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bstract

Perfluorinated sulfonic acid proton exchange membranes are in the forefront as solid electrolytes for fuel cell applications. Although expensive,
ts potential utilization in commercial fuel cells can be validated provided it can be established that it is highly durable. In this context, peroxide
adical-initiated attack of the membrane electrode interface is one of the key issues requiring further systematic investigation under fuel cell
perating conditions, to better determine the fundamental degradation mechanism. In this study, we attempt to analyze the durability of the
embrane electrode assembly (MEA) made with different commercial electrodes from the perspective of peroxide radical-initiated chemical

ttack on the electrode/electrolyte interface and find the pathway of membrane degradation as well. A novel segmented fuel cell is employed for
urability characterization, and use of this cell and pre and post analysis of the membrane are presented. Correlation of membrane degradation

ata with the peroxide yield determined by RRDE experiments is obtained. This method is able to separate the membrane evaluation process into
athode and anode aspects. Fenton type mechanism of peroxide radical generation from H2O2 formed due to two-electron pathway of ORR is
ound to be the dominant membrane degrading factor.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Widespread commercialization of PEMFC’s is strongly pred-
cated on component costs and striking an optimum balance
etween its performance and durability. Although extensive
esearch seeking enhancement in performance of PEMFC’s
s available (decreasing noble metal catalyst loading, improv-
ng reactant and catalyst utilization, developing new polymer
lectrolytes, non-noble metal catalysts, improving stack and
ow field designs) extensive investigations of durability issues
as been relatively recent mainly because of the test duration
equirements and complexity of analysis brought on by existence
f parallel processes and inability to perform in-situ, nondestruc-
ive analysis of the key components[1]. Since the MEA being

he heart of an operating PEMFC where electrochemical energy
onversion takes place, it is more prone to chemical and elec-
rochemical degradation and remains as the biggest determinant

∗ Corresponding author. Tel.: +1 617 373 2382; fax: +1 617 373 8949.
E-mail address: s.mukerjee@neu.edu (S. Mukerjee).
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n the extent of losses in fuel cell performance. Degradation
f MEA components are broadly understood to be due to (i)
lectrocatalyst sintering via (a) thermal induced coalescence
nd growth following surface migration over the carbon support
aterial, and (b) ‘Ostwald Ripening’ which follows a dissolution

edeposition mechanism; (ii) platinum particle agglomeration
riggered by corrosion of carbon support; (iii) electrocatalyst
oisoning, surface segregation and morphology changes due to
resence of strong surface chemisorption by species such as
O, sulfur compounds, products of methanol oxidation, etc.;

iv) self segregation of elements in mixed metal oxides or alloys
rought on by potential excursions, etc.; and (v) degradation
f ion conducting component including membrane and smaller
ggregates present along side the electrocatalyst in the reac-
ion layer due to free radical species generated at the interface.
ll these degradation processes are a strong function of oper-

ting conditions such as temperature, partial pressures, relative

umidity, overpotentials, etc.

Perfluorosulfonated Nafion membranes (Fig. 1) have
eceived priority in durability studies [2,3] although sul-
onated nonfluorinated aromatic membranes [4] and composite

mailto:s.mukerjee@neu.edu
dx.doi.org/10.1016/j.electacta.2007.11.010
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Fig. 1. Chemical structure of Nafion® 112.

embranes [5] represent one large group of promising can-
idates. Apart from physical, mechanical degradations such
s membrane thinning and pinhole formations as a result of
ydrolytic decomposition at elevated temperature and induced
tresses, peroxide lead free radical attack and subsequent degra-
ations are of more immediate importance due to potential of
apid irreversible damage. Oxygen reduction reaction (ORR)
s a multi electron transfer process which involves several ele-

entary steps with corresponding generation of intermediate
pecies. A more typical scheme representing the overall oxygen
eduction reaction in acid medium is shown below [6,7].

Noteworthy feature in the above scheme is that the overall
echanism of direct electrochemical reduction of O2 to water

‘direct’ 4e− pathway) is a parallel process part of which pro-
eeds via the formation of H2O2 intermediate (2e− reduction
athway). Formation of H2O2 has been confirmed using a micro-
lectrode in an operating fuel cell [8] and Scherer [9] detected
he presence of H2O2 in outlet stream of operating PEM fuel
ells with Nafion membrane. Besides the formation of peroxide
adical due to the incomplete reduction of oxygen [10–12] (i.e.,
wo-electron reduction occurring in a parallel pathway to the
our-electron reduction) at a fuel cell cathode it can also be gen-
rated at open-circuit conditions with interaction of hydrogen
nd crossover oxygen at the anode catalyst–membrane interface
9,13–15]. It is noted that, membrane degradation is initiated by
he free radicals generated by Fenton type metal cation catalyzed
ecomposition of hydrogen peroxide [16–19] as shown below:

2+ + H2O2 → M3+ + •OH + OH−

3+ + H2O2 → M2+ + •OOH + OH+

EM easily absorbs ionic contaminants due to the stronger affin-
ty of foreign cations with the sulfonic acid group than that of

+ [19]. Possible sources of ionic contaminants are the carbon
upport, gas diffusion electrodes, humidifying bottles, corrosion
f tubing or stack materials, and other fuel cell hardware. Espe-
ially, the iron contamination from fuel cell end plate has been
ound to be the key supplier of foreign ion contamination [16].
From the perspective of peroxide radical attack of the mem-
rane, hydroxy (•OH) and hydroperoxy (•OOH) radicals are the
ost likely initiators of membrane chemical decomposition [13]

s they are some of the most reactive chemical species known

c
c
e
d

ca Acta 53 (2008) 3279–3295

20–22]. Radical-initiated attack leads to the breakage of per-
uorocarbon backbone in Nafion membranes and sulphonate
roups which directly affect mechanical strength and proton
onductivity of the membranes [23], leading to increase in total
ell resistance and a loss in net power output. Also the degra-
ation of polymer membrane is very much dependent on the
perating conditions such as temperature [24], and humidity
1,25], freeze–thaw cycling, transient operation, fuel or oxidant
tarvation, start-up and shutdown. Earlier Fenton’s test or simi-
ar other tests have been used to study membrane degradation, in
hich the membrane is directly exposed to hydrogen peroxide

nd ppm quantities of cationic contaminants. Although Fenton’s
est is straightforward and has been considered as benchmark for
EM durability evaluation, it has inherent limitations. Deterio-
ation of membrane in such a test involves no electrode process
nd incomparable with variations in fuel cell working conditions
uch as operating potential, relative humidity, fuel and oxidant
tarvation, etc. Such tests are controversial as they do not sim-
late accurate fuel cell operating environments. An alternative
pproach that has more practical relevance is to run a long-term
uel cell test and conduct post-mortem analysis to study the
hanges in membrane properties. However, in a conventional
ense, this method requires a minimum of hundreds of hours in
rder to obtain detectable degradation. Testing fuel cells for such
engthy periods of times is expensive and generally impractical;
urther, the stability of other fuel cell components could become
he dominating source of performance degradation during such
ests.

A systematic investigation of degradation of polymer mem-
rane at fuel cell operating conditions is highly warranted in
rder to further the fundamental understanding and substan-
iate PEMFC technology as an alternative renewable energy
ource. So, in this work, we attempt to analyze the durabil-
ty of MEA from the perspective of radical-initiated chemical
ttack of the membrane. From an overall perspective the objec-
ives of this investigation were to understand the following: (i)
xtent of membrane degradation as a function of cathode and
node electrode polarization conditions, effect of (ii) temper-
ture; (iii) catalysts loading; and (iv) comparison of Pt versus
t-alloys, in the case of the latter distinction between catalysts
ontaining alloying element on the surface versus alloys pos-
essing a Pt rich outer layer have been investigated. These were
tudied using our novel segmented cell design [4] for durabil-
ty characterization. The unique segmented fuel cell design and
xperimental protocol as described in detail earlier [4] enables
ultiple working electrodes to be analyzed on the same mem-

rane, such that specific half-cell (anode and cathode) conditions
nd choice of electrocatalysts as well as overpotentials can be
nvoked under actual fuel cell operating environments. This
egmented cell experimental protocol therefore allows for mea-
urement of membrane degradation in terms of losses in its
onic conduction as well as within the bulk of its structure from
dentification of point of chain scission. These are achieved by

omparison of pre- and post-mortem data from four point proton
onductivity measurements (in-plane and through plane), ion
xchange capacity and infrared data, respectively. Membrane
egradation is then correlated with directly measured peroxide
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ig. 2. Sensitive sites for radical attack in Nafion® 112 [Arrows indicate ether
ond A as the vulnerable site as labeled in Fig. 11].

ield values for various electrocatalysts during oxygen reduction
sing rotating ring-disk electrode technique. The objective is to
herefore correlate peroxide yields with membrane degradation
nd understand membrane durability as a function of temper-
ture, catalyst loading, electrode overpotentials, pure Pt versus
t-alloy electrocatalyst, nature of polymer chain scission (point
f radical-initiated attack) and overall polymer breakdown.

. Experimental

.1. Physicochemical characterization

X-ray diffraction (XRD, model D/MAX-2200T) was used
o characterize the crystal structure, phase purity, and parti-
le size of the catalysts. The measurements were made with
Rigaku diffractometer, at 46 kV and 40 mA, fitted with Cu
� radiation source, λCu Kα = 1.5406 Å. The diffraction pat-

erns were recorded with a scan rate of 0.400◦/min between
0◦ and 100◦. The analysis of the XRD data was carried
ut using the “Cell Refinement” package. The average crystal
ize of the catalyst was determined using a Scherrer crystal-
ite size broadening model. Micro-structural characterizations
ere carried out with cold field emission high resolution scan-
ing electron microscope (HRSEM), Hitachi (model S-4800),
o take high resolution topographical micrographs of the cata-
yst samples. HRSEM micrographs are very useful in analyzing
he morphology of the carbon support, the crystallite size dis-
ribution of the catalysts, and the coverage of the catalyst

ano-particles over the support. Attached to the SEM unit is
n energy dispersion X-ray spectrometer (EDS, EDS-GENESIS
ITACHI S-4800), equipped with a Cu filter and a liquid
itrogen-cooled Si(Li) detector, and it was used to measure the

c
a
t
n

ig. 4. Design of MEA for durability test showing the five individual working electro
ounter electrode (CE).
ig. 3. Segmented array fuel cell assembly designed for testing multiple working
lectrodes, each with individual reference electrodes and a common counter.

omposition of the alloyed catalysts at an acceleration voltage
f 25 kV.

.2. Electrochemical characterization

All electrochemical measurements were made at room
emperature using a rotating ring-disk electrode setup from
ine Instruments connected to an Autolab (Ecochemie
nc., model—PGSTAT 30) potentiostat equipped with a bi-
otentiostat interface. All potentials in acidic and alkaline
olutions were measured with respect to sealed hydrogen elec-
rode (RHE) and Hg/HgO reference electrode, respectively.
etailed methodologies are given elsewhere [26]. Briefly, ink

ormulation consisted of sonicating the electrocatalyst pow-
er with an appropriate quantity of water, isopropanol and
mall quantity of 5 wt% Nafion® solution as a binder. Four-
icrolitre aliquot of catalysts ink with a target Pt metal loading of

4 �g/cm2 was dropped on glassy carbon (GC) disk (0.196 cm2)
ubstrate. 1M HClO4 and 1M KOH were used as the electrolytes.
n a separate experiment, a study for determining optimal elec-
rocatalyst loading on GC disk was performed. Ideal loading of
4 �g/cm2 (Pt) was determined from the point of inflection of a
lot of mass transport normalized current (at 900 rpm) for ORR
ersus loading (Pt metal).

.3. Segmented cell design

Durability experiments were performed using a modified fuel

ell hardware based on a “high throughput screening fuel cell
ssembly” (NuVant System, Inc., IL, USA) [27]. Fig. 3 shows
he original schematic of the fuel cell assembly. Its key compo-
ents include an electronically conducting flow field block and

des (WEs) each with their reference electrode (RE) arrangement and common
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Fig. 5. Half-cell configuration of an

n electronically insulating array block on the opposite side of
he MEA. The array block has 25 sensors glued into the block
n the opposite side facing one of the testing spots on the array
EA and a pin jack on the other side used for electrical con-

ection. The heating control and gas supplies to this fuel cell
ere built in-house to enable the cell to run at ambient pressure

nd constant temperature up to 80 ◦C [28]. Gases were passed
hrough humidification bottles, which were kept at a temperature
0 ◦C higher than that of the cell in order to ensure the 100%
umidification of the MEA.

The MEAs in this work were customized for the purpose of
he durability tests. As shown in Fig. 4, the MEA consists of the

embrane of interest with a size of 11 cm × 11 cm. Attached to
ne side of the membrane is a titanium mesh common counter
lectrode (CE). On the other side, the testing area of the MEA is
ivided into five testing units. Each unit has a strip of electrode as
he working electrode (WE), and two disk electrodes for build-
ng the reference electrode (RE) of this unit. This design enables
simultaneous evaluation of five catalyst samples of geometric
rea 5 cm2 (5 cm × 1 cm) at each run under same operating con-
itions. A multi-channel Arbin (BT2000) Testing System (Arbin
nstruments, TX) was used for polarization of the individual
orking electrodes.

.4. Durability test design criteria

In prior publications concerning the susceptibility of PEM’s
o radical-initiated chemical attack, fuel cell experiments per-
ormed with either single cell or multi-cell stack played an
mportant role. These extended life testing reflected indeed the
ombined impact from various sources (fuel cell component
onfiguration, MEA fabrication, operating conditions, thermal
nd load cycles, impurities, and uniformity, etc.) on the life-
ime of the membrane. However, the interplay of these factors
eads to inevitable difficulties in interpreting and reproducing
he data and inability to assign the observed membrane failure
o one particular factor without taking other possible triggers

nd/or enhancers into account. From this point of view, a unique
embrane durability test was designed so as to enable data

nterpretation. To understand the radical-induced membrane
egradation during fuel cell operation, two types of durability

h
e
P
p

nd cathode-side degradation tests.

est were tailored for examining the proposed mechanisms: (a)
athode-side durability test; and (b) anode-side durability test.

.4.1. Anode-side durability test
The ‘anode (hydrogen) side degradation mechanism’ as pro-

osed earlier [13] is based on the premise that during fuel cell
peration, unreacted molecular O2 from the cathode feed per-
eates through the membrane and reacts with atomic hydrogen

hemisorbed on the surface of the anode platinum catalyst, thus
roducing hydrogen peroxide or free radicals. Any peroxides
ormed at this interface in conjunction with traces of transition
etal ions [Fe2+, Cu2+, . . .found in MEA and/or catalyst sup-

ort (carbon black)] results in formation of free radicals. The
ossible reactions involved in this mechanism are [13]:

2 → 2Hads(onPtorPt/Mcatalyst)

ads + O2(diffusedfromcathodeside) → HOO•

OO• + H+ → H2O2

2+ + H2O2 → M3+ + •OH + OH−

3+ + H2O2 → M2+ + •OOH + OH−

his proposed mechanism has been suggested on the basis of
ests in regular fuel cell setups under open-circuit potential
OCP) conditions in prior publications [14,25]. However, the
arallel process involving interaction of adsorbed oxygen at the
athode (at or near OCP conditions) and cross over hydrogen
esulting in free radical formation cannot be ruled out. This
as been pointed out in an earlier publication [25]. Therefore,
t is imperative for appropriate experimental design for proper
ata interpretation. An earlier attempt to understand the extent
f this mechanism involved providing the electrolyte/catalyst
nterface a predominantly H2 environment consisting of a small
mount of O2. For example, to induce degradation of water sol-
ble polystyrene sulfonic acid [used as a model compound for

ydrated polystyrenesulfonic acid (PSSA) membrane], Hodgen
t al. [29] purged hydrogen gas containing 5% oxygen through a
SSA polymer solution at the rate of 1.5 cm3/s in the presence of
latinized platinum. Clearly this method deviated from fuel cell
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Table 1
Basic membrane properties of Nafion®112 showing ion exchange capacity (η), membrane thickness, glass transition temperature (Tg), proton conductivity (σ)

Membrane Ion exchange capacity (η) (mEq/g) Proton conductivity (σ) (S/cm at 22 ◦C, 100% RH) Thickness (mm) Tg (C)
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afion® 112 0.91 0.097

onfiguration; also it failed to mirror the O2 crossover behavior,
ecause O2 permeability through the membrane changes dra-
atically with the chemistry of polymer as well as temperature

nd hydration [30].
In order to investigate this mechanism under fuel cell-like

onditions in the absence of interference from reactions of O2
ith crossover hydrogen, our approach involved conducting

ests in the aforementioned fuel cell device running with pure
ydrogen and pure oxygen (in a normal fuel cell mode) at ambi-
nt pressure. As shown in Fig. 5a, humidified hydrogen was
assed through the catalyzed working electrode which also pro-
ided reference electrode for the MEA, and humidified oxygen
as passed through the non-catalyzed counter electrode side

n order to enable oxygen diffusion through the membrane to
he working electrode side depending on its permeability at the
perating condition of the fuel cell. After full humidification
f the MEA (on reaching equilibrium conditions), the work-
ng electrodes were either held at the typical anode potential
f the PEMFC [0.1–0.2 V, versus a reference hydrogen elec-
rode (RHE)] or left in OCP condition for a fixed period of
ime. After the test, membranes in contact with the working
lectrodes were detached for postmortem analysis. The results
ere then compared with the corresponding properties of the
on-degraded membrane before the test (Table 1). Further, it is
lso noted that, the possibility of H2 cross over to the cathode
ide to cause analogous degradation did not find favor in the
iterature because of the fact that H2 utilization efficiency on the
node side is sufficiently high enough evidenced by low magni-
ude of H2 crossover current density (∼1–3 mA/cm2) reported
idely in the literature [31–34] and measured in our lab as well.
urthermore, the counter electrode side with O2 flow was a non-
atalyzed carbon electrode and hence lacked the reaction centers
fforded conventionally by Pt.

.4.2. Cathode-side durability test
Recent publication [12,13,16,23,35,36] suggested that the

ulnerable location for radical attack in a MEA is at the cathode
oxygen) side. This mechanism is based on the proposition of
xygen reduction reaction (ORR) at the cathode of PEMFC pro-
eeding via a parallel pathway where a two-electron reduction
f oxygen occurs simultaneously with the formation of H2O2
ntermediates [37] along with the predominant four-electron
eduction to H2O; the peroxides then react with trace transition
etals ions (Fe2+, Cu2+. . . found in membrane and/or carbon

lack catalysts support) to form radicals:

+ −

2 + 2H + 2e → H2O2 (1)

2+ + H2O2 → M3+ + •OH + OH− (2)

3+ + H2O2 → M2+ + •OOH + H+ (3)

6
t
e
i

0.0508 140

t has been pointed out that the metal ion and H2O2 concentra-
ions necessary for the occurrence of hydroxyl radical can be
ery low (<10–25 mg/L H2O2 and 1 part Fe per 5–25 parts of
2O2 (wt/wt) [38])
Fig. 5b shows our cathode durability test arrangement. The

ell is operated on pure oxygen and pure nitrogen at ambient
ressure. Humidified oxygen is passed through the working
lectrode side of the cell; humidified nitrogen, which is inert
herefore only functions to hydrate the MEA, is passed through
he counter electrode side so that water molecules carried by
itrogen undergo oxidation at the counter electrode and provide
rotons that pass through the membrane to the working electrode
ide purged with humidified oxygen. This design emulates an
perating fuel cell except for suppressing the passage of hydro-
en on the anode side. The reference electrode is a solid-state
ynamic hydrogen electrode (DHE) [39], which is constructed
y connecting two disk electrodes (E-TEK 30% Pt/C electrode)
o power supply of 1.7 V. After full hydration of the MEA, the
otential of the working electrode could be set (versus DHE) for
4–48 h time period at different potentials. Cathode-side mem-
rane degradation was studied both at normal fuel cell cathode
perating potentials of 0.6 V and 0.7 V versus DHE and also
ccelerated conditions of membrane degradation was achieved
t a cathode potential of 0.4 V versus DHE in this present study.
re- and post-test analysis of the membrane in contact with the
orking electrode is conducted. The results were then compared
ith the corresponding properties of the membrane before the

est (Table 1).

.5. MEA fabrication

Working electrodes were selected from commercial ETEK-
ASF 30% Pt/C, 60% Pt/C, 30% Pt2Co/C and 30% Pt3Co/C.
aterial for the reference electrode was 30% Pt/C electrode (E-

EK-BASF). The counter electrode for the anode-side durability
est was non-catalyzed carbon gas diffusion electrode (E-TEK-
ASF). For the cathode degradation test 0.6 mgPt/cm2 of 80%
t/C (ETEK-BASF) was used as the catalyst and titanium mesh
or current collection.

Working electrodes were prepared by sonicating for 20 min
n appropriate amount of water-wetted catalyst with 5 wt%
afion® 1100EW (Ion-Power, Inc. – New Castle, DE) and

sopropanol. All working electrode catalyst loading was
.4 mgPt/cm2. The resulting catalyst ink was then sprayed
n the commercial carbon gas diffusion electrode (single
ided ELAT, E-TEK) and then dried in oven at 60 ◦C for

0 min. For electrodes obtained from commercial vendors, a
hin layer of Nafion® ionomer solution was brushed on the
lectrode surface and then dried in oven. Typical loading of
onomer layer was in the range of 0.8–1.0 mg/cm2. MEAs
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ig. 6. SEM images of PEMEAS Pt and Pt-alloy catalysts employed in this stud

ere prepared by hot-pressing the electrodes to the polymer
embrane according to procedures described in detail earlier

28].

.6. Characterization techniques

After the durability experiment, the MEA was uninstalled
rom the cell, and the working electrode portions were carefully
ut off from the MEA with the appropriate working electrode
ide carefully labeled. The samples were then dipped in anhy-
rous methanol for a short fraction of a second to enable peeling
f the electrodes from the membrane. The membrane samples so
btained, typically 1 cm × 5 cm, were then washed thoroughly
ith deionized water before performing the following analy-

is.

.6.1. Fourier-transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a handy,

ondestructive technique to probe changes in membrane chem-
stry due to degradation, used in numerous studies [40,41] and
o determine the microstructure of Nafion® in prior PEM sta-

c
s
a
m

able 2
hysicochemical characterization of Pt and Pt-alloy catalysts using SEM/EDS

atalysta EDS elemental composition

0 wt% Pt/C –
0 wt% Pt/C –
0 wt% Pt3Co/C Co = %24 ± 1, Pt = %76 ± 1
0 wt% Pt2Co/C Co = %32 ± 1, Pt = %68 ± 1

a All are commercial PEMEAS catalysts supported on Vulcan XC-72 Carbon.
30 wt% Pt/C; (b) 60 wt% Pt/C; (c) 30 wt% Pt2Co/C; and (d) 30 wt% Pt3Co/C.

ility studies [14,15]. In this work, infrared spectra, plays an
mportant role in revealing the chemical processes underlying
egradation. Due to the thickness of the sample, attenuated
otal reflection (ATR) mode was employed instead of trans-

ission mode. IR spectra were recorded with either Mattson
S-2 FTIR instrument equipped with a pike MIRacle ATR
nit with 45◦ ZnSe ATR Crystal or Bio-Rad FTS6000 FTIR
nstrument with 45◦ Ge ATR crystal. The reason for using
wo different crystals is to exploit the difference in IR pene-
ration depth that they provide due to difference in refractive
ndex of ZnSe and Ge. ZnSe provides a penetration depth of
.7–2 �m from the membrane surface whereas Ge has only
.65–0.7 �m from the membrane surface in the IR wavenum-
er region of ∼400–4000 cm−1 [42]. For measurement, the
ried sample (24 h in vacuum at 60 ◦C) was pressed against
he ATR crystal with the help of a force-sensing pressure
pplicator. All spectra were collected from 400 scans at 4-

m−1 resolution. Dry nitrogen gas was purged around the
ample during the measurement to eliminate moisture in the
ir. Linear background correction in the spectra was attained
anually.

Average size (Å) (XRD) Lattice parameter (Å)

27 3.934 (Fm3m)
36 3.934 (Fm3m)
55 3.855 (Fm3m)
70 3.81 (Fm3m)
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.6.2. Conductivity measurement
Proton conductivity was determined from a fully humidified

embrane at room temperature using four-probe conductivity
ell setup described in our prior publication [43]. Measurements
ere carried out with a digital potentiostat/galvanostat (AUTO-
AB model PGSTAT30 equipped with FRA model, Ecochemie
.V.).

.6.3. Ion exchange capacity (IEC)
Ion exchange capacity (IEC) defined as the ratio of moles of

ulfonate ion exchange sites to the dry of Nafion® is expressed
n mEq/g and were measured using standard methods, which
nvolved equilibrating known amount of H+ form of the mem-
rane in measured volume of a standard solution of 3 M NaCl
t 100 ◦C for 10 h to allow for the exchange with H+ ions. This
olution was then titrated to a phenolphthalein end-point with a
tandard NaOH solution.

. Results and discussion

.1. Physicochemical characterization (SEM and XRD)

HRSEM micrographs for the electrocatalysts of Pt, and
t–Co are shown in Fig. 6. These images show that statistically
verwhelming number of observable particles have sizes in
he range <3 nm for 30%Pt/C and in the range of 2–5 nm for
0%Pt/C. Particle size distribution for Pt–Co alloys exhibited a
ider range, and particle size variation from 2 nm to 10 nm was
bserved as compared with the pure Pt catalyst. Except for the
0%Pt/C, where the nano-particles of this catalyst aggregate, the
atalyst particles for the rest of the samples are well dispersed
nd distributed on the carbon support. Along with the SEM
atterns the fluorescence signal was analyzed using EDAX

nalyzer and software (EDS-GENESIS, HITACHI S-4800). As
hown in Table 2, the atomic composition of the two supported
t–Co alloys show that in comparison to Pt3Co whose elemental
omposition is 75:25, the Pt2Co sample exhibits ∼70:30 ratio,

c
t
a
p

ig. 8. Cyclic voltammograms in oxygen-free 1 M HClO4 at room temperature for
0 mV/s. Current densities based on geometric electrode area.
ig. 7. X-ray diffractograms of the Pt and Pt-alloy catalysts used in this study.

hereby showing very good correspondence with the nominal
omposition. X-ray diffraction patterns of the supported electro-
atalysts, Pt, Pt–Co mixtures scanned at 2θ angles over a range
f 10–100◦ are shown in Fig. 7. The broad-based diffraction
eak at ∼2θ = 24.6◦ for all types of catalysts arises from that
f the carbon support. In Fig. 7, the two Pt catalysts show the
ypical platinum peaks at 2θ position of 〈1 1 1〉, 〈2 0 0〉, 〈2 2 0〉,
3 1 1〉, and 〈2 2 2〉; whereas the Pt–Co peaks position are shifted
lightly higher in 2θ values showing an appropriate reduction
n lattice parameters as a result of addition of Co in the unit cell
tructure showing a clear indication of Pt–Co alloy formation.
he approximate average particle sizes of the carbon-supported
atalysts were determined by using the Scherrer equation [44],
hich relates crystallite size to the line broadening of the peaks.
lthough not accurate for particles either (<5 nm) or above

>50 nm), XRD still constitutes one effective tool for estimating

atalyst particle sizes usually in the range of 5–50 nm. However,
hese particle sizes reflect exclusively the diffracting domains
nd so all amorphous components are excluded. The average
article sizes, based on the peak width of the 〈1 1 1〉, 〈2 0 0〉,

(a) Pt and (b) Pt-alloy catalysts used in this study on a glassy carbon disk at
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ig. 9. Cyclic voltammograms in oxygen-free 1 M KOH at room temperature
or 30% Pt2Co/C and 30% Pt3Co/C catalysts at 20 mV/s; current densities are
ased on geometric electrode surface area of the glassy carbon disk.

nd 〈2 2 0〉 diffraction lines and lattice parameters are presented
n Table 2. There is a broad agreement between the particle
izes obtained from SEM and XRD analysis, thereby indicating
high degree of crystalline character to the supported Pt and
t-alloy naonoparticles. The lattice parameter obtained from

he XRD patterns indexed to a face-center cubic (fcc) structure
as 3.9238 Å which is in good agreement with the literature
alue of 3.9239 Å. The Pt–Co binary mixtures have lower
attice parameter values than the corresponding pure platinum,
nd increasing the atomic content of cobalt in the mixture
ecreases the lattice parameter values, since the atomic radius
f cobalt is smaller than platinum and the decrease in lattice
arameter indicates alloying of the metals where cobalt enters
he platinum lattice by substitution in to octahedral sites [45].

.2. Electrochemical measurements—cyclic voltammetry

Cyclic voltammetry (CV) was used to characterize the cat-
lysts in argon purged 1M HClO4 at room temperature by
ycling between 0.05 V and 1.2 V versus RHE. Also CVs were
ecorded in 1 M KOH electrolyte to investigate the electrochem-
cal behavior of cobalt in Pt–Co alloys used in this study. This
as especially useful in determining presence of surface Co as
haracterized by typical redox peaks in alkaline electrolytes.
he resulting voltammograms in oxygen-free acidic and alka-

ine electrolytes taken at 20 mV/s with a loading of 14 �gPt/cm2

re shown in Figs. 8 and 9. The electrochemically active sur-
m
H

able 3
lectrokinetic parameters for the different electrocatalysts used in this study in 1 M H

atalyst ik @ 0.9 V
(mA/cm2

Pt)
a

ik @ 0.8 V
(mA/cm2

Pt)

0% Pt/C 0.078 0.918
0% Pt/C 0.141 0.960
0% Pt2Co/C 0.408 2.325
0% Pt3Co/C 0.314 3.065

a ik – kinetic current density.
b io – equilibrium exchange current density.
c Extracted from the anodic sweep of ORR from 0.35 V to 1.2 V vs. RHE.
d Based on 210 �C/cm2 for atomic hydrogen oxidation on a smooth Pt surface.
ca Acta 53 (2008) 3279–3295

ace area of the catalysts was also estimated from the integrated
harge in the H adsorption/desorption region of the CVs and are
hown in Table 3. Cyclic voltammograms show that the carbon-
upported Pt particles possess some degree of low coordinated
rystal planes, and hence the hydrogen adsorption/desorption
eatures between 0.4 V and 0.0 V versus RHE are different from
he CV expected of a bulk pc-Pt electrode. The area in the hydro-
en underpotential deposition (HUPD) region decreases with
ecreasing Pt surface sites available. Also an anodic shift in
he reduction peak is observed for the two 30% Pt–Co/C alloys
elative 30% Pt/C which can be attributed to a decrease in desorp-
ion free energy of Pt–OH, Pt–O or Pt–O2 due to the presence of
he alloying element implying that the reduction of oxygen con-
aining intermediate species is more facile. It is also interesting
o compare the HUPD region for the two-supported Pt–Co cata-
ysts. The shape of the HUPD region for Pt3Co (76% Pt) is very
imilar to that of Pt catalyst and shows typical hydrogen adsorp-
ion/desorption features in the potential range of 50–400 mV,
hereas Pt2Co (68% Pt) exists more in alloy form with poorly

esolved H adsorption/desorption features.
Fig. 9 shows typical cyclic voltammograms of Pt–Co alloys

n alkaline media using 1M KOH at 10 mV/s. The redox couple
bserved between 0 V and −0.2 V (versus Hg/HgO) is due to
he redox processes involving metallic Co in alkaline medium
eading to the formation of Co3O4 and/or CoOOH as indicated
y Pourbaix diagram of Co and detailed electrochemical investi-
ations [46]. Co oxidation peaks are not discernable due to large
ouble layer current but the corresponding reduction peaks are
vident. It is observed from these cyclic voltammograms that
t3Co shows higher Co redox peaks compared to that of Pt2Co
or the same loading of 14 �gPt/cm2 on the glassy carbon disk.
n the contrary, EDS measurement which is a bulk averaged

echnique, shows a cobalt composition of only 25% for Pt3Co
ompared to that of 30% for Pt2Co. This implies that in Pt3Co
ore Co is present on the surface compared to Pt2Co, in turn

bserved as higher metallic Co redox currents in Pt3Co than
t2Co.

.3. Oxygen reduction reaction (ORR) kinetics and
eroxide yield measurement
Fig. 10 shows a representative set of rotating ring-disk experi-
ents performed on Pt and Pt-alloy catalysts in O2 saturated 1 M
ClO4 at room temperature using a constant Pt metal loading

ClO4 at room temperature from RDE measurements at 900 rpm

io × 109

(A/cm2
Pt)

b
Tafel Slope
(mV/dec)c

ECA (m2/gPt)d

[HUPD region]

0.230 60/122 44
0.852 63/125.5 23
1.400 60/139 16
0.853 59.5/129 19
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ig. 10. Disk (A) and ring (B) currents obtained on 30% Pt/C, 60% Pt/C, 30%
ith 1 M HClO4 electrolyte at a disk rotation rate of 900 rpm and scan rate of 2
9%. (C) Tafel plots for the ORR at room temperature extracted from anodic sw
t various potentials; current densities normalized to the electrochemical surface

f 14 �gPt/cm2 on the glassy carbon (GC) disk. The voltam-
ograms measured at a scan rate of 20 mV/s, are shown for a

otation rate of 900 rpm. Representative scans shown in the bot-
om left-hand side of Fig. 10(A), represents the anodic sweep.
he anodic sweep represents a true comparison of ORR activ-

ty as it is taken immediately after the corresponding cathodic
weep and hence represents ORR activity after removal of the
xide layer formed at or near open-circuit conditions. While it
ay be argued that this may not represent true fuel cell operating

nvironment it does represent a more accurate picture of the reac-
ion center (Pt site) activity for ORR. In the potential region of
.9–0.7 V versus RHE, mixed kinetic-diffusion controlled cur-
ents are observed ensued by a well-defined diffusion limiting
urrent beyond 0.6 V. For the same Pt loading of 14 �g/cm2 on
he GC disk, 30% Pt/C and 60% Pt/C exhibit essentially similar
RR activity in the mixed kinetic-diffusion controlled region

ollowed by a significantly lower diffusion controlled current
or 30% Pt/C as compared to 60% Pt/C which can be attributed
o the increased thickness of the catalyst layer on the GC disk
or 30% Pt/C relative to 60% Pt/C, since the supporting car-
on determines oxygen diffusion through the porous catalyst
oaded on the GC disk. An exactly similar argument can also
e extended to the two supported Pt–Co alloys with different Pt
ompositions, such that 30% Pt3Co/C has a smaller catalyst layer
hickness and hence higher diffusion limited current relative to
0% Pt2Co/C. On comparing the Pt/C catalysts with Pt–Co/C

lloy catalysts, it is seen that the two Pt–Co/C catalysts exhibit
n anodic shift of about 30 mV in the mixed kinetic-diffusion
otential region and hence 30 mV lower over potential for ORR.
his lower overpotential of the alloy catalysts towards ORR is

i
t
s
P

o/C, and 30% Pt3Co/C during ORR in the anodic sweep at room temperature
s using a glassy carbon disk of 5 mm diameter and ring collection efficiency of
t 20 mV/s, 900 rpm. (D) Representative Levich Plot for the ORR on 30% Pt/C
of platinum on 5 mm glassy carbon disk unless otherwise indicated in the plot.

ue to the fact that the presence of alloying element decreases the
esorption free energy (�Gdes) of Pt–OH, Pt–O or Pt–O2 such
hat the adsorption of oxygen containing intermediate species
n Pt surface sites is inhibited in the supported alloy catalysts
ompared to Pt/C [47]. This discussion based on the ORR pro-
le for each catalyst involves interference from diffusion limited
urrent densities ilim, and hence Tafel plots are extracted using
he following Eq. (1) by eliminating ilim and obtaining a clearer
icture based on kinetic currents.

k = (ilim•i)
(ilim − i)

(1)

here ik is the kinetic current density, i is the measured cur-
ent density during oxygen reduction polarization, and ilim is
he diffusion limited current density. Fig. 10(C) shows the cor-
esponding Tafel plots of the Pt and Pt-alloy catalysts where
he kinetic current densities are normalized on the basis of the
lectrochemical surface area of Pt. Firstly, it is noted that the
ctivity of Pt-alloy catalysts are better than the Pt/C catalysts
ue to the unique effect of the surface Co species enabling
ower oxide formation on Pt [48,49]. Taking into consider-
tion that the initial adsorption of molecular oxygen on Pt
s part of the rate-determining step (rds) [26], the coverage
f oxides at or near the open-circuit potentials represents a
urface poison. Hence, preferential oxide formation on sur-
ace Co as shown earlier is attributed to freeing Pt sites for

nitiating ORR [50]. However, the comparison of the rela-
ively oxide free anodic scans exhibiting enhanced ORR is
ignificant. This shows the concomitant oxide formation on
t sites in the supported Pt–Co electrocatalysts is significantly
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Table 4
Peroxide yields (mole fraction) measured using a RRDE technique with a rota-
tion rate of 900 rpm and various disk potentials of 0.7 V, 0.6 V, 0.4 V vs. RHE in
conjunction with a gold ring electrode polarized at 1.3 V in 1M HClO4 at room
temperature

Catalyst %H2O2 @0.7 V %H2O2 @0.6 V %H2O2 @0.4 V

30% Pt/C 0.111 0.257 2.330
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ower than the corresponding Pt/C catalysts (both 30% and 60%
n carbon loading). This in the background of previous obser-
ations of experimentally derived activation energies on these
lass of supported catalysts and agreement with theoretical cal-
ulations on transition states [51] indicates that the observed
nhancement is direct effect of surface oxide coverage. Also, it is
een from the Tafel plot that the Tafel slope is constantly chang-
ng, which is due to the continuously varying charge transfer
oefficient (α) value from 0 to 1 with overpotential; however, it is
ossible as a gross approximation to obtain Tafel slope (Table 3)
epresenting two distinct regions, in good comparison with pre-
iously reported literature values [52], yielding two different
afel slopes of −2.3RT/F, i.e., 60 mV/decade at low overpoten-

ials (E > 0.85 V) and −2(2.3RT/F), i.e., 120 mV/decade at high
verpotentials (E < 0.85 V) which agree very well with prior
eports on single-crystal Pt electrodes [53], carbon-supported
t [54] and pc-Pt plug [26]. This change from 60 mV/decade

o 120 mV/decade is closely related to earlier contention of
he adsorbed OH species at potentials beyond 0.85 V versus
HE corresponding to 60 mV/decade of Tafel slope, where as at
igher overpotentials, 120 mV/decade indicates a clean catalytic
urface devoid of any oxygen containing adsorbed intermediate
pecies that can affect the adsorption of molecular O2 from the
olution to the active surface site for subsequent reduction [26].
yclic voltammogram measured in alkaline electrolyte shown

n Fig. 9 as explained earlier indicate that the Pt3Co/C surface is
ich with cobalt which can inhibit the adsorption of oxygenated
ntermediate species on the Pt surface sites thereby avoiding

2O2 generation pathways and providing a direct route for H2O
ormation. Subsequently, ring current (also peroxide yield val-
es shown in Table 3) of Pt3Co catalyst imply a very low amount
f peroxide generation presumably attributed to the rich cobalt
n the surface.

Fig. 10(D) shows the representative Levich plot for 30%
t3Co/C used in this study at various rotation rates from 100 rpm

o 2500 rpm. Similar plots were obtained with the other three cat-
lysts and hence not shown here. Levich plot yields the so called
evich constant B, according to relation (2) [55] given below

or ORR limiting current ilim, from which the number of elec-
rons transferred was calculated to be 3.72 for Pt3Co indicating
predominant four-electron transfer.

lim = Bω1/2 (2)

here B = 0.62nFD2/3ν−1/6C, where n is the number of electrons
ransferred, F is the Faradays Constant, D is the diffusion coeffi-
ient of O2 in the electrolyte, Co is the oxygen concentration in
he electrolyte, ν is the kinematic viscosity and ω is the rotation
ate in rpm.

Hydrogen peroxide yield due to the parallel pathway for
RR was also analyzed by classical rotating ring-disk elec-

rode (RRDE) technique. The formation of relative amount of
2O2 and H2O can be determined quantitatively with the RRDE
xperiment by holding the potential of the ring at 1.3 V versus
HE, where H2O2 formed at the disk during oxygen reduction is

eadily oxidized at the ring. Fig. 10(B) shows the currents mea-
ured at the ring during the anodic sweep of the disk potential

o

n

0% Pt/C 0.394 0.753 2.408
t2Co/C 0.342 0.652 3.523
t3Co/C 0.160 0.260 0.510

hown in figure at room temperature in 1M HClO4 at 900 rpm.
able 4 shows the comparison of peroxide yields measured at

he gold ring when the corresponding disk electrode potentials
ere 0.4 V, 0.6 V and 0.7 V versus RHE and calculated using

he following relation,

H2O2 = 2(IR/N)

(ID + (IR/N)
(3)

here N is the collection efficiency of the ring, χ is the mole
raction of peroxide formed, ID and IR are the disk and ring cur-
ents, taking into account the total disk currents for the oxygen
eduction as the sum of reduction currents of O2 to H2O and

2O2 and the collection efficiency N for the ring electrode [26].
These data in Table 4 are an indication of potential depen-

ence of peroxide yield at disk electrode for the various catalysts
sed in these experiments. Peroxide currents are negligible for
isk potentials above 0.65 V indicating that oxygen reduction
redominantly proceeds via four-electron transfer process with-
ut significant peroxide generation, which is relevant for the
perating potential of fuel cell cathodes. This is the region where
he cathode potential of a normal operating fuel cell lies, and
lludes to the importance of maintaining a stable cell potential
ith regard to the interfacial stability of the MEA, especially

n the case of discontinuous fuel cell operation in which con-
iderable voltage fluctuations take place frequently. Below the
ormal fuel cell operating potential of 0.6–0.7 V versus RHE,
eroxide generation begins to increase significantly followed by
uch higher ring currents at a diffusion controlled disk poten-

ial of 0.4 V. This potential dependence of peroxide yield is
orrelated to fuel cell membrane degradation in the next sec-
ion. It is also observed that as the disk potential further extends
nto the HUPD region, the ring currents of the two Pt/C sam-
les keeps increasing. In the case of the Pt/C catalysts, as the
isk potential enters HUPD region enhanced peroxide generation
ccurs as HUPD blocks the Pt surface sites necessary to split the
2 molecule leading to increased peroxide generation. This is

mportant in cases where H2 permeation from the anode feed to
he cathode catalyst through the membrane is significant as this
s also a possible pathway of peroxide generation and subsequent

embrane degradation.

.4. Assignment of the absorption bands of ATR-IR Spectra

f Nafion®112 (H-form)

Infrared absorption studies, along with small angle X-ray,
eutron scattering investigation and scanning probe microscopy
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Table 5
Selective list of IR absorption peak assignments of H-Nafion® 112 as pertinent
to this study in correspondence with Fig. 2

Index Wavenumbera (cm−1) Peak assignments

(A) 969 m υs(C–O–C), ether band ‘A’, symmetric
(B) 982 m υs(C–O–C), ether band ‘B’, symmetric
(C) 1059 m υs (SO3

−), sulfonate group, symmetric
(D) 1142 vs υs (CF2), CF2 group, symmetric
(D) 1208 vs vb υas (CF2), CF2 group, asymmetric
(
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ig. 11. ATR-FTIR spectrum of Nafion®112 (H-form) indicating absorption
ands obtained using ZnSe ATR crystal. [See text for references].

maging, have been used widely to elucidate the nanostructure
f Nafion® membrane. Fig. 11 and Table 5 indicates the assign-
ent of various vibrational absorption bands [40,41,56–59], in

he region between 900 cm−1 and 1350 cm−1 wavenumbers as
elevant to this study, associated with the chemical structure
f Nafion®112 membranes (DuPont Corp.) in H-form shown
n Fig. 1. The very strong absorption bands at 1142 cm−1

nd 1208 cm−1 wavenumbers correspond to the symmetric
nd asymmetric vibrations of –CF2 groups in the hydrophobic
uorocarbon backbone, symmetric stretching of the sulfonate
roup is observed at 1059 cm−1. The twin peak at 969 cm−1

nd 982 cm−1 is due to the presence of two ether linkages
–C–O–C–) in Nafion® side chain. Of the two ether vibrational
bsorption bands in Nafion® membrane, the higher frequency
and (i.e., the one at 982 cm−1) is attributed to the ether linkage
irectly attached to the fluorocarbon backbone and is labeled as
ther band ‘B’. Further the corresponding lower frequency com-
onent at 969 cm−1 is labeled as ether band ‘A’, caused due to its
roximity to the sulfonate group and its electron withdrawing
haracter. This assignment of vibrational absorption bands of
ther linkages is due to the work done by Cable et al. [56], who
ontrasted the two ether absorption peaks in Nafion® against a
ingle ether absorption band present in Dow perflourosulfonate
onomers (PFSI). Dow PFSI has only one ether linkage in its side
hain and exhibits a single absorption peak centered at around

969 cm−1.
Hsu et al. [60], proposed the ion-cluster network theory for

he morphology of Nafion® membranes according to which sul-

s
b
i

able 6
ffect of cathode-side durability tests with O2/N2, 40 ◦C, 1 atm, for a duration of 24 h
lectrode (WE) polarization potentials of 0.4 V and 0.6 V vs. DHE

atalysts WE @ 0.4 V

σafter−σbefore
σbefore

(%) ηafter−ηbefore
ηbefore

(%

30% Pt/C 34 26
60% Pt/C 57 48
30% Pt2Co/C 50 40
30% Pt3Co/C 27 22

isted are the decreases in proton conductivity σ (S/cm) and ion exchange capacity η
E) 1303 sh υs (C–C), symmetric

a Relative intensity: m – medium; vs – very strong; vb – very broad; sh –
houlder.

onate groups with terminating pendant side chains stretch out
nto approximately spherical clusters also consisting of water
nd hydrated cations, interconnected to each other by channels
or ionic transport, and supported by hydrophobic fluorocarbon
ackbone material. Meanwhile, Yeager and Steck [61] corrob-
rated the conclusions of Falk [62] (that the ionic clusters are
on-spherical in shape and have intrusions of side chain ether
inkages), by proposing three-phase morphology for Nafion®

onsisting of the hydrophobic fluorocarbon phase, hydrophilic
onic clusters and an interfacial region between these two. This
nterfacial region is largely a void volume containing pendant
ide chain materials, a small amount of sorbed water and trace
evel of sulfonate exchange sites and counter-ions. From the
esults of this present study, this interfacial region is of impor-
ance since they turn out to be the vulnerable site for radical
pecies attack during fuel cell operation as discussed in the
ollowing sections.

.5. Effect of radical-initiated degradation on membrane
roperties

Segmented cell durability tests were conducted to investi-
ate the mechanism of degradation as a function of potential,
emperature, choice of electrocatalyst, catalyst loading, and test
uration. Cathode operating potentials of 0.4 V, 0.6 V and 0.7 V
ersus RHE were employed to study the influence of peroxide
ield, subsequent membrane deterioration and also to correlate
egmented cell durability test results to RRDE data discussed
bove. Tests were conducted at room temperature, 40 ◦C, 60 ◦C,
cales of 24 or 48 h. At the end of each durability test, the mem-
rane was carefully separated from the electrode; the changes
n its proton conductivity (σ), ion exchange capacity (η) were

using 30% Pt/C, 60% Pt/C, 30% Pt2Co, 30% Pt3Co at two different working

WE @ 0.6 V

) σafter−σbefore
σbefore

(%) ηafter−ηbefore
ηbefore

(%)

27 19
49 43
44 34
16 9

(mEq/g).
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Fig. 12. ATR-FTIR Spectrums of Nafion® obtained using Ge ATR crystal before
and after cathode-side degradation tests with four parallel samples as indicated
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n the plot, operated for 24 h at 0.4 V (WE vs. DHE), 40 ◦C cell tempera-
ure and 1 atm pressure conditions. (a) IR Spectrum (900–1400 cm−1) before
egradation. (b) IR Spectrum after degradation.

etermined and compared with that of the non-degraded pure
afion® membrane properties shown in Table 1, to estimate the

xtent of degradation quantitatively; ATR-IR absorption spectra
f degraded membranes were compared to spectra of pristine
embrane (Fig. 11) to determine the site of membrane degra-

ation.
Table 6 shows the results of cathode-side degradation tests

onducted at 0.4 V and 0.6 V (WE versus DHE), 40 ◦C, 1 atm
ressure conditions for duration of 24 h with four parallel
lectrocatalysts 30%Pt/C, 60%Pt/C, 30%Pt2Co and 30%Pt3Co.
ig. 12 compares the FTIR spectrums of the Nafion® mem-
ranes before and after degradation test at 0.4 V, 40 ◦C, 1 atm
ressure conditions for duration of 24 h using Ge crystal with

R penetration depth of 0.65–0.7 �m. The most significant dif-
erence after this 24 h test is observed at the ether band ‘A’ peak
t 969 cm−1 as a decrease in its intensity of absorption. There is
concomitant effect of cleavage of ether band ‘A’ and the rela-

t
m
t
a

able 7
ercentage decrease in intensity of IR absorption of ether band 1 at 969 cm−1 and sul

est performed at 40 ◦C, ambient pressure, for a duration of 24 h at a WE potential of

atalyst % Aratio ν(C–O–C) I

30% Pt/C 18 %
60% Pt/C 39%
30%Pt2Co/C 21%
30%Pt3Co/C 12%

ratio[ν(C − O − C)I] = (Hυ(−C−O−C−)I/Hυ(−CF2)) and Aratio[ν(SO3)] = (Hυ(SO3
a H2O2 obtained from ring current using Eq. (3).
ca Acta 53 (2008) 3279–3295

ively small decrease in intensity of sulfonate vibrational band
t 1059 cm−1, and the reason for this is discussed below. Vibra-
ional absorption peak at 969 cm−1, as discussed earlier in this
rticle, is due to the ether bond present closer to the sulfonate ion
xchange site in the pendant side chain. The vibrational ether
and ‘B’ at 982 cm−1, due to the ether linkage directly attached
o the fluorocarbon backbone is relatively unaffected compared
o the band at 969 cm−1, indicating a preferential cleavage of the
ther linkage directly attached to the sulfonate exchange groups.
uantitative results from IR absorbance plot of the membrane

an be obtained only if an internal reference is incorporated
n the membrane that does not degrade during the durability
est [63]. Since such an internal reference might interfere with
urability testing, it was not preferred in this study. For the pur-
ose of semi-quantitative comparison the concept of relative
bsorbance has been used here. For example, with the 30% Pt/C
atalyst sample, ratio of absorbance intensity of ether band ‘A’ to
he symmetric –CF2 stretching peak (Hυ(−C−O−C−)I/Hυ(−CF2))
ecreased to 0.256 (after test) as compared to the initial ratio of
Hυ(−C−O−C−)I/Hυ(−CF2) = 0.312. –CF2 symmetric stretch-
ng peak is used as the reference peak for normalization since
t did not decrease in intensity during the course of the exper-
ment. It is noted here that the spectra in Fig. 12 is obtained
sing Ge ATR crystal that provides a penetration depth of only
.65–0.7 �m and same test performed with ZnSe ATR crys-
al (penetration depth 1.7–2 �m) did not exhibit any significant
ecrease in any of the IR absorption bands indicating that this
leavage is highly localized on the surface and has not proba-
ly affected the membrane beyond a distance of ∼1 �m from
he surface. Table 7 shows the decrease in relative intensity
f ether band A in Nafion®112 after cathode-side durability
est at the indicated conditions with the four Pt and Pt-alloy
atalysts. Further, the decrease in intensity of ether band ‘B’
Hυ(−C−O−C−)II/Hυ(−CF2)) was negligible and not shown here.
ubsequently, loss in conductivity and IEC shown in Table 6 is
lso due to the preferential cleavage of ether band ‘A’ in the
ide chain, because this cleavage scissions off the sulfonate ion
xchange sites present at the terminal end of the pendant side
hain and directly attached to ether band ‘A’. Also a very minor
hift in the vibrational frequency of the sulfonate exchange sites
o higher values is observed. Vibrational stretching frequency of
ulfonate group υs(SO3) in pure Nafion®-H form is localized in

he spectral region around 1059 cm−1. υs(SO3) of the degraded
embranes is observed around 1062–1064 cm−1 and this is due

o the modest contamination of membrane by counter ions (such
s Na+, Rb+, Li+, Cs+, Ca+), because minor cationic impurities

fonate symmetric stretching bang at 1059 cm−1 after cathode-side degradation
0.4 V vs. DHE

% Aratio ν(SO3) H2O2 yield @ 0.4 V (%)a

22% 2.330
37% 2.408
23% 3.523
13% 0.510

)/Hυ(−CF2)). % Aratio = (Aratio(before) − Aratio(after))/Aratio(before).
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Table 8
Loss in conductivity and peroxide yield from 30% Pt/C after cathode-side degra-
dation test at 40 ◦C, ambient pressure, for 24 h at various WE potentials of 0.4 V,
0.6 V, 0.7 V vs. RHE
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rom the carbon support, gas diffusion electrodes, humidifica-
ion bottles, other fuel cell hardware are inevitable in the fuel cell
peration. These foreign cations, usually have stronger affinity
ith the sulfonic acid group compared to H+, and thereby replace

he protons (H+) attached to the sulfonate ion exchange sites; this
eplacement of protons by metal impurities causes a polariza-
ion of S–O dipoles and subsequently shifts υs(SO3) to higher
requencies [40,56,64]. Also IEC indicated in Table 6 suffers a
oss similar to the decrease in conductivity due to the loss of ion
xchange sites. A comparison between peroxide yield in Table 4
or the various catalysts, loss in conductivity and IEC in Table 6
nd decrease in ratio of absorbance in Table 7 indicates a direct
ne-on-one relationship between peroxide yields obtained on
he ring electrode and membrane degradation. 60% Pt/C and
0% Pt2Co/C catalysts exhibited significantly higher peroxide
ield on the ring at all potentials below 0.7 V versus RHE and
s reflected in the high levels of degradation observed in mem-
rane characteristics in the durability experiment. Further, 30%
t3Co/C that consistently yielded low peroxide on the ring at all
otentials gives rise to a low level of loss in membrane proper-
ies after cathode-side durability testing. This clearly indicates
hat the degradation on the cathode side is most likely due to
eroxide radicals generated from local interfacial Fenton type
atalysis of H2O2 in turn generated from the 2e− pathway of
RR.
Fig. 13 shows the IR plot of degraded membranes in the

pectral region 1100 cm−1 to 940 cm−1 after cathode-side degra-
ation test performed at 40 ◦C, 1 atm pressure conditions for
uration of 24 h using three parallel samples of 30% Pt/C as the
athode catalyst at various cathode operating potentials of 0.4 V,
.6 V, 0.7 V versus DHE. At normal cathode operating potentials
f 0.6 V and 0.7 V the cleavage of ether band ‘A’ is relatively
ess intense than at an accelerated cathode operating potential

f 0.4 V, due to significantly higher peroxide formation at 0.4 V.
otential dependent cleavage of ether band ‘A’ shows that the
eroxide radical generation at various operating fuel cell poten-
ial is directly correlated to the subsequent polymer membrane.

ig. 13. Potential dependent cleavage of ether band ‘A’. Shown are the IR Spectra
f Nafion® after cathode-side degradation test at 40 ◦C, 1 atm pressure conditions
or a duration of 24 h using 30% Pt/C catalyst.
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eroxide yield (%) 0.111 0.257 2.330
oss in conductivity (%) 16% 27% 34%

t is also seen that the intensity of ether band ‘B’ is relatively
naffected during the durability test.

As discussed above, the small decrease in intensity of υ(SO3),
hown in Table 8, attributed to cleavage of ether band ‘A’ results
n the scission of the sulfonate group present at the terminal
nd of the pendant chain. Fig. 2 shows the vulnerable region for
adical attack based on the result of this study. It is also seen that
0% Pt/C which has higher catalyst loading and higher particle
ize (Table 2) as compared to 30% Pt/C gives higher peroxide
ield observed from RRDE results (Fig. 10) and correspondingly
igher loss in membrane conductivity (Table 6) from durability
esting.

As shown in Fig. 1, based on the chemical structure of
afion®, the repeating unit of the fluorocarbon backbone, char-

cterized by the value ‘m’, determines the dry weight of the
embrane and also its ion exchange capacity [41,59] (num-

er of moles of sulfonic acid ion exchange sites per gram
f dry polymer membrane) which varies from 0.55 mEq/g to
.05 mEq/g. Ion exchange capacity (IEC) of the degraded mem-
ranes, as shown in Table 6, shows a loss similar to that of the
roton conductivity. Since the vibrational absorption bands at
142 cm−1 and 1208 cm−1 represent the fluorocarbon backbone
–CF2 groups), the relative intensity of absorption is determined
y the factor ‘m’. This remains unaffected after 24 h of cathode-
ide degradation test performed at 0.4 V versus DHE for the four
athode catalysts used in these experiments, thus the decrease in
EC can be attributed directly to the loss of sulfonate exchange
ites. Decrease in proton conductivity and IEC values followed
y relative decrease in IR intensity of one of the ether bands
nd no decrease in fluorocarbon backbone IR absorption signa-
ure implies that the radical species do not attacked the fluorine
roups of the hydrophobic backbone.

Following the discussions of Falk [62] and Cable et al. [56]
egarding the chemical nanostructure of Nafion® membrane
riefly summarized above, it is likely that part of the side chain
ther linkage intrudes into the hydrophilic ionic clusters. Conse-
uently, during this period of 24 h of cathode-side degradation
ests, it is observed that the radical species generated during the
ourse of fuel cell operation initiates the polymer chain breakage
y attacking the hydrophilic ionic cluster region (specifically the
ther linkage intruding into the hydrophilic ionic cluster region)
nd virtually does not degrade the hydrophobic backbone of the
embrane.
In order to understand the prolonged effect of fuel cell opera-
ion on membrane durability, cathode-side degradation test was
lso performed for a period of 48 h at various operating poten-
ials, and temperature conditions. Table 9 shows the results of
48 h cathode-side degradation test performed at 40 ◦C, 1 atm
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Table 9
Effect of cathode-side durability tests with O2/N2, at 40 ◦C, 1 atm, for a duration
of 48 h using 30% Pt/C, 60% Pt/C, 30% Pt2Co, 30% Pt3Co at a polarization
potential of 0.4 V vs. DHE

Catalysts σafter−σbefore
σbefore

(%) ηafter−ηbefore
ηbefore

(%)

30% Pt/C 44 27
60% Pt/C 73 44
30% Pt2Co/C 74 38
30% Pt Co/C 51 24
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isted are the percentage decrease in proton conductivity σ (S/cm) and ion
xchange capacity η (mEq/g).

ressure conditions, and 0.4 V versus DHE cathode operating
otential simultaneously using four parallel electrodes contain-
ng catalysts, 30% Pt/C, 60% Pt/C, 30% Pt2Co, 30% Pt3Co.
able 9 indicates the decrease in proton conductivity values
emain linear with time. Further the relative changes in conduc-
ivity reflect previous correlation with peroxide yields. However
urprisingly, the corresponding linear decrease in IEC values is
ot observed. An apparent stabilization occurs after the initial
ecrease in the first 24 h. Corresponding IR plots of degraded
embranes after 48 h shown in Fig. 12 exhibit a significant

ecrease in absorption bands at 1142 cm−1 and 1208 cm−1

ttributed to the hydrophobic fluorocarbon backbone reflect-
ng that the membrane backbone has undergone degradation.
he fact that IEC capacity does not decrease linearly after this
rolonged test appears to be due to the simultaneous loss of
ulfonate exchange sites concurrent with loss of fluorocarbon
roups from the membrane backbone. This leads to a decrease
n the dry membrane weight in such a way that IEC (number of

oles of sulfonic acid ion exchange sites per gram of dry poly-

er membrane) does not change. Insets (a) and (b) in Fig. 14

hows the decrease in intensity of the ether linkages and sul-
onate symmetric bands. Also the sulfonate stretching bands are
hifted to higher wavenumbers due to modest contamination

ig. 14. ATR-FTIR Spectra of Nafion® after cathode-side degradation tests with
our parallel samples as indicated in the figure, operated for 48 h at 0.4 V (WE
s. DHE), 1 atm pressure and 40 ◦C temperature conditions obtained from ZnSe
TR crystal. Also shown are magnified views of the ether linkages [Inset (a)]
nd sulfonate symmetric stretching peaks [Inset (b)].
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ig. 15. Temperature dependence of conductivity after cathode-side degradation
est with four parallel catalysts 30% Pt/C, 60% Pt/C, 30% Pt2Co/C and 30%
t3Co/C at 0.4 V at ambient pressure and various temperatures.

n the form of cationic impurities that replace the protons in
he membrane as already discussed earlier in this article. This
ndicates that the membrane degradation due to radical species
enerated during the course of fuel cell operation is initiated by
leavage of certain sections of ether band ‘A’ intruding into the
ydrophilic ionic clusters and then later spreads to the hydropho-
ic fluorocarbon backbone thereby slowly degrading the bulk of
he membrane.

Fig. 15 shows the loss in proton conductivity for the four
atalysts after cathode-side degradation performed for 24 h at
mbient pressure and 0.4 V versus DHE as a function of tem-
erature in the range starting from room temperature (RT) to
0 ◦C.

Similar behavior was observed with IEC data and not shown
ere. It is seen that as the temperature increases there is an
ncrease in loss of conductivity, however the differential change
n conductivity loss with temperature is not very high, it implies
hat at higher temperatures, despite higher overall ORR cur-
ent densities obtained, the current due to H2O2 formation as a
raction of H2O formed remains approximately the same.

Previous results using data of membrane degradation after
xposure to Fenton’s solutions such as those reported by Inaba
65] concluded that both main chain and side chains are
ecomposed at similar rates by radical attack. However, their
xperimental results bear no relation to electrochemical envi-
onment of an operating fuel cell. In addition, there is no direct
orrelation with cathode or anode interface. By contrast our fuel
ell setup shows that the hydrophilic regions within the mem-
rane structure are more prone to radical species attack in the
nitial stage of fuel cell operation followed by decomposition of
he hydrophobic main chains during prolonged exposure to these
ccelerated degradation conditions. Previous study [13,18] have
hown that SO2 and CO2 were observed in the outlet stream
f an operating fuel cell which is presumably due to the loss
f ether linkage and sulfonate groups from the membrane side
hain and terminal groups, respectively. In the literature, fluoride

mission rate (FER) has been frequently used as a measure of
afion® membrane degradation, but such studies were not done
ere because in our segmented cell experimental setup four par-
llel samples run simultaneously with a common outlet for the
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Table 10
Effect of anode-side durability with O2/H2 for 48 h at 1 atm pressure as a func-
tion of temperature (60 ◦C and 80 ◦C), polarization potential (OCV, 0.1 V), and
choice of anode electrocatalysts (30% Pt/C, 60% Pt/C)

Catalyst T (◦C) WE potential σafter−σbefore
σbefore

(%) ηafter−ηbefore
ηbefore

(%)

30% Pt/C
60

OCV – –
0.1 V 2 4

80
OCV 2 3
0.1 V 3 3

60%
Pt/C

60
OCV 4 4
0.1 V 5 6

80
OCV 3 7
0.1 V 4 10
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isted are the decreases in proton conductivity σ (S/cm) and ion exchange
apacity η (mEq/g) of Nafion® 112 membrane.

as stream and fluoride ions detected at the outlet stream repre-
ents a total loss from the membrane due the combined effect
f the four samples. Further, the fluoride release represents the
xtent of the polymer degradation without any detailed infor-
ation on the nature of attack and the regions of the membrane

ndergoing degradation at any given operating condition.

.6. Anode-side durability tests

As explained in the experimental section, anode-side dura-
ility test involved the passage of H2 over catalyzed anode and
2 over non-catalyzed gas diffusion layer (GDL) in order to

nvestigate membrane degradation on the anode side due to O2
ermeation through the membrane. In this test only 30% Pt/C
nd 60% Pt/C catalysts were chosen for anode-side durability
ests since the Pt–Co/C alloys are cathode relevant catalysts.
he membrane samples were obtained after subjecting them to

wo types of conditions: (i) holding the potential of the working
lectrode in the MEA at possible anode electrode overpoten-
ial of 0.1 V for 48 h and (ii) in open-circuit voltage (OCV)
ondition for 48 h. Table 10 shows the decrease in proton con-
uctivity and ion exchange capacity after anode-side durability
ests performed at 60 ◦C and 80 ◦C at OCV and 0.1 V versus
HE. Decreases in conductivity and ion exchange capacity are

ignificantly lower than those observed in the cathode-side tests
s shown in Table 10 after this 48 h test indicating that for
he duration of the experiment performed there is no signifi-
ant degradation on the anode side. This result is not surprising
ince the O2 permeation rate through Nafion® 112 membrane
s relatively low and our previous study on hydrocarbon mem-
ranes such as sulfonated poly ether sulfone (SPES) and Nafion
135 indicate similar low level of degradation on the anode
ide [4]. Also considering the fact that in this experiment the
on-catalyzed GDL on the cathode side does not consume O2,
s a result the test is specific to probing the interaction of
dsorbed hydrogen on a working catalyzed GDL and the effect
f crossover oxygen. A separate test wherein hydrogen oxida-

ion occurs in significant rate (higher current density) in the same

2 crossover environment is a case for future work. In a prior
ong-term fuel cell performance study on radiation-grafted-FEP-
-polystyrene-type membranes, Buchi et al. [15] reported that
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he rate of radical-initiated degradation increases with increasing
as crossover. They also claimed that gas crossover is a promi-
ent factor for the degradation process, especially under OCV
onditions; however, whether oxygen or hydrogen crossover is
he predominant contributor could not be ascertained in their
egular fuel cell setup. In our case, the suspected formation of
adicals due to hydrogen crossover to the cathode side may be
liminated as a source of peroxides at the cathode, because no
t reaction sites were present in the O2 side of our experimen-

al setup (non-catalyzed GDL). It has also been shown earlier
hat degradation of membrane due to either H2 crossover to the
athode and/or O2 crossover to the anode side result in only
ess than 3% loss in efficiency due to slower diffusion rates of
hese gases through the membrane [13]. Also Liu et al. [31]
howed that for short periods of durability tests, H2 crossover
o the cathode side is very minimal and thereby ruling out the
ossibility of significant degradation of the membrane at the
node side. Finally, regarding the anode-side durability tests the
resent results cannot rule out the possible occurrence of radical
atalyzed membrane degradation at the anode side when anode
ide is subject to higher current density (hydrogen oxidation
onditions) in longer testing periods and it is here found that the
ate of degradation on the cathode side is much higher than that
n the anode side under the accelerated conditions used in this
tudy.

. Conclusions

Novel accelerated technique was used to investigate and
orrelate the peroxide generation at an electrode/electrolyte
nterface from the perspective of radical-initiated perfluorinated

embrane degradation as a function of choice of electrocata-
yst, catalyst loading on carbon support, operating overpotential,
emperature, and presence of alloying element on the surface
gainst Pt rich outer layer. Membrane degradation process was
lso separately studied in half-cell configurations so that the
wo formerly proposed PEM degradation mechanisms could be
valuated individually without interference. Peroxide generation
bserved on the ring electrode of a RRDE for various electrocat-
lysts used in this study showed a one-on-one relation with the
evel of degradation of perfluorinated membrane via local Fenton
ype reactions at the cathode-membrane interface of an operat-
ng fuel cell due to the simultaneous 2e− pathway of ORR along
ith the more predominant 4e− reduction to water. Cleavage of

he side chain ether linkage, which intrudes into the hydrophilic
onic cluster, is found to be the key initiator of conductivity
nd ion exchange capacity loss. Prolonged durability testing
eads to breakage of certain sections of fluorocarbon backbone
s observed in the stabilization of ion exchange capacity versus
more linear decline in proton conductivity. Normal operating

athode overpotentials of 0.6 V and 0.7 V versus DHE leads to
ower membrane degradation relative to higher overpotentials
f 0.4 V, this is directly correlated to peroxide yields observed

ndependently during RRDE measurements. Higher the loading
f catalyst on carbon support and corresponding larger the par-
icle size results in higher peroxide yield and consequent higher

embrane degradation as shown by the comparison between
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0% Pt/C and 30% Pt/C used in this study. Pt–Co/C alloy cata-
yst with enrichment of surface Co gives lower peroxide current
nd maintains lower level of membrane degradation as shown
y the comparison between Pt2Co/C and Pt3Co/C. Temperature
ffects on membrane degradation was found to be linear with
igher ORR activity and consequent higher peroxide generation
t the interface. Degradation at the anode side due to oxygen
rossover through the membrane was found to be insignificant
elative to cathode-side degradation within the duration of the
xperiments performed here. However, these tests represent the
arrow confines of interaction of absorbed hydrogen on Pt and
ts interaction with crossover oxygen.
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