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The degradation mechanism induced by radicals was investigated for Nafion®-117 by solution analysis.
Nafion® was exposed independently to three kinds of radicals, OH*, H* and O,°~ which were produced
separately by vy-irradiation. Based on the eluted elements, the scission site in the membrane was ana-
lyzed. The results showed that the scission site was classified into two and these locations were closely
relating to oxidative and reductive reactions. The decreasing rate of proton conductivity was more signif-
icant under the influence of reductive radicals. The progression of the unzipping reaction of main chain
was suggested to be initiated by the production of tertiary carbon radical by reductive radicals such as
H* and O,°*~ with the aid of OH*. The structural degradation such as collapse of cluster and the clus-

PEM ter decomposition as well as the performance degradation was found to be initiated by such reductive

Solution analysis radicals.
Radical

y-Irradiation
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1. Introduction

To promote fuel cell technology, there are many subjects to
be resolved such as dissolution of the platinum [1,2], impurities
acting [3,4] and degradation of electrolyte membrane to achieve
stable operation with long life. In particular, degradation of poly-
mer electrolyte membrane fuel cell (PEMFC) has been regarded as
the major factor [5], and many attempts have been devoted to the
elucidation of its degradation mechanism. Degradation process of
PEMEFC can be classified into two types; mechanical degradation
due to repetitive swelling and shrinking associated with variation
of temperature and humidity, and chemical and/or electrochemi-
cal degradation due to radicals produced via catalytic reaction of
platinum. Such chemical degradation is generally thought to play
the most important role in the degradation process of PEMFC [5-7].
The radicals such as hydroxy radical (OH*), hydrogen radical (H*),
peroxy radical (OOH*) have been thought to be the basic radicals
responsible for degradation [8]. Especially a series of formation of
these radicals is initiated by OH*. There are two kinds of process to
produce OH® [5]. One is the direct formation from H; and O, gasses
with platinum catalyst on the electrode and the following reactions
to produce H* and OOH" are free from hydrogen peroxide [5,7]. The
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other is the decomposition of hydrogen peroxide produced by two
electron reduction reaction shown bellow [6,9,10]:

03 +2H" +2e~ — H,0,
H202 — 20H°

H,0, + HO* — HOO* + H,0

Besides formation mechanism of such radicals, OOH* and H*
were detected by ESR measurement in fuel cell testing [6,11].
Superoxide anion (0,°~) was also detected with ESR measurement
for the membrane exposed to the Fenton reagent based on Ti (III)
[11,12]. Though O,°~ itself might be ignorable in usual fuel cell
operation [6], because it was observed only in dry membrane and
in low pH condition, it would be valuable to examine the influ-
ence of O,*~ on PEMFC. These radicals could be responsible for the
polymer decomposition, leading to pinhole formation on the poly-
mer electrolyte surface, depression of proton conductivity, further
gas crossover [13]. Fenton reaction is well-known degradation test
related to radicals and expressed as follows [14,15]:

H,05 + Fe(ll) — Fe(Ill) + HO®* + HO~
Fe(Il) + O, <> Fe(Ill) + Oy*~

HO* + H,0, — HOO® + H,0
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Fig. 1. Chemical structure of Nafion.

However, the radicals produced in Fenton reaction are not
exactly the same as the species produced in practical fuel cell opera-
tion [16] and multiple reactions including not only radicals but also
cations would take place simultaneously, making the analysis of
the pathway toward degradation difficult. Even in case of practical
fuel cell operation, multiple reactions would take place through the
successive reactions such as OH® +H, — H* +H,0, H* + 0, — HOO®".
Evaluation of reactivity of each radical species with polymer elec-
trolyte is very important to elucidate the degradation mechanism
of polymer electrolyte. The degradation mechanism only due to
OH* has been investigated with UV irradiation on hydrogen per-
oxide solution with PEMFC [17], however the direct observation of
degradation process due to other radicals seems not so easy because
of the presence of counter ions and/or coexisting radicals.

In our previous studies, the degradation process of Nafion®-117,
which is typical perfluorosulfonic acid membrane manufactured
by DuPont, was investigated by using Fenton reaction, heat treat-
ment and y-irradiation [18,19]. In this study, the produced radical
species were found to be different among these degradation test.
One of the remarkable results obtained in the degradation test due
to y-irradiation was that the amount of the eluted chemical species
strongly influenced by the surrounding condition of PEMFC during
vy-irradiation, i.e., the membrane was damaged more by the radi-
cals produced in the solvent by y-ray (indirect effect) rather than
those produced directly on the polymer chain (direct effect) [18].
The results suggested that the initiation of degradation due to rad-
icals such as OH* and H*, and the following pathway were possibly
analyzed by producing such radicals selectively in the solution of
PEMEFC by +y-irradiation. This method has advantages of without
bothering with cationic reactions and multiple reactions, which
are induced by the presence of hydrogen peroxide and catalyst.
Direct generation of OH*® from bound water in the membrane would
always take place during vy-irradiation. This amount would not be
ignored but can be regarded as smaller compared to the amount of
another kinds of radicals produced in solvent, since their concen-
tration is regarded as less than about 20 wt% for Nafion [20]. The
objectives of the present research were to examine the reactivity of
each radical with PEMFC and to find vulnerable site to the attack of
radicals, to elucidate the degradation mechanism of the PEMFC. The
radiation damage on PEMFC, especially Nafion, has been reported
elsewhere [21-23], however in our study, y-ray was used only
as the tool to produce special kind of radical selectively, and our
attention was focused on the following individual radical-induced
reactions.

2. Experimental
2.1. Sample preparation

Nafion-117 was used as PEMFC. The chemical structure of
Nafion is shown in Fig. 1. The membrane were pretreated with

conventional process before irradiation; successive immersion in
3% H,05 solution, ultrapure water, 1M sulfuric acid solution and
ultrapure water for 1h each. Radicals such as OH*, H* and O,°~,
were selectively produced by vy-irradiation in solutions, where the
radicals were able to be generated quantitatively and uniformly
proportional to absorbed dose. Hydroxy radical has been thought
to be a principal factor of degradation. It was generated in N,O
saturated water through the reaction shown bellow [24] and the
membranes were exposed to OH® during irradiation.

€aq” +N20 + Hy,0 — OH* + N, +OH~ (1)

0,°~ and H* were generated by <y-irradiation in O, saturated
water and Ar saturated acid (pH 2), respectively [25,26]. Each pro-
cess is expressed as follows:

€aq” +02— OH* + 0y~ (2)
eaq” +Ht - H* 3)

0.5 M tert-BuOH was added to these solutions so as to scavenge
OH* to generate each radical selectively [27,28]. According to the
reactions shown from (1) to (3), therelative production ratioamong
the generated radical species is able to be evaluated based on the G
values in water radiolysis, which is the number of product formed
by absorbing energy of 100 eV. The G values are 2.72 for OH*, 2.63
for eaq~ and 0.55 for H® [29].

OH* : 0,°~: H*=(2.72 + 2.63):2.63:(2.63 + 0.55) ~ 2:1:1.2

Production rate of OH* is almost twice that of other radicals.
Nafion (25 mm x 25 mm, 12 pieces) was soaked in 50 mL aqueous
solutions prepared according to the procedure mentioned above.
The absorbed dose was varied from 0.01 kGy to 1 MGy. The irradi-
ation time was 3 h at low absorbed dose (0.1-100 kGy), while 96 h
at high absorbed dose (1 MGy). The absorbed dose was measured
by Fricke dosimetry [30].

2.2. Analysis of proton conductivity and eluted species in
solutions

The performance of polymer electrolyte after irradiation was
evaluated by proton conductivity measured by impedance meter
(HIOKI, 3532-80) with four-probe method [31]. The irradiated solu-
tions after taking out the samples were analyzed to evaluate the
fragments eluted from polymer electrolyte. Solution analysis is
proved to be sensitive and effective in our previous study [18].
The fragment eluted from polymer electrolyte would contain fluo-
rine ion, carbon and sulfur. The eluted chemical components were
analyzed by the following methods; fluorine ion and sulfate ion
by ion chromatograph (DX-120, Dionex), organic carbon by total
organic carbon (TOC) analyzer (IC-V CSH, SHIMADZU) and sulfur
by inductively coupled plasma atomic emission spectrometry (ICP-
AES) (ICPS-7500, Shimadzu). Proton concentration in the solution
was calculated from pH value. The structural change was evalu-
ated by quantifying these eluted species. The solutions in which
0,*~ and H* were generated, were evaporated at 85 °C to remove
t-BuOH, and then the eluted species were dissolved again in 50 mL
of ultrapure water.

2.3. Computational analysis

Computational analysis based on molecular orbital theory was
also made with MOPAC version 3.9.0. The structure of Nafion was
optimized by the PM5 semi-empirical parameters. The chemical
properties such as electron density, highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO), for-
mation energy of molecules were evaluated.
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Fig. 2. Proton conductivities of Nafion exposed to several radicals together with
non-irradiated Nafion.

3. Results and discussion
3.1. Degradation measurement by proton conductivity

The proton conductivities of Nafion exposed to each radical at
1 MGy are shown in Fig. 2 together with non-irradiated Nafion
denoted by “standard”. The decrease of proton conductivity was
not observed up to absorbed dose of 100 kGy, but was observed at
1 MGy for every samples exposed to different kinds of radicals. In
particular, the significant decrease of performance was observed
for the samples exposed to O,*~ and H*. It should be noted that the
performance of membrane was differently affected by the radical
species to which the membrane exposed.

3.2. Scission due to radicals

Presence of eluted fluorine ion in solution is closely related with
the degradation of perfluorosulfonic acid membrane prompted by
polymer decomposition, and the amount of fluorine ion has been
adopted as a measure of degradation level [32,33]. The eluted
amounts of chemical species in the solution from Nafion under OH*
generated condition are shown in Fig. 3 as a function of absorbed
dose. Every species including fluorine ion were increased with
increase of absorbed dose. Proton concentration calculated from pH
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Fig. 3. The amount of dissolved species under exposure to OH* as a function of
absorbed dose.
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Fig. 4. The amount of dissolved species under exposure to reductive radicals as a
function of absorbed dose.

value was also increased, indicating the formation of hydrogen flu-
oride. The dependencies of the amount of eluted chemical species
from Nafion under O,°~ and H* generated conditions on absorbed
dose are shown in Fig. 4. Similar behavior was observed for every
eluted chemical species except fluorine and hydrogen ions. As the
solutions where O,°~ and H®* were generated, were evaporated
once to remove t-BuOH, hydrogen fluoride (boiling point is 19.5 °C)
in the solutions was expected to evaporate together, making the
quantitative analysis for the concentrations of proton and fluorine
iondifficult. Though the amount of generated OH*® was almost twice
that of other radicals, as shown in Section 2.1, the amount of eluted
carbon in OH* generated solution (A) was similar to that in H* gen-
erated solution (B) but was almost half of that in O,*~ generated
solution (C). On the other hand, the amount of sulfuric ion in the
solution (A) was similar to that in the solution (C) but half of that in
the solution (B). It is difficult to evaluate reactivity of each radical
with polymer chain without knowing reaction pathway. However,
if the location of cleavage of polymer chain depends on radical
species, the mole ratio of carbon to sulfur (C/S) could be a suit-
able index to evaluate the scission sites of polymer side chain [18],
since sulfur is exclusive to the terminal in side chain. For instance, as
Nafion has two ether bonds in the side chain, if the cleavage occurs
at the ether bond near main chain (“a” in Fig. 1), C/S would be 5,
while the cleavage occurs at the terminal ether bond (“b” in Fig. 1),
C/S would be 2. As shown in Table 1, C/S was around 2.6 under
OH* generated condition below 100 kGy. This value suggests that
the scission at the terminal ether bond in side chain was dominant.
On the other hand, the values of C/S under O,*~ and H* generated
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Fig. 5. Optimized geometry of Nafion and their molecular orbitals: (a) HOMO and (b) LUMO.

a
)
Table 1
Mole ratio of C to S.
OH* 0y~ H*
10kGy 2.5 4.1 5.7
50kGy 2.6 6.0 5.4
100 kGy 2.7 5.1 5.9

condition below 100 kGy were almost more than 5 for each radi-
cal species. This value indicates that the whole side chain elution
took place for these radicals. Thus which ether bond on side chain
is damaged dominantly depends on the radical species to which
Nafion is exposed.

Although perfluorosulfonic acid membranes show high chem-
ical stability due to high C-F bond energy, it is widely accepted
that the degradation based on unzipping mechanism due to the
partially fluorinated end groups [34,13,35]. This degradation pro-
cess is induced by the attack by OH* to an end group carboxyl acid,
followed by hydrogen atom abstraction shown in the following
reaction:

-CF,COOH + 20H* — -COOH + CO; + 2HF

In our results, C/S was around 2 for the attack by OH*. If unzip-
ping of main chain was proceeded simultaneously as a dominant
degradation process, the mole ratio would become larger. Thus it
is reasonable to ignore this process in this context.

3.3. Investigation of radical reactivity by computational analysis

The solution analysis showed that the cleavage at the terminal
ether bond in side chain was mainly responsible for the attack by
OH?*, while the cleavage at the ether bond aside of tertiary carbon in
main chain was mainly caused by O,°~, H*. As OH* is oxidative radi-
caland O,*~,H* have reductive ability [ 36-38], the radical reactions
associated with such radicals were supposed to be related with
the oxidation-reduction reaction. On the basis of frontier orbital
theory, highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) play important roll to ini-
tiate electrophilic reaction and nucleophilic reaction. Namely, OH®
is expected to be reactive around HOMO, while O,*~ and H* are
expected to be reactive around LUMO. The HOMO and the LUMO
in Nafion are shown in Fig. 5. Fig. 5 shows that the HOMO and the
LUMO are widely distributed around terminal bond in side chain
and near main chain, respectively. That is, the reactions associ-
ated with oxidative radicals and reductive radicals are expected
to take place dominantly around the terminal ether bond in side
chain and around the ether bond near main chain, respectively.
Furthermore, for the configuration shown in Fig. 5, the leading part
of HOMO orbital is relating to the carbon which is located at the

right hand side of the terminal ether bond denoted by “b” in Fig. 1,
while that of LUMO is in the orbital of the tertiary carbon in main
chain.

3.4. Degradation mechanism triggered by radicals

It is well-known that the one of the degradation process of
Nafion originates in the termination of main chain with carboxyl
group, as shown above. However the possibilities of degrada-
tion mechanism attributed to side-chain decomposition are also
reported [39,40], and this side-chain decomposition was confirmed
by an in situ study of perfluorosulfonic acid membranes with solid-
state NMR spectroscopy [41]. Our results also insist the validity of
this model.

The reaction mechanism of each kind of radicals in the range
below 100 kGy, are able to be explained based on frontier orbital
theory, as shown in the previous section. Though the slight mis-
match was observed, this could be attributed to the orbital spread
over several atoms. The location attacked by OH* is the ether bond,
whose energy is weak compared to that of C-C bond [42], and the
structure shown in Fig. 6(A) would be formed. The mole ratio of C/S
dropped to 1.5 for the solution (A) with dose of 1 MGy (Table 2). This
change in C/S is not explained well at this moment, but some possi-
bilities can be shown; the distribution of HOMO was changed from
ether bond to C-S bond due to structural change brought by disso-
ciation of sulfonic groups or due to production of new radicals on
side chain, or hydrogen bonds were greatly influenced by nonlin-
ear increase of OH*, resulting in the form shown in Fig. 6(B). Indeed,
the C-S bond is the weakest in the side chain [43] and the cleavage
of the C-S bond was indicated from the detection of -O-CF,-CF,*

— CF,CF,CF,CFCF,CF—
|
OCF2(|ZFOCF2CF2503H

CFy

Oxidative radicals, Reductive radicals

— CF,CF,CF,CFCF,CF— — CF,CF,CF,C CF,CF, —
]OCFZCFO . (‘)szcpocgcpzso}ﬂ
® &, = b
— CF,CF,CF,CFCF,CF;—
6CF2CFOCF2CF2 :
B) CF,

Fig. 6. The degradation mechanism triggered by radicals.
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Table 2
Released amount of C and S, and the mole ratio of C to S (1 MGy).

Produced radicals

OH* 0y~ H*
Release amount (mmolg~")
C 0.173 0.454 0417
S 0.112 0.064 0.059
Mole ratio
cst 1.5 7.1 7.1

radical in the ESR measurements on UV-irradiated membranes in
H, 0, solutions [12,44]. But once such dissociation happens at side
chain, unzipping reactions are thought be proceeded [5], which
contradicts the observation. This point have to be studied further.

On the other hand, the cleavage of whole side chain was indi-
cated under the presence of reductive radicals such as O,*~ and
H* from the results of solution analysis and molecular orbital
calculation. In ESR measurements for UV-induced Fenton treated
membranes, the production of tertiary carbon radical in backbone
(Fig.6(C))is alsoreported [12,44]. The formation mechanism of ter-
tiary carbon radical can be shown by the reductive radical reaction
with C-F bond, followed by the cleavage of ether bond near main
chain. Moreover, as shown in Table 2, C/S was 7.1 at 1 MGy for the
solutions (B) and (C). This could be explained by the progression of
unzipping reaction in main chain, but it seems not to be advanced.
This is because the unzipping might be promoted by the residual
OH* produced by +y-irradiation in case of higher dose.

3.5. The influence of polymer decomposition on the proton
conductivity

The decreasing of proton conductivity due to y-irradiation was
observed at 1 MGy, especially under O,°*~ and H* generated con-
dition. Nafion has PTFE backbone of hydrophobic and side chain
terminated with hydrophilic sulfonic group, which are phase-
separating and then forming cluster structure [45]. The high proton
conductivity of such membrane is due to these networked ionic
clusters, and the proton conductivity is thought to depend on the
number of sulfonic group [13]. As shown in Table 2 and Fig. 2, the
desorption of sulfonic group was expected from the high amount
of eluted sulfur under OH*® generation, however the decreasing rate
of proton conductivity was the lowest in spite of the product of OH®
being almost twice as shown in Section 2.1. Meanwhile, under O,*~
and H* generation, the depression of proton conductivity was sig-
nificant and the cleavage of main chain was expected from higher
carbon elution. Indeed, estimated from ion exchange capacity of
non-irradiated Nafion to be about 0.9 mequiv. g~ [46] and Table 2,
the eluted rate of sulfonic groups due to 1 MGy irradiation were
about 12% for OH* and 6% for O,*~ and H*. As shown in Fig. 2, the
decrease in proton conductivity for OH®* was about 10%, which is
almost as same as the eluted rate of sulfonic group, whereas the
significant drop in proton conductivity over 30% was observed for
0,°~ and H*. These results indicate that the decomposition of clus-
ter accompanied by the scission of main chain causes the serious
depression of proton conductivity and that the decrease of sulfonic
group is less sensitive to proton conductivity.

4. Conclusion

The radical-induced degradation mechanism of Nafion was
investigated with separately produced radicals such as OH®, O,*~
and H°* by +y-irradiation under special conditions. The side-chain
cleavages was observed for all kinds of samples, however the dif-
ferent mechanism of the side-chain decomposition was indicated
from the mole ratio of eluted carbon to sulfur; i.e., the location

of scission depends on oxidative or reductive ability of radical. The
depression of proton conductivity was not observed below 100 kGy,
whereas the depression was observed at 1 MGy and was more sig-
nificant for the samples exposed to O,*~ and H* rather than the
sample exposed to OH*, though the amount of eluted sulfuric group
exposed to O,°~ and H* was not so much compared to that of sam-
ples exposed to OH*. Furthermore, the progression of unzipping
reaction of main chain in addition to the cleavage of side chain,
which was confirmed by computational analysis, was observed
with solution analysis only for the samples exposed to O,*~ and H°.
These results indicate that the cleavage of main chain is triggered
by the tertiary carbon radical produced by reductive radicals, lead-
ing to the structural degradation such as collapse of cluster and the
cluster decomposition via performance degradation. Accordingly,
it can be said that the prevention of cluster decomposition with
main-chain cleavage is primary policy to prevent degradation.
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