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Abstract

The durability of proton exchange membranes (PEMs) is a critical factor in the future commercial success of hydrogen fuel cell technology.
Presently, the favored PEM material is made of perfluorinated sulfonic acid (PFSA) ionomers. Current efforts to improve PFSA durability are
hindered by the lack of thorough understanding of the chemical mechanism by which PFSA degrades. In this paper, the PFSA chemical deg-
radation mechanism is reviewed which incorporates two possibilities for initiation along the PFSA polymer: weak polymer end groups versus
side chain cleavage. A kinetic model is developed which quantitatively distinguishes between these two degradation initiation mechanisms. Ex-
perimentally, degraded PFSA samples were obtained under both fuel cell and ex situ Fenton’s test conditions, and infrared spectroscopy (IR) was
used to measure the relative concentration of carboxylic acid end groups on the degraded polymer chains. The IR data, coupled with the cor-
responding ionomer fluoride loss data, validate the kinetic model and allow calculation of the kinetic constants which distinguish between the
two degradation initiation mechanisms. Theoretical case studies are also included to illustrate the usefulness of the kinetic model.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Proton exchange membrane; Ionomer; Degradation
1. Introduction

Hydrogen fuel cell technology has been perceived by many
as the next energy revolution. Among the critical issues for its
future commercial success is the chemical durability of the
proton exchange membranes (PEMs). PEM chemical durabil-
ity depends largely on the nature of the material and the con-
ditions under which the fuel cell is operated. In terms of the
PEM material, perfluorinated sulfonic acid (PFSA) ionomers
are the heavily favored choice at the present time [1,2]. A typ-
ical PFSA is Nafion�, with its structure shown in Scheme 1.
Although a large number of hydrocarbon-based PEM mate-
rials have been developed [3], thus far none has shown reliable
durability matching that of PFSA. While the search for
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alternative PEM materials continues, an important area of de-
velopment focuses on further improving PFSA durability.

Given the technological importance of PFSA and the fact
that both PFSA and hydrogen fuel cells have been around
for many years, the progress in improving the chemical dura-
bility of PFSA has been rather limited. This rate of progress is
limited largely due to the lack of complete understanding of

Scheme 1. Structure of Nafion� (m¼ 6.56 for an equivalent weight (EW) of

1100).
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the fundamental mechanism by which PFSA chemically de-
grades. Various possible degradation environments for PFSA
include degradation in both ex situ tests and in situ fuel cell
tests. Several ex situ tests (e.g. Fenton’s test [4] and more re-
cently H2O2 flow cell test [5]) are often used to accelerate the
degradation to facilitate PEM durability evaluation. These ex
situ tests are quick and require only simple experimental
setups. At debate, however, is how well these ex situ acceler-
ating tests correlate to PFSA degradation in real fuel cells
[1,6,7]. Fundamentally, the debate translates into whether
PFSA chemical degradation in ex situ tests follows the same
mechanism as in fuel cells.

It is generally accepted that PFSA degradation proceeds via
an unzipping mechanism through the carboxylic acid end
groups in all of the afore-mentioned tests (in situ fuel cell,
Fenton’s test, and H2O2 flow cell test) [1,4e7]. What is under
debate is where these carboxylic acid end groups originate.
One widely accepted mechanism points to the weak polymer
end groups as the initial source of carboxylic acid end groups
[1,4e7]. Another mechanism suggests that the PFSA side
chain is the source [1,5]. This second mechanism (the so-
called ‘‘side chain cleavage mechanism’’), if it occurs, is
much more detrimental compared to the first mechanism. On
the one hand, it reduces the polymer molecular weight (or
chain length) in a very drastic fashion [5]; on the other
hand, it creates additional carboxylic acid end groups on the
polymer which accelerate the degradation rate [5].

For Fenton’s tests, there is strong evidence in the literature
suggesting that the weak polymer end groups in a PFSA poly-
mer are the dominant source of the carboxylic acid end groups
[6,7]. Recently, the occurrence of the PFSA side chain cleav-
age reaction in H2O2 flow cell tests was reported, in addition
to the weak end group reaction [5]. What remains unknown,
however, is the ultimate question of whether the side chain
cleavage reaction occurs under fuel cell conditions.

The complexity of fuel cell systems makes it difficult to
study PFSA chemical degradation in situ in such an environ-
ment [8]. In this paper, we use Nafion� ionomer with an equiv-
alent weight (EW) of 1100 as a representative of PFSA
ionomers and develop a kinetic model that can be used as
a tool to elucidate the initiation mechanisms for PFSA chemical
degradation in various degradation environments including fuel
cells. This model allows us to quantitatively determine whether
and how degradation conditions (e.g. fuel cell operating condi-
tions) affect the extent of side chain cleavage. Ultimately, the
potential impact of this work lies in: (1) confirming the rele-
vance/irrelevance of the accelerating ex situ tests and (2) pro-
viding guidance in improving PFSA durability through
purposeful molecular design of new PFSA materials.

2. Experimental section

2.1. Sample preparation

A Nafion� membrane of equivalent weight (EW) of 1100
was degraded under the following Fenton’s test conditions:
95 �C, 30% H2O2, 4 ppm Fe (II), 48 h.
Two membrane electrode assemblies (MEAs) were con-
structed with N112 (extruded) and equal Pt catalyst load-
ings of 0.4 mg/cm2 on both anode and cathode. Nafion
ionomer of equivalent weight (EW) of 1100 was used in
the catalyst layer. The two MEAs were subjected to fuel
cell degradation (conducted at General Motors Fuel Cell
Activities) using 50 cm2 cells under the following operating
conditions: temperature of 80 �C, current density of 0.02 A/
cm2, relative humidity of 50% for both anode and cathode
inlet gases. The fuel cell running hours for the two MEAs
were 100 and 200, respectively. After the fuel cell runs,
small pieces (1 cm� 2 cm) were cut from each degraded
MEA.

The Fenton’s tested membrane and the fuel cell-degraded
MEAs were soaked overnight in 0.1 N KOH in order to assure
complete ion exchange of the carboxyl groups to the Kþ acid
salt species. These ion-exchanged samples were then soaked
in deionized water for up to 3 days, during which the water
was replaced 2e3 times per day until a constant pH was
reached. The samples were let dry under ambient conditions
for a minimum of 4 days and cut into 10 mm thick cross-
sections using a dry microtome procedure.

2.2. Micro-infrared analysis

A small piece (w1 mm in length) of each microtomed
cross-section was cut with a razor blade and transferred to
the top surface of a diamond anvil cell. Infrared spectra
were obtained in transmission mode using a ThermoNicolet
Continuum microscope accessory connected to a Thermo-
Nicolet Magna 760-IR spectrometer. The sample aperture
size for transmission was 25, 50, or 100 mm� 100 mm, and
32 scans were signal-averaged at 4 cm�1 spectral resolution.
A minimum of 10 individual spectra were collected for each
degraded sample by translating the diamond anvil cell to a
different location along the microtomed cross-section piece.
Baseline corrected peak heights were calculated from
a ‘‘macro’’ program using ThermoNicolet’s Macros Basic
software package.

3. Results and discussion

3.1. Review of degradation mechanism

3.1.1. Degradation initiation via weak end groups
The widely accepted mechanism by which PFSA degrades

starts from the weak polymer end groups [1,4e7]. These weak
end groups, presumably non-perfluorinated groups [9], react
with hydroxyl radicals to yield carboxylic acid end groups
as shown in Scheme 2.

Scheme 2. Formation of carboxylic acid end groups from non-perfluorinated

weak end groups (represented as Y).
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3.1.2. Degradation propagation via carboxylic acid end
group unzipping

Once the carboxylic acid end groups are formed, the degra-
dation proceeds via an unzipping reaction that involves a series
of steps [1,4e7] demonstrated in Scheme 3. In Scheme 3, the
attacking species may also involve other radical species be-
sides the hydroxyl radicals (�OH) [10]. For ease of demonstra-
tion, however, we use the hydroxyl radical �OH to represent all
possible attacking species, assuming that the other species re-
act in a similar fashion as �OH and that all later kinetic discus-
sion in this report is not affected by such a representation.
Overall, each carboxylic acid end group reacts with two hy-
droxyl radicals to lose one CF2 unit in the form of one carbon
dioxide and two hydrogen fluoride molecules [1,4e7], as sum-
marized in Scheme 4. The reaction represented in Scheme 4
occurs in a chain fashion to continue losing more CF2 units
from the polymer main chain [1,4e7].

Mechanistically, another degradation propagation reaction
outlined in Scheme 5 should not be ignored. When the main
chain end group unzipping reaction approaches the junction
with the side chain, the side chain is cleaved from the polymer,
producing HOOCeCF(CF3)eOeCF2CF2eSO3H [per-
fluoro(3-oxa-5-methyl)pentane-1-sulfonic-5-carboxylic diacid
(molecule A)] [5,6,12]. On the main polymer backbone, a carb-
oxylic acid end group is produced that would continue the
main chain unzipping via the primary degradation reaction
outlined in Scheme 4. Molecule A, meanwhile, can either dif-
fuse out of the polymer membrane or continue its own degra-
dation via similar unzipping reaction shown in Scheme 6.
Overall, the complete degradation of molecule A leads to
the formation of CO2, HF, and sulfate ions.

3.1.3. Degradation initiation via side chain cleavage
Compared to the above weak end group initiation and main

chain unzipping reactions via the carboxylic acid end groups,
the degradation initiation via side chain cleavage is poorly un-
derstood both in terms of its occurrence under certain degrada-
tion conditions and the nature of the attacking species, if it
does occur. We hereby assume that the side chain cleavage
does occur. The reactions are expected to follow Scheme 7.
In this scheme, X represents an unknown species that attacks
the side chain. The location of the attack on the side chain is

Scheme 3. Individual degradation reaction steps via end group unzipping.

Scheme 4. Primary degradation reaction via end group unzipping.
also unknown [1], as no definite evidence exists on the relative
stability of the tertiary CF bond, the eCeOeCe ether bond,
and the eCeSO3H sulfonic acid link on the side chain under
certain reaction conditions. Regardless of the exact location of
the initial attack, however, a carboxylic acid group is expected
to be produced, leaving behind the small molecular side chain
fragments. Subsequently, the carboxylic acid group on the side
chain unzips in the same way as shown in Scheme 4. The un-
zipping reaction eventually causes the main chain cleavage
when it reaches the junction between the side chain and the
main chain. As a result, the polymer main chain is cleaved
and two carboxylic acid end groups are formed.

3.2. Degradation kinetic considerations

The degradation mechanism outlined above allows us to de-
velop a kinetic model with an emphasis on distinguishing the
two initiation mechanisms: weak end group versus side chain
cleavage. To do so, a series of assumptions and approxima-
tions are made.

For the end group initiation outlined in Scheme 2, we as-
sume that this is a fast reaction e that is, the conversion of
the unknown end groups Y into carboxylic acid end groups
is complete at the very early stage of the overall PFSA de-
gradation. This assumption is supported by the literature report
that indeed typical non-perfluorinated end groups on fluori-
nated polymers are very vulnerable towards radical attack
[9]. Fluoride ions may be produced in this reaction if Y con-
tains fluorine atoms. The possible fluoride ions produced
from this reaction are neglected in the following kinetic mod-
eling; this approximation is justified based on the very low
molar fraction of the end groups in the polymer, as a result
of the typical high molecular weight of PFSA [13,14].

In terms of the production of carboxylic acid groups during
the unzipping process, the primary unzipping degradation re-
action (Scheme 4) does not produce additional carboxylic
acid end groups. The secondary unzipping reaction (Scheme 5),

Scheme 5. Secondary degradation reaction via end group unzipping.

Scheme 6. Unzipping degradation reaction of molecule A.
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however, does produce molecule Awhich contains a carboxylic
acid group in addition to the carboxylic acid end group
remaining on the polymer main chain.

In principle, this additional carboxylic acid group on mole-
cule A should be taken into account in terms of its contribu-
tion to the overall reaction kinetics. Practically, a fraction of
molecule A may diffuse out of the membrane and should be
considered inactive. For the fraction of molecule A that does
remain in the membrane, it continues to degrade according
to Scheme 6. On the one hand, the degradation of molecule
A comes to completion within a few steps and the end prod-
ucts are CO2, HF, and sulfate ions. In other words, the carb-
oxylic acid group on any given molecule A is short-lived,
compared to the carboxylic acid end groups on the polymer
main chain which remain alive throughout the degradation
process. On the other hand, molecule A is produced on a con-
tinuous basis as the degradation proceeds along the polymer
main chain. The frequency of the occurrence of molecule A
production from the main chain unzipping reaction is about
once every 15 carbons on the main chain for Nafion� of
EW of 1100. The combined effect of the low frequency
of molecule A formation and its short lifetime is a deviation
of the number of total carboxylic acid groups from that origi-
nating from the weak end groups, rather than a continuous in-
crease of carboxylic acid groups. In other words, its steady
state concentration approaches zero. It is important to note
that this situation may change for Nafion� of much lower
EW, in which case the production of molecule A may out-
weigh its consumption, leading to a continuous increase of
carboxylic acids. For Nafion� of EW of 1100, we consider
the only source for a continuous increase of the number of
carboxylic acid groups to be the side chain cleavage reaction
outlined in Scheme 7.

From the standpoint of fluoride ion production, both the
main chain unzipping (Schemes 4 and 5) and the subsequent
degradation of molecule A (Scheme 6) release fluoride ions.
The number of fluorine atoms in molecule A is relatively small
compared to that of the polymer main chain (plus the first two
side chain fluorine atoms closest to the polymer main chain),
with a ratio of 8:31 for Nafion� 1100. In other words, roughly
20% of the total fluorine in Nafion� 1100 is contained in mole-
cule A. As molecule A further degrades according to Scheme
6, it produces HOOCeCF2eSO3H and CF3COOH. Both
HOOCeCF2eSO3H and CF3COOH are small molecules;
they can easily escape the system through either diffusion or
evaporation (e.g. the boiling point of CF3COOH is 78 �C,
lower than the degradation temperatures often encountered).

Scheme 7. Degradation initiation via side chain cleavage.
Indeed, this is supported by the experimental detection of
CF3COOH in fuel cell product water [6,12]. We believe that
a portion of HOOCeCF2eSO3H and molecule A itself may
also diffuse out of the system, although we do not have experi-
mental proof as to the extent of these losses due to diffusion.
Overall, we believe that a large portion of fluorine atoms in
molecule A does not end in the form of fluoride ions. Given
the circumstance, the contribution of molecule A to fluoride
ion production is expected to be significantly lower than the
maximum possible 20% expected if all fluorine atoms in
molecule A were converted into fluoride ions. As an approxi-
mation, we neglect the contribution of molecule A to the
overall fluoride ion production in the following kinetic
analysis.

Under the above assumptions and approximations, the main
chain unzipping reaction (Scheme 4) and the side chain cleav-
age reaction (Scheme 7) are the only respective sources for the
production of fluoride ions and additional carboxylic acid end
groups. In addition, model compound studies reported in the
literature suggest that the Nafion� side chains are much
more stable than the carboxylic acid end groups [1,6,11,12].
The first reaction in Scheme 7 (attack by species X) is thus
a slow reaction (assuming it does occur) compared to the un-
zipping reaction (the second reaction in Scheme 7). Kineti-
cally, the first reaction is the rate-limiting step, and Scheme
7 is simplified as Scheme 8.

We note that Nafion� degradation occurs between the poly-
mer in the solid phase and the attacking species in the gas
phase (fuel cell and H2O2 flow cell) or liquid phase (Fenton’s
solution). To generalize, we define a fixed hypothetical volume
V within which the concentration of the attacking species is (or
are) uniformly distributed. The concentrations of the attacking
species or functional groups on the polymer are thus the num-
ber of the species or functional groups divided by the hypo-
thetical volume.

Based on Scheme 4, the rate of the end group unzipping is
given by:

Ru ¼ ku,½OH�a,½COOH� ð1Þ

where Ru: rate of the unzipping reaction; ku: rate constant for
the unzipping reaction; [OH]: concentration of �OH radicals;
[COOH]: concentration of the carboxylic acid end groups on
the polymer chains; a: reaction order with respect to �OH
radicals.

In Eq. (1), we assume that the reaction order with respect to
�OH radicals is a. The exact value of a depends on which
one(s) of the reaction steps outlined in Scheme 3 is (are) the
rate-limiting step(s). For instance, a should be equal to 1 if
the first step is the rate-determining step, 2 if the first and third

Scheme 8. Production of additional carboxylic acid end groups via side chain

cleavage.
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steps are both rate-limiting, and 0 if neither step 1 nor step 3 is
the rate-limiting step. We simply assume a reaction order of
a in the following kinetic analysis. As will become clear later
in this paper, the exact value of a is irrelevant for this model.

Under the approximation that only the reaction in Scheme 4
contributes to fluoride ion production (i.e., the contribution of
molecule A to fluoride production is ignored), the rate of fluo-
ride ion production (or, equivalently, fluorine consumption
from the polymer) according to Scheme 4 is expressed as:

d
�
½F�0�½F�

�
dt

¼ 2Ru ¼ 2ku,½OH�a,½COOH�; ð2Þ

where [F] represents the concentration of fluorine atoms re-
tained on the polymer at time t and [F]0 is the concentration
of fluorine atoms on the polymer at time 0.

We further define the fluorine loss fraction as L, with:

L¼ ½F�0�½F�½F�0
: ð3Þ

Combining Eqs. (2) and (3), we obtain:

dL

dt
¼

d
�
½F�0�½F�

�
½F�0 dt

¼ 2ku,½F��1
0 ,½OH�a,½COOH�: ð4Þ

From Scheme 8, the rate of the side chain cleavage reaction
is expressed as Eq. (5). Based on the previous assumption that
the reaction in Scheme 2 is a fast reaction (i.e., the weak end
groups are completely converted into carboxylic acid in the
very earliest stage of the overall degradation), the reaction in
Scheme 8 is solely responsible for the formation of new carb-
oxylic acid end groups and its rate can thus be expressed
as Eq. (6),

Rsc ¼ ksc,½X�,½S� ð5Þ

d½COOH�
dt

¼ 2Rsc ¼ 2ksc,½X�,½S� ð6Þ

where Rsc: reaction rate for side chain cleavage; ksc: reaction
rate constant for side chain cleavage; [X]: concentration of re-
action species X; [S]: concentration of the polymer side chain
at time t; [S]0: initial concentration of polymer side chain
(t¼ 0).

Combining Eqs. (4) and (6), we obtain:

d½COOH�
dL

¼ ksc,½X�,½S�,½F�0
ku,½OH�a,½COOH�: ð7Þ

Based on our previous assumption that the side chain cleavage
is a slow reaction compared to end group unzipping, we de-
duce that the predominant portion of the side chain loss is
via the main chain end group unzipping reaction shown in
Scheme 5, rather than the direct cleavage reaction in Scheme
8. In addition, Nafion� is a random copolymer of tetrafluoro-
ethylene and the side chain-containing vinyl ether. Statisti-
cally, side chains are evenly distributed along the polymer
main chain. Thus, the loss fraction for the side chain and
fluorine should be equal. Eq. (3) can therefore be further
extended to Eq. (8),

L¼ ½F�0�½F�½F�0
¼ ½S�0�½S�½S�0

; ð8Þ

which leads to Eq. (9),

½S� ¼ ½S�0,ð1� LÞ ð9Þ

Substituting Eq. (9) into Eq. (7), we obtain:

d½COOH�
dL

¼ ksc,½X�,½S�0,½F�0
ku,½OH�a ,

ð1� LÞ
½COOH�: ð10Þ

Defining

ksc,½X�,½S�0,½F�0
ku,½OH�a ¼ C1; ð11Þ

Eq. (10) becomes

d½COOH�
dL

¼ C1,
ð1� LÞ
½COOH�: ð12Þ

In Eq. (11), [S]0 and [F]0 are dependent only on the polymer,
and by definition are constants for a given polymer. ku, ksc,
[X], [OH], and a are all dependent on the degradation condi-
tions, including the type of degradation (Fenton’s test, fuel
cell, OCV, H2O2 flow cell, etc.), temperature of the degrada-
tion, and so forth. Under given constant degradation condi-
tions, ku, ksc, [X], [OH], and a are all expected to remain
constant (steady state assumption). Thus, C1 would also be
constant. We further define ksc,½X� ¼ k0sc and ku,½OH�a ¼ k0u,
with k0sc and k0u being the respective apparent rate constants
for the side chain cleavage and end group unzipping reactions.
We therefore have:

C1 ¼
ksc,½X�

ku,½OH�a ,½S�0,½F�0¼
k0sc

k0u
,½S�0,½F�0: ð13Þ

Eq. (13) reveals the physical meaning of C1, which is that the
value of C1 is proportional to the apparent rate constants be-
tween side chain cleavage and main chain unzipping. For
Eq. (12), it is equivalent to:

½COOH�,d½COOH� ¼ C1,ð1� LÞ,dL;

which on integration becomes

Z½COOH�

½COOH�0

½COOH�,d½COOH� ¼ C1,

ZL

0

ð1� LÞ,dL

with [COOH]0 being the initial concentration of carboxylic
acid end groups on the polymer, which further leads to:

½COOH� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½COOH�20þC1,L,ð2� LÞ

q
: ð14Þ
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Eq. (14) is the most significant result of this kinetic modeling
exercise. It quantitatively links the Nafion� fluorine fractional
loss (L) and the concentration of the polymer carboxylic acid
end groups [COOH] to C1, which is proportional to the ratio of
apparent rate constants between the side chain cleavage and
the main chain unzipping reactions.

In the extreme, C1 equals to 0 means that the side chain
cleavage reaction does not occur. Eq. (14) then becomes:

½COOH� ¼ ½COOH�0: ð15Þ

This equation implies that the concentration of the carboxylic
acid end groups remains constant in the absence of the side
chain cleavage initiation mechanism, which is consistent
with our qualitative expectation.

3.3. Correlation of the end group measurement by
infrared spectroscopy to the kinetic model

In principle, Eq. (14) allows us to calculate C1 based on
measured values of [COOH], [COOH]0, and L. Measuring L
can be accomplished by either the conventional fluoride ion
water analysis or an electron probe microanalysis (EPMA)
method that we recently developed [15].

Quantitative measurement of the carboxylic acid end
groups, however, is quite challenging, because of its very
low fraction as the result of typical high molecular weights
of Nafion [13,14]. Nevertheless, a method based on infrared
(IR) analysis of membranes exchanged with metal ions has
been used most often [5]. During the ion exchange process,
small molecules such as molecule A are leached out of the
membrane; thus, the IR method measures only the carboxylic
acid groups attached to the polymer. Without knowing both the
degraded membrane thickness and the molar extinction coeffi-
cients for the species of interest, the IR method does not mea-
sure directly the number of the carboxylic acid groups.
Instead, it measures the relative number of carboxylic acid
groups compared with the number of ether side chain groups.
This is derived from the IR band ratio between 1691 cm�1 and
983 cm�1, which correspond to the carboxylic acid potassium
salt and the side chain ether CeOeC stretching bands, respec-
tively. In effect, the IR band at 983 cm�1 is used as an internal
reference for the analysis of the carboxylic acid end groups.

Based on Beer’s law, we have:

A1691 ¼ 3COOK,b,
�
NCOOK=Vp

�
ð16Þ

and

A983 ¼ 3S,b,
�
NS=Vp

�
ð17Þ

where A1691 and A983 are the IR peak absorbance values at
1691 cm�1 and 983 cm�1, respectively. 3COOK and 3S: the mo-
lar absorptivities for the carboxylic acid potassium salt and the
size chain, respectively; NCOOK and NS: are the number of
moles of the carboxylic acid potassium salt and the side chain
in the polymer, respectively; and Vp is the volume of the dry
polymer membrane.
Of course, the number of moles of the carboxylic acid po-
tassium salt is equal to the number of moles of the carboxylic
acid groups prior to the ion exchange. Therefore,

NCOOK

NS

¼ NCOOH

NS

; ð18Þ

with NCOOH and NS representing the number of carboxylic
acids and side chains on the polymer, respectively. With the
earlier definitions of [COOH] and [S], we also have:

½COOH�
½S� h

NCOOH=V

NS=V
¼ NCOOH=Vp

NS=Vp

h
NCOOH

NS

: ð19Þ

From Eqs. (18), (19), and (9), we obtain

NCOOH=Vp

NS=Vp

¼ ½COOH�
½S� ¼ ½COOH�

½S�0,ð1� LÞ: ð20Þ

Defining

R¼ A1691

A983

ð21Þ

and substituting Eqs. (16), (17), and (20) into Eq. (21), we
obtain:

R¼ 3COOK,b,NCOOK

3S,b,NS

¼ 3COOK

3S

,
½COOH�
½S�0,ð1� LÞ ¼ C2,

½COOH�
ð1� LÞ :

ð22Þ

with

C2 ¼
3COOK

3S,½S�0
: ð23Þ

Eq. (22) is equivalent to Eq. (24),

½COOH� ¼ R,ð1� LÞ
C2

: ð24Þ

When L¼ 0, Eq. (24) becomes Eq. (25),

½COOH�0¼ R0=C2: ð25Þ

Substituting Eqs. (24) and (25) into Eq. (14), we obtain:

R,ð1� LÞ
C2

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
R0

C2

�2

þC1,L,ð2� LÞ

s
: ð26Þ

Squaring both sides of Eq. (26) and rearranging, we get:

R2 ¼�C1,C2
2 þ
�
R2

0þC1,C2
2

�
,

�
1

1� L

�2

: ð27Þ

In the absence of side chain cleavage (i.e., C1¼ 0), Eq. (27)
becomes:

R¼ R0

1� L
: ð28Þ
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Substituting Eqs. (13) and (23) into C1,C2
2, we have:

C1,C2
2 ¼

k0sc

k0u
,½S�0,½F�0,

�
3COOK

3S,½S�0

�2

¼
�

3COOK

3S

�2

,
½F�0
½S�0

,
k0sc

k0u
:

ð29Þ

We further define:

Ci ¼
�

3COOK

3S

�2

; ð30Þ

Cp ¼
½F�0
½S�0

; ð31Þ

and

Ck ¼
k0sc

k0u
: ð32Þ

Substituting Eqs. (30)e(32) into (29), we have

C1,C2
2 ¼ Ci,Cp,Ck: ð33Þ

Based on their definitions (Eqs. (30)e(32)), Ci, Cp, and Ck are
all unitless constants that are dependent on the infrared analy-
sis conditions, the polymer structure, and the degradation reac-
tion conditions, respectively.

For a given polymer, Cp can be calculated from the polymer
structure. Ci can be determined by measuring the individual
molar absorptivity using model compounds that mimic the
chemical environment of the actual species. For polymers
with the same structure and which are analyzed under the
same infrared conditions, both Ci and Cp are constant. Thus,
C1,C2

2 would be proportional to Ck based on Eq. (33). Under
such a circumstance, determining Ci is not necessary for quan-
titative comparison of different degradation conditions and we
consider its determination out of the scope of this paper.

3.4. Experimental validation of the model

Eq. (27) suggests that, for a given polymer degraded for dif-
ferent times under otherwise identical conditions, a plot of R2

versus 1/(1� L)2 should yield a straight line with its slope and
intercept equal to R2

0 þ C1,C2
2 and �C1,C2

2, respectively.
As for R0, it refers to the R value of a non-degraded poly-

mer within which all weak end groups are in the form of carb-
oxylic acid. Practically, a non-degraded polymer always has
some non-carboxylic acid weak end groups. Therefore, R0

cannot be directly measured. However, Eq. (28) does suggest
an experimental method to determine R0: that is, in the ab-
sence of side chain cleavage, the measured R equals roughly
to R0 if L is small. As stated earlier in Section 1, there is suf-
ficient evidence in the literature to suggest that under Fenton’s
test conditions, the dominant degradation mechanism is end
group unzipping and the side chain cleavage is negligible
[6,7]. Under such circumstance, R0 can be determined by mea-
suring the R value of Fenton’s tested PFSA samples with insig-
nificant weight loss.
Accordingly, a membrane sample was degraded under Fen-
ton’s test conditions listed in Section 2. The sample had a fluo-
rine loss of 3% based on fluoride ions detected in the test
solution by ion chromatography. After potassium ion ex-
change, an R value of 0.0228 was obtained by micro-IR anal-
ysis, resulting in a value of 0.00052 for R2, which is taken
as R2

0.
For the two fuel cell-degraded MEA samples, their fluorine

losses (L) were 12.2% and 28.0%, respectively, obtained by
post-mortem electron probe microanalysis [15]. After ion-
exchange, micro-IR spectra [16] were acquired for at least
10 different spots of each membrane sample. The representa-
tive infrared spectra of all the degraded membrane samples are
shown in Fig. 1. The corresponding R values were obtained
from the IR spectra and the average R values of all the mea-
surements for the two fuel cell-degraded samples were
0.0520 and 0.0815, respectively.

The R2 (L¼ 0) measured for the Fenton’s test degraded
sample and the R2 values for the two fuel cell-degraded sam-
ples are plotted against 1/(1� L)2 in Fig. 2. A linear curve fit-
ting results in the trend line in Fig. 2, with a standard deviation
of 0.9981. The fact that the standard deviation is very close to
1 validates the kinetic model developed in this work. The

Fig. 1. Infrared spectra of Kþ ion exchanged degraded membranes. Upper: the

full spectrum of the fuel cell-degraded membrane (L¼ 28.0%); bottom: nor-

malized carbonyl bands (1691 cm�1) for three degraded membranes ((a) the

Fenton’s degraded sample; (b) the fuel cell-degraded sample with

L¼ 12.2%; (c) the fuel cell-degraded sample with L¼ 28.0%).
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slope and intercept of the fitted linear line are 0.0065 and
�0.0059, respectively. Based on Eq. (27), we obtain the value
of 0.0059 for C1,C2

2 and the value of 0.0006 for R2
0, the latter

of which is in good agreement with the assumed R2
0 from the

Fenton’s tested sample (0.00052).
As stated earlier, Eq. (33) suggests that, for degraded poly-

mer samples possessing the same chemical structure and ana-
lyzed under the same infrared analysis conditions, C1,C2

2 is
linearly proportional to Ck. Essentially, Eqs. (27) and (33) es-
tablish the basis to experimentally quantify Ck, which is the
ratio between the apparent rate constant of the side chain
cleavage reaction and that of the main chain end group unzip-
ping reaction.

3.5. Applicability of the kinetic model

The data in Fig. 2 demonstrate the validity of the kinetic
model established in this work. We note that this kinetic model
is based on the unique mechanism by which PFSA polymers
degrade. Thus, it is not applicable to ionomers which degrade
via an entirely different mechanism, such as hydrocarbon ion-
omers. The usefulness of the kinetic model can be realized by
extending this model to PFSA polymers degraded under a va-
riety of conditions. By doing so, quantitative knowledge can
be obtained on how polymer degradation conditions (e.g.
fuel cell operating conditions such as temperature, humidity,
etc.) affect the two degradation initiation mechanisms (weak
end group vs. side chain cleavage). In the following section,
we demonstrate the applicability of the kinetic model under
a variety of scenarios.

For illustration purposes, the experimental data and fitted
curve in Fig. 2 were replotted in Fig. 3 for use as the baseline.
The fitted baseline curve in Fig. 3 was extrapolated to 1/
(1� L)2¼ 0 in order to visually illustrate the Y-intercept value
of C1,C2

2 (R2 ¼ �C1,C2
2 when 1/(1� L)2¼ 0). We note that L

represents the fractional loss of fluorine, the value of which

R
2= 0.0065/(1-L)2 - 0.0059

0

0.002

0.004

0.006

0.008

1 1.2 1.4 1.6 1.8 2
1/(1-L)

2

R
2

Fig. 2. Determination of C1,C2
2 and R2

0.
should be in the range of 0e1. Accordingly, the value of 1/
(1� L)2 is in the range between 1 and N. In the analysis
that follows, the value of 1/(1� L)2 below 1 is therefore prac-
tically inaccessible, but mathematically meaningful for obtain-
ing the kinetic constant C1,C2

2.

3.5.1. Side chain cleavage versus weak end group initiation
For the same PFSA polymer degraded under different con-

ditions and analyzed under the same infrared conditions, Ci

and Cp are identical. The extent of the side chain cleavage
initiation reaction (Scheme 8) relative to the weak end group
initiation (Scheme 2) (Ck) is directly reflected in C1,C2

2 based
on Eq. (33).

Since, in the current discussion, the polymer structure in-
cluding the end groups is the same, R0 remains unchanged.
We assume three different scenarios:

(1) No side chain cleavage initiation, only weak end group
initiation:

C1,C2
2 ¼ 0, R2

0 ¼ 0:0006 (the baseline value), Eq. (27)
becomes:

R2 ¼ 0:0006=ð1� LÞ2: ð34Þ

(2) No weak end group initiation, only side chain cleavage
initiation:

C1,C2
2 ¼N, R2

0 ¼ 0:0006, the slope in Eq. (27) is equal to
infinity. Since all end groups become stable, ku is equal to
0 and Eq. (7) and all the subsequent equations become mean-
ingless. In this case, the kinetic model is not applicable. In re-
ality, the number of PFSA polymer weak end groups can be
significantly reduced by polymer post-treatment [7], but the
complete removal of weak end groups is nearly impossible
from a synthetic chemistry standpoint.

(3) Side chain cleavage 50% faster:

-0.015

-0.01

-0.005

0

0.005

0.01

0 0.5 1 1.5 2

1/(1-L)
2

R
2

Experimental data (baseline)
Simulated no side chain initiation
Simulated side chain cleavage 50% faster

Fig. 3. Effect of the extent of side chain cleavage.
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C1,C2
2 ¼ 0:0059� 1:5 ¼ 0:0089, R2

0 ¼ 0:0006. According
to Eq. (27), Eq. (35) is obtained:

R2 ¼ 0:0095=ð1� LÞ2�0:0089: ð35Þ

Eqs. (34) and (35) are used to generate the two simulated
curves in Fig. 3, respectively. All three curves in Fig. 3 meet
at 1/(1� L)2¼ 1 since R2

0 is the same. With values of R2 at
1/(1� L)2¼ 0 and the slopes equal to �C1,C2

2 and
(R2

0 þ C1,C2
2), respectively, the slope increases and the inter-

cept at 1/(1� L)2¼ 0 decreases when more and more severe
side chain cleavage initiation occurs relative to the amount
of weak end group initiation.

3.5.2. Impact of polymer structure
Assuming that the degradation conditions and infrared

analysis conditions remain constant (i.e., both Ci and Ck re-
main unchanged), we illustrate below the impact of PFSA
polymer structures on both R2

0 and C1,C2
2.

(1) Reducing the polymer molecular weight by 50% (or dou-
bling the number of weak end groups):

Combining Eqs. (23) and (25), we obtain:

R0 ¼
3COOK

3S

,
½COOH�0
½S�0

: ð36Þ

In Eq. (36), halving the molecular weight increases the
[COOH]0 by a factor of two. This has the effect of doubling
R0, based on Eq. (36). This change does not impact Ci, Cp,
and Ck based upon their definitions (Eqs. (30)e(32)); there-
fore, C1,C2

2 remains unchanged. Using the baseline R2
0 and

C1,C2
2 values, the values corresponding to this change are:

R2
0 ¼ 0:0006� 22 ¼ 0:0024, C1,C2

2 ¼ 0:0059. This would
lead to:

R2 ¼ 0:0083=ð1� LÞ2�0:0059: ð37Þ

Instead of reducing the molecular weight, doubling the num-
ber of weak end groups on the same molecular weight polymer
would result in the same outcome and is completely equiva-
lent. This impact of reducing the polymer molecular weight
by 50% or doubling the number of weak end groups is further
demonstrated in the R2 versus 1/(1� L)2 curve simulated using
Eq. (37) (shown in Fig. 4 along with the baseline curve).

(2) Increasing polymer EW by 20%:

In developing our kinetic model, we assumed that the con-
tribution of molecule A to the formation of both new carb-
oxylic acid end groups and fluoride ions was negligible. The
validity of these two assumptions depends on the EW of the
polymer, which in the baseline case is 1100. Any increase in
EW should not impact the validity of these assumptions, but
significant reduction of EW may. We hereby assume a case
with a polymer of EW 20% higher than the baseline case.
This increase in EW leads to a 20% reduction in the number
of side chains [S]0. According to Eq. (36), R0 increases by
20%. The new value of R2

0 is thus equal to
0.0006� (1þ 20%)2 z 0.0009. Based on the definition of
Cp (Eq. (31)), such a reduction of [S]0 leads to the increase
of Cp by 20%. Since Ci and Ck remain unchanged, C1,C2

2

also increases by 20% to 0.0059� (1þ 20%)¼ 0.0071. Input-
ting the new values R2

0 of C1,C2
2 into Eq. (27), we obtain:

R2 ¼ 0:0080=ð1� LÞ2�0:0071: ð38Þ

Once again, a curve is simulated using Eq. (38) and plotted in
Fig. 4, which shows that both R2

0 of C1,C2
2 change as a result

of increasing the polymer EW.
The above theoretical case study shows how knowledge about

the degradation mechanism can be extracted from the kinetic
model established in this work. The case study on the impact
of polymer structure reminds us that special care must be taken
when comparing PFSA polymers of different structures. By ap-
plying the kinetic model to future experimental data, knowledge
can be gained to guide us in how best to improve the durability of
PFSA-based PEM by either operating fuel cells under conditions
which minimize the side chain cleavage reaction or designing
new PFSA polymers with more stable side chains.

4. Conclusions

PFSA chemical degradation in various degradation environ-
ments proceeds via the same carboxylic acid end group unzip-
ping mechanism. These carboxylic acid end groups can
originate from the weak polymer end groups and/or the side
chain cleavage reaction, depending on the specific degradation
conditions. These two degradation initiation mechanisms are
difficult to distinguish for PFSA degradation in fuel cells,
due to the system complexity. In this paper, the PFSA chem-
ical degradation reaction mechanism and kinetics are re-
viewed. Under a series of carefully considered assumptions
and approximations, Eqs. (14), (27), and (33) are obtained
which quantitatively distinguish the side chain cleavage and

-0.01

-0.005

0

0.005

0.01

0 0.5 1 1.5 2

1/(1-L)
2

R
2

Experimental data (baseline)
Simulated 50% lower molecular weight
Simulated EW 20% higher

Fig. 4. Effect of polymer structure.
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the main chain carboxylic acid unzipping reactions. Infrared
spectroscopy was used to measure the carboxylic acid end
groups of degraded polymers. The IR data (R) coupled with
the ionomer fluoride loss data (L) validate the kinetic model,
and the corresponding kinetic constant C1,C2

2 is obtained.
Theoretical case studies based on Eqs. (27) and (33) are con-
ducted to illustrate the usefulness of the kinetic analysis. The
kinetic model established in this work can be used as a univer-
sal tool to elucidate the PFSA chemical degradation mecha-
nism in various degradation environments including fuel
cells. The benefit of this work can and will only be realized
by extending the kinetic model to PFSA polymers degraded
under various conditions (e.g. fuel cell operating conditions).
Ultimately, the potential impact of this work lies in providing
guidance in improving PFSA durability through purposeful
molecular design of new PFSA materials or operating fuel
cells under favorable conditions.
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