Lastly, when
methanol-water vapor supply was interrupted the effects
reversed partially and remained constant even after the
fuel cell was restarted.

Thus, it appears that, it is more the change in vapor
content of the feed gas that determines the magnitude of
Rhf than the vapor content itself. This is seen from the
fact that Rhf increases every time the amount of vapor is
changed, and then stabilizes. A possible explanation for

this could be that, some saturation or equilibrium con-
dition is established at the interface after each change
in concentration. This however, can not be said with
certainty from impedance analysis alone.

Intermediate frequency resistance
In the intermediate frequency range, a slow and pro-

gressive increase in resistance is seen during opera-
tion with 5% methanol. The increase is then more
pronounced for 8% and continues to increase until the
methanol content is reduced to 3%, where Rif remains
constant. It is as if operation on 3% methanol by volume
stops the increase in Rif, which resumes when methanol
supply is interrupted. This trend continues at different
rates until the fuel cell is restarted. This could mean that
there were some life time issues that were masked by
equilibrium condition at 3% operation but were later re-
vealed when this was disrupted by methanol shut down.
It seems however, they are reversible durability issues
from which the fuel cell recovered fast when restarted.

Although, the intermediate frequency region is usu-
ally associated with charge transfer limitation of ca-
thodic oxygen reduction reaction (ORR) [31], some pro-
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cesses in the anode side may also contribute to part of
these resistances.

It is also interesting to notice that, Rif follows closely
the trend of the durability profile in Fig. 3, and therefore,
can be a useful parameter for fuel cell diagnosis. That is,
the increase in Rif corresponds to increased voltage drop
due to catalyst degradation and can be a good indication
of the state of health of the fuel cell.

Low frequency resistance

Similarly to the Rif, the low frequency resistance Rlf
showed a successive increase for 5% and 8% methanol-
water vapor mixture, proportionally to the vapor con-
tent. Unlike in the former case however, an initial de-
crease followed by slight increase was observed both
during operation with 3% vapor mixture and when the
supply of vapor was interrupted. The low frequency
loop is usually characterized by diffusion limitations in
the gas diffusion layer (GDL) [32], which may results
in the same limitations on the catalyst surface as well.
This could imply, that higher contents of vapor mixture
increases these diffusion losses, while small amount of
vapor may promote the diffusion of the gaseous species
both on the GDL and the catalyst layer.

3.3. Impedance evolution for each methanol concentra-
tion

In the following, the effects of different methanol
concentrations in the anode feed gas are analysed ac-
cording to the chronological order in which they were
varied during the experiments.

3.3.1. 5% methanol-water vapor mixture

As a typical sign of performance decay, the
impedance spectra increases in size as the cell runs on
5% methanol-water vapor mixture. In Fig.6(a) it can
be seen how the marked characteristic frequencies are
displaced more to the right with respect to each other,
showing a more sluggish electrical behaviour. While
ohmic resistances remain almost unaltered throughout
the experiments, there is a clear general increase for all
other resistances, proportionally to the methanol content
of the feed gas .

In particular, the changes are most visible for high
and intermediate frequency, an overall increase of 75%
and 25% , respectively. The low frequency loop, which
represents finite diffusion, although moves more the
right, only slightly increases in size. This is seen in
Fig.6(e), where the increase is not significant, account-
ing only to an overall increase of 9%.

7



 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

-Z
im

ag
 / 

Ω
.c

m
2

Zreal / Ω.cm2

(a)

10 kHz

1 kHz 100 Hz
10 Hz

1 Hz

360 h
432 h
504 h
576 h
648 h

 0.3

 0.305

 0.31

 0.315

 0.32

360 h
432 h

504 h
576 h

648 h

A
S

R
 / 

Ω
.c

m
2

(b)

 0.05

 0.08

 0.11

 0.14

360 h
432 h

504 h
576 h

648 h

A
S

R
 / 

Ω
.c

m
2

(c)

 0.25

 0.27

 0.29

 0.31

 0.33

 0.35

360 h
432 h

504 h
576 h

648 h

A
S

R
 / 

Ω
.c

m
2

(d)

 0.08

 0.09

 0.1

360 h
432 h

504 h
576 h

648 h

A
S

R
 / 

Ω
.c

m
2

(e)

Figure 6: Impedance analysis of operation at 5% methanol-water vapor mixture (a) evolution of the impedance spectra in time (b) ohmic resistance
(c) high frequency resistance (d) intermediate frequency resistance (e) low frequency resistance.

3.3.2. 8% methanol-water vapor mixture
In this case the spectra continues to increase in size

and the characteristic frequencies continue to move to
right. It can be noticed in Fig. 7(a) that the relaxation
frequency of the intermediate loop is now more than 100
Hz.

In Fig. 7(b), a small general decrease in Rohmic is no-
ticed, while in Fig. 7(c) Rhf stabilizes at the last values
of operation with 5% methanol with a very slight de-
crease at the end. The increase in resistances is most
important for intermediate and low frequency ranges in
this case, Fig. 7(d) and (e), respectively. This implies
that charge transfer and diffusion limitations are both
affected by such high concentration of vapor misture in
the anode feed.

Consequently, the usual assumption that the interme-
diate frequency region is associated with ORR limita-
tions on the cathode side [31], would suggest that there

may be vapor cross-over at this high level of methanol
concentration. The methanol may then electro-oxidize
by dehydrogenation on the Pt catalyst on the cathode
side, which may in turn limit the diffusion of oxygen on
the catalyst surface. While this is a typical situation in
a DMFC [5, 17, 18], it may not be the only explanation
in the case of an HT-PEMFC. Some of the anode pro-
cesses, possibly the complex intermediates of methanol
electro-oxidation, such as formaldehyde that also con-
tain oxygen, may be contributing to the intermediate
frequency resistances.

However, vapor cross-over is still reasonably one of
the degrading mechanisms, as the PBI membrane that
is normally employed, is characterized by high perme-
ability to water vapor [28]. Li et al. [12] reported that
methanol also shows similar modes of permeation as
that of water through a PBI membrane, mainly via diffu-
sion. Daletou et al. [28] found that water vapor interacts
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strongly with the PBI and attributed its relatively high
permeation rate to its solubility in H3PO4 and its inter-
action with PBI. If methanol also has similar level of
interactions with PBI, it can be expected that it perme-
ates and electro-oxidized on the catalyst layer.

3.3.3. 3% methanol-water vapor mixture
Reduction of vapor mixture concentration to 3%, vis-

ibly freezes the Nyquist diagram in Fig. 8(a). However,
a closer look at the fitted resistance values of the pro-
posed equivalent circuit model reveals some changes. A
slow decrease is observed for both Rohmic and Rlf, while
Rhf on the other hand shows a slow increase. Rif remains
almost unaltered for most of the 3% ran. Anomalous
shift of trend is seen for the last measurement. How-
ever, instrumental and fitting uncertainties apart, it can
be said that charge transfer losses, though moderate,
they contribute to most of the losses at operation with
3% vapor.

Evidently, measurements taken during operation at
3% of vapor mixture in the anode feed are the most
significant, as current reforming technologies can limit
the unconverted methanol in the reformate gas to even
lower amount by volume. However, as this concentra-
tion was applied after the fuel cell has been operating at
even higher vapor concentrations for accelerated tests,
results may not be directly generalized. That is, if 3%
vapor mixture is introduced after operation on pure hy-
drogen, the effects may differ. Nevertheless, for what
concerns the current work, it can be said that the ef-
fects of methanol at such concentrations and lower are
negligible from a performance point of view. This is
seen from the fact that Rif in Fig. 8(d), which indicates
more directly the performance by following the voltage
drop, remains almost constant. Enhancements in other
regions of the frequency sweep or other processes are
also seen, as Rohmic and Rlf decrease in time. They rep-
resent the electrolyte resistance and finite diffusion lim-
itations, respectively, and they show a generally linearly
decreasing trend, by almost the same magnitudes.

3.3.4. No vapor supply
Contrary to what would be expected, the impedance

continued to increase when methanol supply was in-
terrupted. The characteristic frequencies return to the
placements similar to that of the initial stages of the ex-
periment, and the finite diffusion loops at low frequency
range become less pronounced.

Fitted equivalent circuit resistances suggest that there
is a slow decrease in resistance at all frequency regions,
except at the intermediate one, which shows a slow and

quasi linear increase instead. This manifests the con-
tinued increase in impedance, which may be attributed
to the fact that the fuel cell was already aged and that
without refresh cycles no recovery could be achieved.
In fact, when the fuel cell was restarted as one of the
suggested refresh cycles, it recovered part of its per-
formance sharply. This is seen from the fact that the
impedance spectrum shrinks in Fig. 9(a), which results
in sharp drop in Rif in Fig. 9(d).

3.4. Post-mortem analysis of the MEA
At the end of the impedance tests, the fuel cell

was disassembled and a scanning electron microscopy
(SEM) was performed on the MEA. This was then com-
pared with an SEM imaging and atomic distributions
of unused MEA of the same type, Celtec P-2100 from
BASF.

Typical SEM images, and plots for Pt distribution and
PA levels along the cross-section of a new MEA and the
one used in this work are given in Fig. 10 and Fig. 11,
respectively. PA levels and Pt distribution are similar
in both cases. There is only displacement of the peaks,
possibly due to the swelling caused by the intake of the
different species in the anode feed. Indeed, PA leaching
is suggested to have effects at lower temperatures of fuel
cell shut down [29]. This was not the case in this work
as there were no intentional start/stop cycles tested. This
may have limited the PA leaching and its effects on the
fuel cell.

A slightly higher concentration of Pt is seen on some
points of one side of the used MEA with respect to
the unused one. As can be noticed also from the SEM
micrography, this could be a manifestation of a slight
Pt agglomeration. On most points however, both PA
level and Pt concentrations remain almost unaltered and
therefore their relation to the presence of methanol-
water vapor could be said limited .

4. Conclusion

This report gives a general insight into the effects
of methanol-water vapor miture in an HT-PEMFC, by
means of accelerated tests. Degradation rate for op-
eration with pure hydrogen was found to be -20 µV/h
over the first 123 hours after break-in, which is in the
same order of magnitude as in the literature. Degrada-
tion rates in the presence methanol-water vapor mixture
were higher, -900 µ/V for 5% and -3.4 mV/h for 8%.
Both from durability curves and impedance analysis it is
seen that continuous operation with 5% or 8% of vapor
mixture degrades the fuel cell severely. Methanol de-
hydrogenation on Pt surface with formation of CO and
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Figure 8: Impedance analysis of operation at 3% methanol-water vapor mixture (a) evolution of the impedance spectra in time (b) ohmic resistance
(c) high frequency resistance (d) intermediate frequency resistance (e) low frequency resistance.
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Figure 9: Impedance analysis of operation with no methanol-water vapor mixture, where in the last measurement the fuel cell has been restarted
(a) evolution of the impedance spectra in time (b) ohmic resistance (c) high frequency resistance (d) intermediate frequency resistance (e) low
frequency resistance.
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Figure 10: SEM analysis of the crossection of a new Celtec P-2100 MEA (a) SEM micrography (b) Pt and PA level distribution.
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Figure 11: SEM analysis of the crossection of the Celtec P-2100 MEA used in the current work (a) SEM micrography (b) Pt and PA level
distribution.

other complex intermediates, that then poison the cata-
lyst can be suggested as a degrading mechanism. How-
ever, more tests and comparisons with other characteri-
zation techniques are needed to identify the exact mech-
anism by which methanol degrades the performance of
an HT-PEMFC.

In conclusion, it can be said that while high concen-
trations of vapor mixtures (5 and 8% of vapor) in the
anode feed clearly degrade the performance of the fuel
cell, lower concentrations below 3% of vapor mixture,
which are more significant to real world operation have
negligible effect in this work. It is worth noting that
that lower concentrations were tested after higher con-
centration, and caused a partial recovery in the cell’s
performance, signifying that the effect of the vapor mi-
ture are in part reversible. PA leaching does not seem
be an issue, but the cells performance should be tested
under start/stop cycling stress to reveal whether the va-
por could result in PA leaching at lower temperatures.
Even though time consuming, future works should also
address durability tests based on single concentration of
around 2% vapor mixture for the entire lifetime of a fuel
cell. If this is done by relating various characterization
techniques with each other, it would give generalizable
results on the degradation mechanisms.
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