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� Effects of bromomethane in air on PEMFC were studied with a segmented cell.
� Cathode exposure to 5 ppm CH3Br caused performance loss of 320 mV at 1 A cm�2.
� Hydrolysis of CH3Br resulted in formation of Br�.
� Br� and CH3Br negatively affected the ORR because of their strong adsorption on Pt.
� CH3Br exposure led to a significant decrease of anode and cathode ECA (~52e57%).
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a b s t r a c t

The poisoning effects of 5 ppm CH3Br in the air on the spatial performance of a proton exchange
membrane fuel cell (PEMFC) were studied using a segmented cell system. The presence of CH3Br caused
performance loss from 0.650 to 0.335 V at 1 A cm�2 accompanied by local current density redistribution.
The observed behavior was explained by possible bromomethane hydrolysis with the formation of Br�.
Bromide and bromomethane negatively affected the oxygen reduction efficiency over a wide range of
potentials because of their adsorption on Pt, which was confirmed by XPS. Moreover, the PEMFC
exposure to CH3Br led to a decrease in the anode and cathode electrochemical surface area (~52e57%)
due to the growth of Pt particles through agglomeration and Ostwald ripening. The PEMFC did not
restore its performance after stopping bromomethane introduction to the air stream. However, the H2/N2

purge of the anode/cathode and CV scans almost completely recovered the cell performance. The
observed final loss of ~50 mV was due to an increased activation overpotential. PEMFC exposure to CH3Br
should be limited to concentrations much less than 5 ppm due to serious performance loss and lack of
self-recovery.

© 2016 Published by Elsevier B.V.
1. Introduction

The successful commercial deployment of proton exchange
membrane fuel cells (PEMFCs) requires their reliability, durability
and high performance under different operating and environ-
mental conditions. Air is the most practical and economic oxidant
for automotive and stationary fuel cell applications, and it is an
important consideration because any airborne impurities can
compromise PEMFC performance [1e4]. Moreover, the quality of
the air is a critical factor for fuel cells where air filtration cannot be
nko).
implemented due to weight and/or volume restrictions. Previous
studies of urban inorganic air contaminants showed that sulfur-
containing compounds (SO2, H2S, COS) caused the most severe
and irreversible impacts on PEMFC [1,5e9], while the effects of
nitrogen-containing pollutants (NO2, NH3) resulted in moderate
impacts [1,6,7,10,11]. The operation of fuel cells in the marine
environment can be significantly damaged by NaCl, which is a
major component of seawater and air mists [12e17]. PEMFC
exposure to some common organic air contaminants usually led to
a reversible performance loss [1,2,18,19], whereas hazardous
chemical warfare agents such as sarin, sulfur mustard, cyanogen
chloride, and hydrogen cyanide resulted in serious irreversible fuel
cell deterioration [1].

PEMFC contamination effects can be separated into three main
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categories depending on the affected membrane-electrode as-
sembly (MEA) components: (1) kinetic, (2) ohmic and (3) mass
transfer effects [4]. Chemisorption of the contaminant on the Pt
surface decreases the electrochemical area (ECA) and affects the
oxygen reduction reaction (ORR) kinetics and elementary steps,
shifting the mechanism from a 4-electron to a 2-electron reaction.
Pollutants and/or their derivatives may interact with an ionomer in
the membrane and catalyst layers, reducing the proton conduc-
tivity and increasing the ohmic losses. In addition, the adsorption of
airborne contaminants can block the Pt surface and modify the
hydrophobicity and structure of the MEA components, which alters
the mass transfer properties. In reality, the contamination impact is
a combination of all of these processes and depends on the
chemical nature of the air impurities.

Recently, several possible organic air pollutants from the Envi-
ronmental Protection Act list were selected for detailed studies of
their effects on PEMFC [20]. The contaminants belong to different
classes of organic compounds: alkenes (C3H6), alkynes (C2H2),
arenes (C6H6, C10H8), alcohols (i-C3H7OH), nitriles (CH3CN), esters
(CH2]C(CH3)COOCH3) and alkyl halides (CH3Br). The selected
compounds are widely used as chemical reagents, solvents, weld-
ing fuels, and pesticides. Moreover, all of them caused an adverse
impact on the ORR and PEMFC [20e23].

Bromomethanewas included in the study because it is a volatile,
toxic, ozone-depleting substance and has both natural and
anthropogenic atmospheric emissions sources. The anthropogenic
sources include biomass burning, vehicle exhausts, and agricultural
usage. The application of CH3Br as a fumigant to control pests in
agriculture and shipping has been reduced in the USA since 2005
according to the amendment to the Montreal protocol (UNEP,
1995). However, bromomethane has a major natural emission
source from oceans, which makes it a relevant contaminant for
detailed studies [24e28]. Atmospheric concentrations of CH3Br
over the oceans and in rural areas are typically less than 25 ppt,
while in urban and industrial areas it may be as high as 1.2 ppb
[25,28]. The chemistry of atmospheric CH3Br was intensively
studied due to its ozone-destructive capabilities. The main degra-
dation pathway for bromomethane is a reaction with photochem-
ically generated hydroxyl radicals, which leads to an atmospheric
lifetime between 1.6 and 2.0 years [24,25,28]. Bromomethane
slowly hydrolyses in water, yielding methanol, bromide, and a
proton. Its hydrolytic half-life ranges between 20 and 38 days
depending on the temperature and pH [28e30]. There are a few
studies devoted to the adsorption of bromomethane on Pt [31e33],
while there is a lack of studies on the electrochemical behavior of
CH3Br in aqueous solutions. However, the adsorption of related
species such as Br� on Pt and their impacts on hydrogen oxidation
and oxygen reduction were previously investigated and published
[34e46]. The application of the rotating ring-disk electrode (RRDE)
method demonstrated that strongly adsorbed bromide suppresses
the adsorption of oxygen and hydrogen, prevents the formation of
the catalytic sites needed to break the bonds in the oxygen mole-
cule and alters the ORR pathway through the intermediate pro-
duction of H2O2 [34e43].

The evaluation of Pt electrocatalysts by RRDE cannot provide any
predictable information about PEMFC performance and behavior in
the presence of air pollutants due to different operating conditions
(temperature and back pressure) and environments (gaseous vs.
aqueous). In addition, single cell testing can allow researchers to
measure only the average values of current, voltage, and impedance,
while spatial characterization of fuel cell performance reveals
unique and valuable results about local performance [47e51], water
management [52e57], defect determination [58e62], recirculation
[63], start-up and starvation impact [64e67]. Previous successful
applications of a segmented cell system for studying and
understanding PEMFC performance exposed to air and fuel con-
taminants demonstrated the powerful and exceptional capabilities
[22,23,68]. The current work is a continuation of our previously
published results [22,23] and presents detailed studies of long-term
localized PEMFC performance under cathode poisoning by 5 ppm
CH3Br and its comparison to a fuel cell operated without any im-
purities to understand the impacts of CH3Br, improve the environ-
mental adaptability, and establish the air quality requirements for
PEMFC application. To accelerate the effects of the pollutant on fuel
cells, the chosen concentration of bromomethane is higher than
observed in average environmental conditions.

2. Experimental

The work was performed using a GRandalytics single fuel cell
test station and a segmented cell system developed at the Hawaii
Natural Energy Institute [56]. The segmented cell systemwas build
based on previous work [48,49,69,70] and allows simultaneous
spatial electrochemical characterizations such as impedance spec-
troscopy (EIS), cyclic voltammetry (CV) and linear sweep voltam-
metry (LSV). A detailed description of the experimental setup is
available in our previous publication [56].

Commercially available 100 cm2 active area MEAs from Gore
were used for contamination and blank tests. The anode and
cathode consisted of Pt/C catalyst layers with a loading of
0.4 mgPt cm�2. The gas diffusion layer (GDL) was sourced from SGL
(25 BC). A segmented GDL was employed for the cathode, whereas
a single GDL was used at the anode. The total MEA active area was
76 cm2 due to the cathode segmentation.

The anode/cathode testing conditions were H2/air, 2/2 stoichi-
ometry, 100/50% relative humidity and 48.3/48.3 kPag back-
pressure. The cell was kept at 80 �C. Blank and contamination tests
were performed at an overall current density of 1.0 A cm�2 (gal-
vanostatic control). The dry air mixture containing 100 ppm CH3Br
was introduced into a humidified air stream at a flow rate of
0.125 l min�1 resulting in a contaminant concentration of 5 ppm.
The desired humidification of the oxidant gas was maintained by
simultaneously increasing the humidifier temperature.

Performance and performance losses (activation, ohmic and
mass transfer) were determined by measuring polarization curves
(VI curves) with H2/air, H2/Heþ O2 (21 vol%) and H2/O2 [56]. Spatial
EIS were recorded at the same time as VI curves. The frequency was
varied from 0.05 Hz to 10 000 Hz. The amplitude of the current
perturbation was 2 A, which corresponded to a voltage signal of
10 mV or less. The ECA was determined by CV performed at 35 �C
with a scan rate of 20 mV s�1 using a Solartron SI 1287/electro-
chemical interface.

The MEA, anode, and cathode catalysts were studied by scan-
ning electron microscopy (SEM), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS). A Kratos XPS
ultra DLD spectrometer operating with an Al Ka monochromatic
source at 225 Wwas used to obtain high-resolution F 1s, C 1s, O 1s,
Pt 4f and Br 3p spectra. SEM images were obtained with a Hitachi S-
4800 field emission microscope with an accelerating voltage of
5 kV. TEM studies of the catalysts were performed using a Hitachi
HT-7700. The particle size distribution (PSD) for each sample was
created from the TEM images and a random selection of
400e600 Pt particles.

3. Results

3.1. A comparison of PEMFCs performances exposed to 5 ppm CH3Br
and operated with pure air

Fig. 1 a, b) presents the profiles of the segment voltages and
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current densities normalized to their initial values under exposure
to CH3Br at 1.0 A cm�2. For the first 18 h, the cell was operated with
pure air resulting in a cell voltage of 0.650 V. The initial current
density distribution ranged from 0.85 to 1.15 A cm�2. The injection
of 5 ppm of CH3Br in the air did not result in immediate perfor-
mance degradation. The voltage started gradually decreasing only
after 9 h of exposure to bromomethane and reached a plateau of
0.335 V. The delay in PEMFC response is likely connected to a
chemical and/or electrochemical transformation of CH3Br and the
further impact of its derivatives on the electrode catalysts. Thus,
three well-defined stages were observed: 1) lack of any changes in
the cell performance within 9 h, 2) fast degradation from 0.650 to
0.440 V for 45 h of exposure (62 h of total operation) and 3) slow
degradation (0.440e0.335 V). The PEMFC behavior under cathode
poisoning by CH3Br was found to resemble fuel cell performance
exposed to HCl and NaCl [12e17], which allowed us to assume
similarities in the poisoning mechanisms of Cl� and bromo-
methane. As mentioned previously, CH3Br was expected to be
slowly hydrolyzed in aqueous media with the formation of CH3OH,
Br� and Hþ [28e30]. Methanol can be further oxidized to CO2 and
H2O at the fuel cell cathode by chemical or electrochemical path-
ways [71e73], which led us to suspect that Br� primarily accounts
for performance degradation.

The voltage loss was accompanied by noticeable current re-
distributions for these three regions. During the first stage, the
current density distribution was not affected. At the second stage,
the current densities of segment 1 and 6 slightly increased by 5%,
segments 2, 3, 5, 7, and 8 did not show significant changes, while
current densities of segments 4, 9, and 10 decreased by 3e5%. The
third stage started when the voltage reached an inflection point at
0.440 V. Inlet segments 1e5 increased performance during the
third stage while the performance of outlet segments 6-10
declined. At steady state, the inlet segments had greater perfor-
mances than the outlet segments. The current density redistribu-
tion ranged fromþ12% for segment 1 to �19% for segment 9 due to
the operation of the cell in a galvanostatic mode, which required an
overall constant current. The cell and segments did not recover
their performance after stopping the CH3Br poisoning for 70 h, and
the current distribution was still evolving.

Localized voltages and normalized current densities of PEMFC
operated without the CH3Br exposure are shown in Fig. 1 c, d). The
initial voltage was 0.677 V, which is a little bit higher than in the
case of CH3Br and might be explained by slight variations in the
initial MEA properties. PEMFC performance within 235 h was very
0 50 100 150 200
0.5

1.0

1.5

Seg 9

b)1.0 A cm 2

Seg 1, Seg 2, Seg 3, Seg 4, Seg 5
Seg 6, Seg 7, Seg 8, Seg 9, Seg 10

165 h 235 h18 hN
or

m
al

iz
ed

 c
ur

re
nt

Time [hours]

Seg 1

0.2

0.4

0.6

0.8
a)

0.335 V 0.340 V

0.650 V
Seg 1-10

air + 5 ppm CH Br airair

Vo
lta

ge
 [V

]

Fig. 1. Voltage (a) and normalized current densities (b) of individual segments of PEMFC e
operated without CH3Br. An overall current density is 1.0 A cm�2. Anode/cathode: H2/air, 1
stable, and the degradation rate was 8.5,10�6 V h�1. At the same
time, no spatial current density redistributions were observed. A
comparison of Fig. 1 b) and d) clearly showed the effects of the air
pollutant on local currents, demonstrating propagation of the
contamination along the flow field. Bromomethane or products of
its chemical/electrochemical conversion can move downstream
with the produced water, accumulate and affect the ionomer, Pt
surface, and the ORR at the outlet of the MEA resulting in a non-
homogeneous performance.

Fig. 2 presents spatial EIS data for the cell exposed to CH3Br and
the blank test. Initial EIS spectra were recorded during operation
with pure air and consisted of a high-frequency cathode loop due to
a charge transfer resistance and a double layer capacitance of ox-
ygen reduction and a low-frequency arc attributed to diffusion
limitations in the cathode [74]. The low-frequency diffusion loop
increased in diameter from the inlet to the outlet due to the pro-
gressive consumption of O2 and water production (Fig. 2 b). The
injection of CH3Br into the air steam did not result in any noticeable
changes to the spatial EIS during the first 20 h. Cathode charge
transfer and mass transfer resistances for segments 1e6 only
increased after 30 h of exposure. For outlet segments 7e10, an in-
crease in the EIS response was observed after 45e50 h of bromo-
methane poisoning. A longer cathode exposure to CH3Br led to a
slight increase in charge and mass transfer resistances for all seg-
ments and the appearance of a low-frequency inductance for seg-
ments 6e10 at steady state (~80 h exposure to CH3Br).

Two successive electron transfer steps involving the formation
of an adsorbed intermediate species were proposed as a general
mechanism explaining the appearance of low-frequency induc-
tance [75]. The subsequent ideas and models regarding the
inductive behavior were developed later in other studies [76e79].
In fuel cell application, the low-frequency inductance was found
during operation with a hydrogen containing CO [68,80e82] and
for direct methanol fuel cells (DMFCs), where CO is produced as an
intermediate of CH3OH oxidation [83e85]. So, the inductance was
observed when there was a slow potential dependent oxidation of
CO to CO2 together with fast hydrogen oxidation at the anode.
PEMFC exposed to air impurities (C2H2, CH3CN) also demonstrated
the low-frequency inductance at potentials favoring contaminant
electroreduction, which occurred in parallel with oxygen reduction
and decreased its faradaic efficiency [22,23]. Thus, the low-
frequency inductance during CH3Br exposure indicates on pres-
ence of subsequent electrochemical reactions.

Continued operation with pure air after stopping the
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50% RH, 48.3/48.3 kPag, 80 �C.
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introduction of bromomethane to the air stream did not result in a
self-recovery of performance, which is in agreement with the
voltage and current data (Fig. 1 a, b and Fig. 2 a). The EIS of the
PEMFC operatedwith pure air revealed a steady performance (Fig. 2
b). The cathode charge transfer and diffusion resistances for seg-
ments 1e8 did not change over 235 h; there was a slight increase in
the mass transfer resistances for segments 9e10, most likely due to
water accumulation at the outlet of the MEA.
3.2. A comparison of beginning of test (BOT) and end of test (EOT)
ECA and performance

A comparison of the BOT and EOT data was first performed in
terms of ECA. CV measurements were conducted after H2/N2 and
N2/N2 purges at the anode and cathode. During the purge, the cell
voltage decreased to ~0.1 V and the cell temperature reduced from
80 to 35 �C. Fig. 3 demonstrates the initial (BOT) as well as after
exposure to CH3Br (EOT, CH3Br) and the blank test (EOT, air) CV
profiles for the anode and cathode. The anode and cathode CV for
the CH3Br case showed that after contaminant exposure therewas a
positive shift in the oxidation/reduction peaks of the adsorbed
oxygen species OHads (~0.82 V) and a 20 mV negative shift in the
peak positions in the hydrogen adsorption/desorption region
(0.08e0.4 V). Exposure to CH3Br in the air resulted in Pt surface area
loss for both electrodes. The ECA loss is clearly indicated by a cur-
rent decrease in the hydrogen (0.08e0.4 V) and oxygen (0.4e0.9 V
and 0.65e1.2 V for the cathodic and anodic parts, respectively)
adsorption/desorption regions. It appeared that CH3Br, its in-
termediates, and derivatives affected not only the cathode but also
the anode catalysts. The anode ECA decreased from 84.9 to
36.4m2 g�1 (i.e., 57.1% loss) and the cathode ECA declined from 84.1
to 40.4 m2 g�1 (51.9%).

A delay in the formation of OHads can be attributed to the
adsorption of negatively charged ions on Pt [43,86e89] and a
similar observation was reported for PEMFC poisoned by Cl�

[14,15]. Previous detailed studies on the impacts of Br� on ORR
showed a remarkable resemblance to our results [35,41e44,86].
PEMFC operation with pure air did not lead to any significant
changes in the anode and cathode CV curve peak locations (Fig. 3 d,
e). The anode ECA loss was only 5.9% from 71.7 to 67.5 m2 g�1.
However, a noticeable decrease in the cathode ECAwas found: 73.6
vs 51.2 m2 g�1, which corresponds to a 30.5% loss and could have
originated from the long-term operation for 235 h (Fig. 3 e).

The distributions of the anode and cathode ECA differences after
contamination and blank tests are presented in Fig. 3 c) and f). A
decrease in the anode and cathode ECA after exposure to CH3Br was
uniform for all of the segments in the range of 45e50 m2 g�1.
Operation with pure air led to a slight anode ECA loss for inlet
segments 1e5 (~7e10 m2 g�1), while the outlet was not affected.
The opposite trend was observed for the cathodewhen the ECA loss
increased downstream from 17 to 25 m2 g�1. This pattern in the
cathode ECA behavior could be associated with the long-term
operation, water accumulation and non-uniform conditions along
the flow field.
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Table 1
ECA and performance change after CH3Br exposure and blank tests.

Test DECA [%] DVoltage [mV] Voltage losses [mV]

Anode Cathode

5 ppm CH3Br �57.1 �51.9 15e50 Activation: 10-40
Blank �5.9 �30.5 10e25 Activation: 10-20
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Fig. 4 a) compares the spatial cell performance before (BOT) and
after the CH3Br test (EOT, CH3Br). Polarization curves for BOT and
EOT were recorded after CV measurements and H2/N2 purge. It is
clear that CH3Br poisoning resulted in a decrease in the local MEA
performance, and voltage loss varies in the range of 15e50 mV. The
observed performance loss is likely caused by the impacts of the
impurity and other degradation mechanisms. To separate them,
BOT and EOT results of the blank test were analyzed, and Fig. 4 b)
shows the polarization curves for the same segments. A long-term
PEMFC operation also resulted in slight performance loss of
10e25 mV. A comparison of these two sets of data revealed the
negative impact of CH3Br and its derivatives on PEMFC. The spatial
fuel cell performances were examined in terms of activation, ohmic
and mass transfer overpotentials, as described in Ref. [56] (Table 1).
The data showed that the performance loss is mainly determined
by increased activation overpotential due to decreased ECA, and the
exposed sample was affected to a greater extent.
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3.3. SEM and TEM characterization

To understand the decreased catalyst ECA, texture and structure
of the electrodes as well as the anode and cathode catalysts were
analyzed by SEM and TEM. Cross-sections of the fresh catalyst
coated membrane (CCM) and different locations (segments 1, 5 and
10) of the tested MEAs were evaluated by SEM (Fig. 5 aec).

A comparison of the SEM images at different locations within
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one sample did not reveal significant changes in the morphology
and texture of the membrane and electrodes downstream. Analysis
of the three different MEA samples showed that the initial mem-
brane thickness was 16e18 mm (Fig. 5 a) and it remained constant
after the tests (Fig. 5 b and c). A slight decrease in the electrode
layer thickness from 10e12 to 9e11 mm was found after the tests,
which is likely due to the compression of MEA in the hardware.
Careful observation of the CCM texture and morphology did not
provide any signs of corrosion or electrode structure damage, so the
ECA decrease is mainly attributed to changes in the catalyst, not the
electrode morphology.

The Pt particle growth after exposure to CH3Br was confirmed
by TEM analysis of the catalyst samples scraped from the anode and
cathode CCM surfaces at different locations (segments 1, 5, and 10).
We did not find a significant effect of location on Pt particle size or
distribution, so these parameters are nearly uniform downstream
for the anode and cathode. Fig. 5(dei) shows the TEM images of the
Pt/C catalysts from the fresh, exposed to the CH3Br and non-
poisoned MEAs.

The Pt particles from the anode and cathode in the fresh CCM
sample had an average size of 2.4 ± 0.6 nm. The particles were
uniformly distributed on the surface of the carbon support and
Fig. 5. SEM images of fresh CCM (a), exposed to CH3Br (b) and operated with pure air (c). T
and cathode (h); MEA operated with pure air: anode (f) and cathode (i).
were well dispersed (Fig. 5 d and g). A noticeable growth in the Pt
size for both the anode and cathode was observed for the CH3Br
exposed sample (Fig. 5 e and h), which was confirmed by the par-
ticle size distribution analysis (Fig. 6) and XPS. The particles in the
cathode and anode had a size of 3.8 ± 1.3 nm and 3.3 ± 1.3 nm,
respectively. With the broad distribution, even particles with a
diameter greater than 10 nm were observed. The cathode sample
taken from the MEA operated with pure air had an increased metal
particles size (3.5 ± 1.2 nm) in comparison to the fresh sample
(Fig. 5 i). At the same time, the anode catalyst for the same sample
showed only a slight increase in the Pt size to 2.7 ± 0.9 nm.

3.4. XPS studies

The anode and cathode surface chemical composition of the
fresh, blank and exposed to CH3Br samples was obtained by XPS.
Three segments (1, 5 and 10) from the blank and contaminated
samples were analyzed. Table 2 shows the elemental composition
and relative speciation of platinum, while Fig. 7(aef) demonstrates
high-resolution Pt 4f and Br 3p spectra from fresh MEA and
segment 1 from both the blank and exposed cathodes.

An increase in the overall amount of carbon and a decrease in
EM images of Pt/C - fresh anode (d) and cathode (g); MEA exposed to CH3Br: anode (e)
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the contents of F and Pt were observed for the blank and exposed
cathodes. Additionally, an increase in the S/F ratio indicated the
segregation of the SO3 fragments to the surface, depletion of the
fluorinated backbone of the ionomer and its degradation, which
became more pronounced for the poisoned MEA. Since the degra-
dation of perfluorosulfonic acid polymer is usually caused by the
presence of �OH, �OOH, and H2O2, this observation strongly sup-
ports the fact, that CH3Br exposure results in increased production
of radical species and enhanced radical-induced ionomer destruc-
tion. The exposed cathode had a Br signal, and its concentrationwas
in the range of 0.10e0.34 at. %. The high-resolution Br 3p3/2 spec-
trum was present as a single broad peak at a binding energy of
~182.0e182.3 eV. This binding energy was specific to chemisorbed
Br� onplatinum and also to bromomethane adsorbed on Pt through
the Br atom, which corresponded to the reported values [90,91].
Segment 10 had a smaller amount of chemisorbed Br but it had the
largest changes in composition due to the deterioration of the
electrode. An increase in the carbon and decrease in both the
fluorine and sulfur point toward a loss of ionomer from the catalyst
layer for this segment, which was also confirmed by smaller
changes in the S/F ratio than for others. A significant reduction in
the Ptwith a decrease in platinum oxide (PtO) and Pt coordinated to
carbon (Pt-C) was observed for both the blank and contaminated
Table 2
XPS elemental composition and Pt speciation for the fresh, blank and CH3Br exposed cat

Sample Surface atomic concentration [at. %]

C 1s F 1s O 1s Pt 4f

Fresh MEA 40.5 51.2 6.9 1.03

Blank, segment 1 47.2 45.5 6.0 0.71
Blank, segment 5 48.9 44.1 5.7 0.68
Blank, segment 10 47.1 45.2 6.3 0.77

Exposed to CH3Br, segment 1 48.2 44.1 6.1 0.78
Exposed to CH3Br, segment 5 44.8 47.5 5.8 0.85
Exposed to CH3Br, segment 10 58.6 37.0 3.4 0.53
cathodes. Pt-Br also contributed to the same binding energy as the
Pt-C masking a larger loss of Pt coordinated to carbon. Moreover,
the MEA exposed to CH3Br was characterized by a slightly larger
degree of Pt reduction, which indicates on the larger particle size of
the catalyst.

To see whether CH3Br diffuses to the anode from the cathode,
the anode of the same segments of the blank and exposed MEAs
were analyzed (Table 3 and Fig. 7(gel)). The changes in the
chemical composition detected on the anode are similar to that for
the cathode but to a less extent. A small increase in the relative
carbon concentration and a decrease in the fluorine content were
detected for the blank and exposed anodes. In the anode exposed to
CH3Br, the largest decrease in Pt, F and S was present in segment 10
and was accompanied by the greatest increase in the carbon con-
tent. The stability of the ionomer was supported by the lack of any
changes to the S/F and Pt/F ratios for the anodes of segments 1 and
5, while segment 10 had the largest degradation and/or loss of
ionomer. Br was detected on the anode of the exposed MEA but in
smaller amounts than in the cathode (0.13e0.17 at. %). A decrease in
the bromine concentration at both electrodes of segment 10 was
explained by the fact that the inlet of the MEA was affected by the
contaminant to a greater extent than the outlet. At the same time, a
significant loss of ionomer was found for segment 10 at both
hodes.

Relative concentrations [rel. %]

S 2p S/F Br 3p Pt Pt-C þ Pt-Br PtO

0.42 0.008 28.2 50.2 21.6

0.57 0.012 41.7 43.8 14.4
0.59 0.013 42.1 43.2 14.6
0.62 0.014 41.0 44.3 14.7

0.63 0.014 0.24 45.8 41.8 12.4
0.72 0.015 0.34 46.3 41.1 12.5
0.32 0.010 0.10 43.5 43.6 12.9



Fig. 7. High-resolution cathode Pt 4f (a, c and e) and Br 3p (b, d and f) spectra for fresh, blank and exposed MEA; and anode Pt 4f (g, i and k) and Br 3p (h, j and l) for fresh, blank and
contaminated MEA (segment 1).

Table 3
XPS elemental composition and Pt speciation for the fresh, blank and CH3Br exposed anodes.

Sample Surface atomic concentration [at. %] Relative concentrations [rel. %]

C 1s F 1s O 1s Pt 4f S 2p S/F Br 3p Pt Pt-C þ Pt-Br PtO

Fresh MEA 42.6 48.9 6.9 0.92 0.67 0.014 34.6 44.1 21.3

Blank, segment 1 48.6 43.5 6.4 0.82 0.65 0.015 38.0 45.4 16.6
Blank, segment 5 47.5 45.0 6.1 0.85 0.54 0.012 40.6 43.7 15.8
Blank, segment 10 47.5 45.1 6.0 0.84 0.60 0.013 38.8 44.8 16.4

Exposed to CH3Br, segment 1 45.7 46.2 6.4 0.88 0.64 0.014 0.17 47.6 37.3 15.1
Exposed to CH3Br, segment 5 43.5 47.5 7.2 0.89 0.66 0.014 0.13 35.5 39.9 24.6
Exposed to CH3Br, segment 10 48.7 40.5 9.7 0.56 0.34 0.008 0.14 34.4 37.4 28.1
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electrodes under CH3Br exposure, indicating a non-homogeneous
degradation and eventually causing redistribution in local perfor-
mances (Fig. 1b), which might be a subject requiring further
investigations.

From Pt speciation, it was clear that the partial reduction of Pt
happened during the test and platinum oxide decreased in the
anode for all segments of the blank MEA. A very heterogeneous
final chemistry was determined for the exposed anode. Segment 1
was characterized by the highest amount of detected chemisorbed
Br and the lack of any loss in the overall Pt; however, the Pt that was
left after the test was more reduced due to the formation of larger
metal particles. In segments 5 and 10, the formation of oxides was
evident as a result of the oxidation of Pt that was chemically co-
ordinated with the carbon support. This was also accompanied by
larger oxygen detected in these segments. Oxidation of the carbon
support in these segments caused the detachment of Pt and for-
mation of Pt oxides. The obtained XPS data provided evidence for
the presence of Br on the cathode and anode under the bromo-
methane exposure of PEMFC, the growth of the Pt particle size and
ionomer degradation, which was in full support of the electro-
chemical and microscopic findings.

4. Discussion

PEMFC exposure to CH3Br in the air stream resulted in perfor-
mance degradation that could not be recovered by switching to a
pure air operation. Our data revealed that there are two main
contributing factors to the cell performance under exposure of
bromomethane. The first factor is an impact of the adsorption of
CH3Br and its derivatives on the Pt surface and the second is a
decrease in ECA due to Pt particles growth.

Studies of CH3Br adsorption on Pt (111) by reflection absorption
infrared, thermal programmed desorption spectroscopies, and
scanning tunneling microscopy demonstrated that at low
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coverages, bromomethane occupies only the top sites whilewith an
increase in coverage, less stable multi-coordinate sites start to be
taken [31,33]. The preferred orientation of CH3Br at the saturation
coverage of the 0.22e0.25 monolayer (ML) was aligned along the
surface normal [31,33,92], and CH3Br bound to Pt through Br with a
symmetry of less than C3v [93]. The adsorption energy of CH3Br
decreases monotonically from 0.62 eV at the 0.12 ML to 0.33 eV at
the 0.22 ML [31].

Dissociation of C-Br bond of CH3Br adsorbed onto Pt (111) with
the formation of CH3 and Br was found to occur under photo-
chemical conditions [94,95], while heat treatment did not result in
the decomposition of the adsorbed CH3Br [93]. In comparison to
the photochemical setups, the environmental conditions at the fuel
cell operation were completely different; they most likely lead to
the hydrolysis of CH3Br with the production of Br�, as previously
shown [28e30]:

CH3Br þ H2O / CH3OH þ Hþ þ Br� (1)

with a rate constant of 3.6,1011 e�12300/T s�1 [30], which leads to a
time constant for the bromomethane hydrolysis of 1e2 h at 80 �C.
Our XPS and electrochemical results confirmed the presence of Br
adsorbed on the Pt particles. The adsorption energy of bromine on
Pt (111) was estimated by the density functional theory calculation
and was found to be 2.86 eV [96]. Moreover, adsorption of bromine
on Pt was stronger than bromomethane. So, the initial delay in the
voltage response within 9 h of exposure may be explained by the
production of bromide ions at a noticeable concentration following
the adsorption onto Pt (Fig. 1 a).

The electrochemistry of bromide on Pt single-crystal electrodes
has been intensely studied for the last three decades. Cyclic vol-
tammetry revealed hydrogen adsorption/desorption peaks at
0e0.3 V; a sharp reversible peak at ~0.1e0.2 V that was attributed
to the reductive desorption of Br�; groups due to Pt surface oxide
formation and the corresponding reduction peaks and a current
peak above 1.0 V due to halide oxidation
[34e36,39e43,46,86,88,97,98].

Thus, the bromide ion is strongly adsorbed onto Pt as bromine at
a wide range of potentials from ~0.2 to ~1.0 V following the
Langmuir-type adsorption [35,43] or the Frumkin-Temkin isotherm
[86] with maximum coverage of 0.42e0.7 ML [38e40,43,86e88].
Bromine coverage did not reach the full monolayer due to the
repulsive interaction of partially negatively charged ions. Based on
the RRDE results, this coverage was sufficient for the strong inhi-
bition of oxygen-reduction reactions, leading to a negative shift in
the ORR potential with noticeable H2O2 formation [41]. The work
demonstrated that O2 reduction does not proceed entirely through
the 4-electron mechanism; it goes through the less efficient mixed
pathway in which the 4- and 2-electron processes occur in parallel,
generating H2O and H2O2, respectively. Thus, the state of the Pt
surface depends on the competition between the adsorption/
chemisorption of Br� and the formation of surface oxides. All of the
electrochemical studies clearly demonstrated that Br� strongly
suppresses the adsorption of O2 and the availability of the platinum
sites needed to break the oxygen double bonds
[34e36,39e43,46,86e88].

In addition to the bromide impacts on the Pt surface chemistry
and ORR, the second contributor is degradation due to a decrease in
the ECA caused by the growth of platinum particles, which is
supported by the TEM and XPS results. The observed ECA loss can
be explained by twomainmechanisms: particle agglomeration and
Ostwald ripening through Pt dissolution, diffusion, and redeposi-
tion. The formation of stable complex ions with platinum are ex-
pected to favor Ostwald ripening and lead to noticeable Pt size
growth and a decrease in the ECA. Our findings allowed us to
assume that Ostwald ripening is possible and bromide seems to be
an appropriate compexation anion [99,100]:

Pt þ 4 Br� / [PtBr4]2� þ 2e� E0 ¼ 0.67 V (SHE) (2)

Pt þ 6 Br� / [PtBr6]2� þ 4e� E0 ¼ 0.66 V (SHE) (3)

[PtBr4]2� þ 2Br� / [PtBr6]2� þ 2e� E0 ¼ 0.64 V (SHE) (4)

Pt / Pt2þ þ 2e� E0 ¼ 1.2 V (SHE) (5)

where E0 and SHE are the standard electrode potential and stan-
dard hydrogen electrode, respectively. Similar observations were
reported for PEMFC poisoned by Cl�, where an increase in Pt par-
ticle size and the formation of an electrically isolated Pt band in the
membrane were found [14e17].

The presence of bromine at the anode of the sample exposed to
CH3Br is supported by the XPS data. Crossover of Br� from the
cathode to the anode was not expected because negatively charged
ions are rejected by Nafion. However, the observation of Cl�

crossover by Li et al. [17] led us to the assumption that Br� might
also diffuse through the mechanically reinforced Nafion membrane
and affect the anode catalyst. Another explanation for the presence
of Br� at the anode could be the diffusion of CH3Br through the
membrane and its subsequent hydrolysis. Presumably, the con-
centration of bromomethane at the anode was less than at the
cathode due to transport resistance, which diminishes the bro-
momethane impact on Pt particle growth (Figs. 5 and 6).

The shape of the particle size distributions can be used to
determine a preferable mechanism of particle growth [101,102]
(Fig. 6). In the case of Ostwald ripening, PSD has a substantial tail
on the small-diameter side, and distribution was not above a
certain finite particle size. Coalescence growth provides distribu-
tion with a tail at the larger-diameter side where it asymptotically
approaches zero. The fresh anode and cathode were characterized
by the slightly asymmetrical distributions around a maximum of
2.4 nm (Fig. 6 a, d). PSDs of the anode and cathode catalysts after all
of the tests have a pronounced tail on the larger particle size, which
indicates particle growth through an agglomeration mechanism
(Fig. 6 b, c, e, f). However, PSDs have more symmetry around the
maximum for the anode and cathode exposed to CH3Br (Fig. 6 b, e),
which may be attributed to Ostwald ripening.

The different shapes of the distributions imply that there were
different mechanisms of particle growth: exposure to CH3Br ap-
pears to cause accelerated Pt growth through agglomeration and
Ostwald ripening while operation with pure air results in particle
coalescence as a dominant mechanism of Pt growth, which is
supported by the electrochemical data (Table 1). The observed ECA
losses for the anode and cathode after the blank test were 5.9 and
30.5%, respectively, and can be attributed mainly to the particle
coalescence that was demonstrated by PSD (Fig. 6 c, f). A noticeable
cathode area decline of ~30.5% compared to the anode might be
connected to the accelerated particle growth under the long-term
operation at high current with greater water production. The
anode and cathode ECA losses of ~52e57% after CH3Br poisoning
indicated the contribution of Ostwald ripening to the particle size
growth (Fig. 6. b, e). Dissolution and redeposition seem to drasti-
cally impact the anode PSD under CH3Br exposure and can account
for 57.1% of the ECA loss, while for the cathode, Ostwald ripening
appears to have a subsidiary role.

A comparison of an E0 of 0.64e0.67 V (electrochemical and
complexation reactions of Pt and Br Eqs. (2)e(4)) even with a
compensated ohmic loss cell voltage of 0.37e0.67 V was not
reasonable for several reasons: 1) cell voltage needs to be converted
to potentials vs. SHE instead of HRE for a comparison, 2) E0 is
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reported for aqueous media (1 M bromide solutions) and standard
conditions, and 3) E0 does not take into account the effects of Pt
crystallite size and contributions from the crystalline facets and
edges, which can significantly reduce the Pt dissolution potential
[103]. Moreover, a reduction of the dissolved [PtBr4]2� and
[PtBr6]2� species by crossover hydrogen in the membrane or at the
catalyst/membrane interface can generate electrically isolated Pt
particles, such as a Pt band in the membrane [16,104].

The impact of CH3Br on PEMFC is summarized by the scheme
presented in Fig. 8. The initial lack of any changes in the PEMFC
response after the introduction of CH3Br was due to bromomethane
hydrolysis during the first several hours of exposure. The subse-
quent adsorption of bromide/bromomethane on the Pt surface, and
also the continuing CH3Br hydrolysis can explain the fast voltage
degradation from 0.660 to 0.440 V within 45 h of injecting the
contaminant (Fig. 1 a, b). The gradual poisoning was reflected by a
constant increase in the charge and mass transfer resistances
detected by the spatial EIS (Fig. 2 a). The slow voltage decline from
0.440 to 0.335 V can be attributed to incipient catalyst particle
growth accelerated by Br� as well as the continued impact of the
poisoning. The XPS observation of the depletion of CF2 and
enrichment of the SO3 groups after the test indicated that Nafion
had short end chains due to radical-induced degradation, which
may alter the interactions between the Pt particles and ionomer. As
the Pt particles grew, the ionomer chains became shorter and
caused partial coverage of the Pt nanoparticle with Nafion. The
partial coverage of Pt may create local flooding of the particle
exposed to the open pore by water generated on the part of the Pt
particle covered by Nafion, which will lead to a pH gradient and
result in voltage drop, i.e., performance loss [105]. As soon as the
cell voltage reached a steady state after 80 h of exposure, the spatial
EIS revealed the formation of the low-frequency inductance for the
outlet segments (Fig. 2 a). The low-frequency inductance
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demonstrated the presence of electrochemical processes that have
at least two elementary steps. Because bromomethane and Br�

were not directly involved in any of the electrochemical trans-
formations at the operating potentials, ORR might cause the
observed inductance. The formation of H2O2 as an intermediate
product in 2-electron oxygen reduction was previously shown to
account for the low-frequency inductive loop [106e108]. Therefore,
in our case, Br� partially shifts the oxygen reduction to a 2-electron
mechanism [41] and we could hypothesize that 2-electron ORR
resulting in �OH and H2O2 formation may explain the inductance
and contribute to ionomer degradation, as was detected by XPS. In
addition, a possible diffusion of CH3Br from the cathode to the
anode could lead to CH3OH production through bromomethane
hydrolysis and formation of CO in quite low concentration. The
presence of carbon monoxide at the anode might also be an
explanation for the observation of low-frequency inductance
[68,75e85]. However, PEMFC operation at a high temperature
usually mitigates CO effects.

The behavior of the current density distribution under CH3Br
poisoning and recovery showed that the inlet segments had a
slightly higher current density than the outlet segments: 1.25 vs.
0.77 A cm�2, respectively (Fig. 1 b). The obtained order of the local
performances was not fully understood and might be a subject for
future work, but a similar trendwas previously observed for PEMFC
operated with air and 20 ppm CH3CN and was explained by the
electrochemical properties of acetonitrile and the formation of NH4

þ

[23]. Bromomethane hydrolysis occurs in the presence of water, so
the hydrolysis seems to bemore preferable at the outlet of theMEA,
where produced H2O usually accumulates. We expect the acceler-
ated formation of bromide at the outlet segments, their poisoning
and a local loss of performance. This argument could explain the
observed current distribution when the inlet segments have better
performance than the outlet segments. However, a decrease in the
n from cathode to anode):
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bromine surface concentration downstream was detected by XPS
(Tables 2 and 3) and suggested the opposite trend in the local
currents compared to what was detected. It appears that the
adsorbed bromine onto Pt cannot be the only explanation for the
local current behavior. On the other hand, the XPS data clearly
revealed that, under the contaminant exposure, the outlet seg-
ments deteriorated severely compared to the others, negatively
affecting the local performance, which might determine the cur-
rent density order. The cell was operated in the galvanostatic
conditions, which required the draining of a constant current from
the whole cell, and because the current of the outlet segments
decreased, an increase in the current of the inlet segments
happened. The current redistribution continued during the recov-
ery period, suggesting the hydrolysis of the remained and adsorbed
bromomethane.

The operation with pure air after CH3Br exposure did not
recover the PEMFC performance (Fig. 1), presumably due to the
presence of the adsorbed Br on the Pt surface. As mentioned pre-
viously, bromide ions are strongly adsorbed onto Pt over a wide
range of potentials (~0.2e1.0 V) and can be removed through the
reductive desorption at ~0.1e0.2 V or oxidation to Br2 at potentials
higher than 1.0 V. A H2 and N2 purge at the anode and cathode
decreased the cell voltage to 0.1 V, which was sufficient for Br
desorption and fuel cell recovery. Additionally, it explained the lack
of any bromide reductive desorption peak at low potentials on the
CV curves (Fig. 3). However, CV demonstrated some other features
of Br� presence at low concentrations on the anode and cathode
catalysts including a positive shift in the oxidation/reduction of the
adsorbed oxygen species and a negative shift in the hydrogen
oxidation/reduction region. In spite of these results, a comparison
of BOT and EOT performance (Fig. 4) showed sufficient recovery of
the fuel cell with a maximum performance loss of 50 mV. Based on
our observations, it was possible to suggest that the H2 and N2
purge at an open circuit voltage (ocv) could restore the cell per-
formance after exposure to a bromomethane- or bromide-
generating contaminant.

5. Conclusion

PEMFC localized performance under exposure of 5 ppm CH3Br
was studied using the segmented cell system. Bromomethane
poisoning led to a gradual cell voltage decrease from 0.650 V to
0.335 V during 80 h of contaminant injection and local current
redistribution. The observed performance loss and spatial current
behavior are explained by two major reasons: chemical adsorption
of CH3Br and Br� on Pt and decrease in ECA.

The first factor is related to the impact of Br�, which originates
from CH3Br hydrolysis under the fuel cell conditions. Another
product of hydrolysis, methanol, can be oxidized at the cathode to
CO2 and H2O. Chemisorption of bromine and bromomethane at
both the anode and cathode were detected by XPS and resulted in
the suppression of O2 adsorption, inhibition of 4-electron ORR and
shifting the mechanism to a less efficient combination of 2- and 4-
electron pathways. The second factor is anode and cathode ECA loss
(~52e57%) caused by the growth of the Pt particle size through
particle agglomeration and Ostwald ripening accompanied by
ionomer degradation. The formation of stable complex ions
[PtBr4]2� and [PtBr6]2� favors the Pt dissolution and redeposition
mechanism, while particle agglomeration is the dominant process
for PEMFC operated with pure air. Spatial EIS revealed a constant
increase in the charge and mass transfer resistances for all seg-
ments until a steady state was reached. The observed low-
frequency inductance can be attributed to 2-electron ORR with
the intermediate formation of H2O2.

The cell did not restore its performance even after operation
with pure air for 70 h due to the strongly adsorbed Br. However, the
polarization curves measured after the H2/N2 purge of the anode/
cathode at the ocv and CV scans revealed cell recovery and slight
performance loss of 50 mV due to the activation overpotential. The
H2/N2 purge resulted in a cell voltage decrease of 0.1 V, which is
sufficient for the desorption of Br� and cell performance recovery. A
subsequent or parallel step in the presence of liquid water would
further increase the recovery by bromide removal. The obtained
results clearly demonstrate that the fuel cell exposure to CH3Br
should be limited to concentrations much less than 5 ppm due to
serious fuel cell performance loss and lack of self-recovery. A
decrease in CH3Br concentration to real atmospheric conditions
(25 ppte1.2 ppb) might not cause negative impact even at long-
term operation. However, a reduction of Pt loadings in PEMFCs
electrodes below 0.1 mg cm�2 makes them more sensitive to any
impurities and requires further work to understand environmental
tolerance of fuel cells with low Pt content.
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