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’ INTRODUCTION

Perfluorosulfonic acid (PFSA) polymers are state-of-the-art
membranes for the polymer electrolyte fuel cell (PEFC). PFSA
membranes are composed of a perfluorocarbon backbone with
pendant perfluorosulfonic acid groups, which provide robust chemi-
cal and physical properties, as well as high proton conductivity.
Several types of PFSA membranes, such as Nafion, Flemion, and
Aquivion, are commercially available. The differences among these
lie in the copolymer composition and the side chain structure and
length. Their fully fluorinated chemical structure, however, leads
to high production costs and low glass-transition temperatures.

Acid-functionalized aromatic polymers have been studied
as alternative ionomer membranes, which include sulfonated
poly(arylene ether)s, polyimides, polybenzimidazoles, and poly-
phenylenes.1�13 Most of these ionomers contain randomly dis-
tributed sulfonic acid groups on the main chains and suffer from
low proton conductivity when in a poorly hydrated state (under
low relative humidity (RH) conditions). Adequate proton con-
ductivity under low RH conditions is critical for the PEFC mem-
branes, since a minimal size of the balance of plant (BOP), achiev-
able if external humidification is not required, is beneficial for practical
fuel cell operation. Fuel cell operation at high temperature and
low RH could potentially help to realize a highly efficient, cost-
effective PEFC. Recently, there has been significant improvement
in aromatic ionomer membranes. Block copolymer architecture

and incorporationof highly sulfonated or acidicmoieties has resulted,
to a great extent, in highly developed hydrophilic/hydrophobic nano-
phase separation and improved proton conductivities at high tem-
perature and low RH.14�17 Some membranes have shown fuel
cell performance comparable to that of Nafion under low RH
conditions.18,19

Durability is another important issue for nonfluorinated
aromatic ionomer membranes. The carbon�hydrogen bonds
are often susceptible to hydrogen abstraction reactions by highly
oxidizing OH radicals, and the electron-rich ether and aromatic
groups are more likely to be oxidized than C�F bonds. These
undesirable reactions appear to be occurring during fuel cell
operation; however, detailed studies on the stability and degra-
dation mechanism under fuel cell operation are few. There have
been reports on the stability of aromatic ionomer membranes or
their model compounds by ex situ methods.20�23 Fenton’s test is
most commonly used for evaluating oxidative stability; in this test,
no aromatic ionomer membranes are able to compete with the
PFSA membranes. Nevertheless, sulfonated polyimide and poly-
(arylene ether) membranes have been found to survive 5000 h
PEFC operation tests.24�26 These results suggest that accelerated
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ABSTRACT: The stability of poly(arylene ether sulfone
ketone) (SPESK) multiblock copolymer membranes having
highly sulfonated hydrophilic blocks was tested in an operating
fuel cell. The electrochemical properties and drain water were
monitored during the test, followed by post-test analyses of the
membrane. During a 2000-h fuel cell operation test at 80 �C and
53% RH (relative humidity) and with a constant current density
(0.2 A cm�2), the cell voltage showed minor losses, with slight
increases in the resistance. In the drain water, anions such as
formate, acetate, and sulfate were observed. Post-test analyses of the chemical structure by NMR and IR spectra revealed that the
sulfonated fluorenyl group with ether linkage was the most likely to have degraded during the long-term operation, producing these
small molecules. The minor oxidative degradation only slightly affected the proton conductivity, water uptake, and phase-separated
morphology.
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ex situ tests, such as Fenton’s test, are not appropriate to predict
the durability of aromatic ionomer membranes in operating fuel
cells. One of the reasons is that the gas permeabilities of mem-
branes and the effects of electrocatalysts are not taken into account.
Therefore, in situ degradation should be more carefully investi-
gated for alternative ionomer membranes. Recently, Ericson et al.
investigated structural changes of their sulfonated styrene-grafted
poly(vinylidene fluoride) membrane after a 500 h fuel cell opera-
tion test by use of confocal micro-Raman spectroscopy.27 They
concluded that the degradation of the membrane was accelerated
on the cathode side.Thinningof themembranewas also confirmed.28

More recently, Perrot et al. investigated their sulfonated poly-
(arylene ether ketone) membrane under both ex situ and fuel cell
operating conditions.29 Their research was informative in pre-
dicting the durability of hydrocarbon-based membranes.

Recently, we synthesized a series of sulfonated multiblock
poly(arylene ether sulfone ketone)s (SPESKs) (Figure 1) with
highly sulfonated hydrophilic blocks.30 The membranes showed
distinct hydrophilic/hydrophobic phase separation, due to their
unique block structure, and therefore high proton conductivity
under a wide range of RH conditions. An H2/air fuel cell was
successfully operated with the SPESK membrane at 100 �C and
30% RH.19 In our previous papers, the synthesis, physical
properties, and fuel cell performance of the SPESK membranes
have been reported.31,32 In this article, we report long-term fuel
cell operation of the SPESK membrane. During the cell opera-
tion, the electrochemical performance was monitored, and the
drain water was analyzed. The post-test analyses of the mem-
brane were conducted via NMR and IR spectra, GPC mea-
surements, proton conducting properties, and microscopic ob-
servations. The combination of in situ and post-test analyses
provide new insight into the degradation of aromatic ionomer
membranes in operating fuel cells.

’EXPERIMENTAL SECTION

Materials. The SPESK membrane was synthesized as described
previously.19,31 The degree of polymerization of the hydrophobic (X)
and hydrophilic blocks (Y) was controlled to be 30 and 8, respectively.
The ion exchange capacity (IEC) of SPESK X30Y8 was determined by
titration to be 1.7 mequiv g�1. Carbon-supported Pt�Ru and Pt�Co
catalysts, TEC61E54 and TEC36F52, were purchased from Tanaka
Kikinzoku Kogyo.
Long-Term Fuel Cell Test and In situ Analysis of MEAs. A

membrane-electrode assembly (MEA) with an SPESK-membrane
(30 μm thick) and 36 cm2 electrode area was operated at 80 �C and
53% RH under ambient pressure. Pt�Ru anode and Pt�Co cathode
catalysts were used to prepare the respective electrodes with loading
amounts of 0.3 and 0.6 mg cm�2, respectively. Mixed gas (75%
hydrogen -25% carbon dioxide) was supplied to the anode with
70% H2 utilization. For the cathode, air was supplied with 40% O2

utilization. The cell voltage and ohmic resistance during the long-term

test were monitored by use of a digital AC milliohm tester
(MODEL3566, Tsuruga Electric Co.).

The catalyst layers were examined during the long-term test with
cyclic voltammograms (CVs) measured by a potentiostat (HZ-3000,
Hokuto-Denko). For the CV measurement of the cathode, the cathode
compartment was purged with N2 (300 mL min�1, 53% RH), while H2

gas (300 mL min�1, 53% RH) was supplied to the anode. Prior to the
potential sweep, the potential was held at the rest potential for 30 s.
Then, the potential was swept between 0.10 and 1.00 V at 10 mV s�1.
The electrochemically active surface area (ECA) was estimated from the
hydrogen adsorption charge ΔQH in the negative-going potential scan,
referred toΔQH� = 0.21mC cm�2, the value adopted conventionally for
clean polycrystalline platinum.33,34 The current at 0.40 V was subtracted
as a background current. The amount of hydrogen crossing over from
the anode to the cathode was tested by gas chromatography (GC-8A,
Shimadzu Co.). Hydrogen and nitrogen were supplied at 300 mLmin�1

to the anode and the cathode, respectively.
Drain water from the both electrodes was collected periodically

during the test, and the chemical species in the water were analyzed
by ion chromatography (IC) and total organic carbon (TOC) analysis.
The concentrations of anions were analyzed by a Dionex ICS-3000
systemwith an Ion Pac AS18 column and KOH gradient eluent. A Dionex
DX-500 system with an Ion Pac AS12A column and NaCO3�NaHCO3

mixed eluent were used for the analysis of other ions. The TOC in the
aqueous solution was measured by a Total Organic Carbon analyzer
(Toray Engineering TNC-6000).
Post-Test Analyses of SPESKMembrane. After the 2000 h fuel

cell test, the MEA was humidified at 100% RH and 80 �C for 100 h in
order to drain the chemical species remaining in the catalyst layer. Then,
the MEA was dissembled carefully for post-test analyses. The detached
SPESK membrane was cut into several pieces and analyzed as shown in
Figure S1 in the Supporting Information.

The ion exchange capacity (IEC) of the SPESK membrane was
investigated by back-titration before and after the test. A piece of SPESK
membrane was equilibrated overnight in a large excess of saturated NaCl
aqueous solution. The HCl released by ion exchange was titrated with a
standard 0.01 M NaOH aqueous solution. Water uptake and proton
conductivity of the membrane were measured before and after the test,
as previously reported.35 The molecular weight was measured by gel
permeation chromatography (GPC) equipped with two TOSOH TSK-
gel GMHHR-H and GMHHR-M columns and a Showa Denko RI-71
refractive index detector, with DMAc containing 0.05 M LiCl as the
eluent. The molecular weight was calibrated with standard polystyrene
samples. 1H and 13C NMR spectra were obtained on a Varian UNITY
INOVA 500 using deuterated dimethyl sulfoxide (DMSO-d6) as a
solvent and tetramethylsilane (TMS) as an internal reference. ATR-
FTIR spectra of the membranes were analyzed with an FTS-55A (Bio-
Rad Digilab) spectrometer. For transmission electron microscopic
(TEM) observations, the sulfonic acid groups of the membranes were
stained with lead ions by immersing them overnight in 0.5M lead acetate
aqueous solution, rinsing with deionized water, and drying in a vacuum
oven for 12 h. The stained membranes were embedded in epoxy resin,
sectioned to 90 nm thickness with a LeicamicrotomeUltracut UCT, and

Figure 1. Chemical structure of SPESK multiblock copolymers.
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images were taken on a Hitachi HD-2300C STEM with an accelerating
voltage of 200 kV. A Shimazu EPMA-1600 was used for scanning
electron microscopy (SEM) and electron probe microanalysis (EPMA)
to analyze the cross-sectional images of the membranes and elemental
distributions through the membranes, respectively. Laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses
were carried out using a Perkin-Elmer ICP-MS coupled with an ESI
Japan New Wave Research UP213 Nd:YAG laser. Detailed ICP-MS
analyses were conducted with an Agilent 4500.

An H2O2 vapor exposure experiment was conducted as previously
reported.36 The temperature of the chamber for the H2O2 vapor
exposure was controlled at 90 �C. Nitrogen gas humidified with 1 wt
% hydrogen peroxide aqueous solution was mixed with dry nitrogen to
achieve a humidity of 30% RH, and this gas stream was supplied to the
chamber. Samples were exposed to the H2O2 vapor for 100 h. The
oxidative products contained in the outlet gas were captured with
100 mL of 1 mM KOH aqueous solution.

’RESULTS AND DISCUSSION

Long-Term Fuel Cell Operation of SPESK MEA. The MEA
with SPESK membrane (30 μm thick) was operated in a fuel cell
for 2000 h at a constant current density of 0.2 A cm�2 at 80 �C
and 53%RH.To simulate practical fuel cell systemswith hydrogen
reformers, 75% hydrogen/25% carbon dioxide, and air were
supplied to the anode and cathode, respectively. The cell voltage
and resistance are plotted as a function of operation time in
Figure 2. The high proton conductivity of the SPESK membrane
resulted in a relatively high cell voltage, about 0.7 V. This cell
voltage was much higher than that for our randomly sulfonated
polyimide (0.5 V) and poly(arylene ether) (0.45 V) under similar
operating conditions.25,37 The cell voltage decreased with time
during operation, and the average decay rate was ca. 43 μV h�1.
The cell voltage recovered to some extent during the perfor-
mance evaluation after 1000 h operation. The performance
evaluation included I�V and OCVmeasurements, H2 cross-leak
test, and cyclic voltammetry (CV), all of which help to remove
water-soluble adsorbates from the catalyst, leading to perfor-
mance recovery by redistribution of water within the MEA.
Finally, the constant current density operation was stopped at
2000 h, followed by a 100 h postoperation period at 100% RH in

order to remove water-soluble residues (possible decomposition
products) from the MEA.
The ohmic resistance of the cell was nearly constant (0.20Ω cm2)

up to 1000 h and then increased slightly. The final value of the resis-
tance was 0.24 Ω cm2 at 2000 h. The cell was disassembled for
post-test analyses of the membrane.
In situ Analyses of SPESKMEAduring Long-Term Fuel Cell

Operation.During the long-term fuel cell operation, drain water
was sampled both from the anode and the cathode and was
analyzed by ion chromatography (IC) and total organic carbon
(TOC) measurements. The results are summarized in Tables S1
and S2 in the Supporting Information. Acetate and sulfate ions
were themain detected anions. The amounts of the anions released
are plotted, along with measured TOC values, as a function of
operation time in Figure 3.
At the initial evaluation (prior to the long-term operation), the

largest amounts of acetate and sulfate ions were detected both
from the anode and the cathode. It can reasonably be assumed
that the acetate ion was the degradation product of N,N-
dimethylacetamide (DMAc), which had been used as the casting
solvent and could have remained in the membrane. Apparently,
drying in a vacuum and washing with water several times did not
complete the removal of this high-boiling-point solvent. The
possible degradation mechanism of DMAc involves (1) acid-
catalyzed hydrolysis and (2) oxidation. The former reaction is
catalyzed by the sulfonic acid groups in the SPESK as follows

CH3CONðCH3Þ2 þ H2O þ Hþ f CH3COOH
þ ðCH3Þ2NH2

þ ð1Þ

The latter reaction could take place electrochemically at the
surface of the electrocatalysts (Pt�Ru at the anode and Pt�Co at
the cathode). We observed a gradual increase in the electro-
chemically active surface area (ECA) at the initial stage of
potential cycling. The lower ECA at the very beginning might
be due to the poisoning of the catalyst by DMAc adsorption.
Similar to the situation for the acetate ions, the initial release of

sulfate ions probably originated from residual sulfuric acid in the

Figure 2. Time course of (a) cell voltage at 0.2 A cm�2 and (b) cell
resistance of a fuel cell with the SPESK membrane. The fuel cell was
operated with 75% H2/25% CO2 (anode) and air (cathode) at 80 �C
and 53% RH.

Figure 3. Amounts of acetate and sulfate anions released and TOC
from (a) anode and (b) cathode as a function of fuel cell operation time.
The left vertical axis represents acetate and sulfate anions, and the right
axis represents TOC.
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membrane, which was used for the acidification in the final
process of the membrane preparation. Because the amount of
sulfate is a crucial parameter for evaluating membrane degrada-
tion, the total amount of sulfate released at each collection time
was quantified and compared with the total amount of sulfonic
acid groups in the original SPESK membrane in Table 1. At the
time of the initial cell evaluation, the amount of sulfate released
accounted for ca. 2% of the sulfonic acid groups in themembrane.
Because themembrane is unlikely to degrade in such a short time,
it was assumed that the initial release of sulfate ions was from the
residual sulfuric acid within the original membrane.
During the long-term fuel cell operation at constant current

density, a steady but low-level release of acetate and sulfate ions
was observed from the both electrodes. These anions could be
associated with the degradation of the membrane. Perrot et al.
reported a release of alkyl carboxylic acid via a phenol species
when their sulfonated model compounds, poly(arylene ether
ketone) oligomers, were exposed to H2O2 aqueous solution.

23

They proposed that ether linkages in the vicinity of sulfonic acid
groups can be oxidized by hydroxyl radicals. The SPESKmembrane
in the present report appears to have experienced a similar
degradation route. The acetate and sulfate ions released during
the fuel cell operation could result from the oxidative degradation
of the hydrophilic blocks. The total amount of sulfate ions released
during the 2000 h test accounted for merely 4.2% of the sulfonic
acid groups contained in the SPESKmembrane, under the assump-
tion that the initial release of sulfate ions (2.0%) was from the
sulfuric acid contaminant. Details are discussed below in the
section on post-test analyses of the membrane.
The electrochemical properties of the SPESK MEA were also

investigated as part of the performance evaluations during the
long-term test. Figure 4 shows CV curves of the anode and
cathode obtained at 0, 1000, and 2000 h operation, respectively.
Other parameters for the SPESK MEA are included in Table 2.
The shapes of CV curves were different comparing the anode
(Pt�Ru) and the cathode (Pt�Co). The ECA values decreased
with operation time, and the decrease was severer for the anode
than for the cathode. The decrease in ECA would be ascribed to
the degradation of the catalyst, e.g., dissolution and agglomeration

of nanoparticles. The growth of catalyst particles during long-
term testing of Nafion-based MEAs has been reported to cause
lowered fuel cell performance.38,39 In addition to the ECA, the
oxide formation charge (Qoxide) in the 0.4 � 1.0 V region
decreased in the cathode during the 2000 h fuel cell operation.
Accordingly, the mass activity (MA) at 0.9 V also decreased.
Since the decrease of Qoxide was greater than that of ECA, it is
considered that some anionic species were specifically adsorbed
onto the cathode catalyst at high potential. We have previously
found that the specific adsorption of sulfate ions on the surface of
Pt particles affected Qoxide but not ECA.

40 The Pt�Co catalyst
also appeared to have experienced a similar poisoning from

Table 1. Quantitative Analysis of Sulfate Ions in the Drain Water from Both Electrodes and Comparison with Initial Amount of
Sulfonic Acid Groups

sulfate ions from the anode sulfate ions from the cathode

collection

time

collected drain

water (g)

concentration

(μg L�1)

amount

(μg)

accumulated

amount (μg)

collected drain

water (g)

concentration

(μg L�1)

amount

(μg)

accumulated

amount (μg)

total accumulated

amounta (μg)

accumulated loss

of sulfonic acid

groupsb (%)

initial

evaluation

303 180 55 55 2002 220 440 440 495 2.0

0�200 h 367 2 1 56 1936 4 8 448 504 2.1

200�500 h 506 5 2 58 3121 0 0 448 506 2.1

500�850 h 512 22 11 69 3163 0 0 448 517 2.1

850�1200 h 563 33 19 88 3124 53 166 614 702 2.9

1200�1500 h 507 7 4 92 3175 18 57 671 763 3.1

1500�1850 h 512 12 6 98 3199 3 10 681 779 3.2

1850�2200 h 585 760 444 542 2719 110 299 980 1522 6.2
a Sum of anode and cathode side. bAccumulated loss of sulfonic acid groups (%) = (total accumulated amount of released sulfate ion in mol from both
electrodes)/(total amount of sulfonic acid in the original membrane in mol)� 100. The amount of sulfonic acid groups in the original membrane was
calculated from IEC (1.7 mequiv g�1), density (1.4 g cm�3), area (36 cm2), and thickness (30 μm).

Figure 4. Cyclic voltammograms of (a) anode and (b) cathode at 0 h
(initial), 1000 h, and 2000 h operation.
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degradation products of the membrane such as acetate and
sulfate. In contrast, the Pt�Ru catalyst in the anode showed
little change in Qoxide. The results are surprising due to the fact
that similar amounts of degradation products were found in the
water drained from both anode and cathode. At present, we do
not have a conclusive explanation for this. One plausible reason is
that the specific adsorbability of anions is different on Pt�Co and
Pt�Ru under the acidic conditions.
It should be noted that hydrogen crossover (permeation)

through the membrane increased with operation time. The increase
of the hydrogen permeability indicates membrane degradation;
however, it was minor, as confirmed by the very small changes in
the open circuit voltage (OCV).
Post-Test Analyses of the SPESK Membrane. After 2000 h

fuel cell operation, the membrane was carefully removed from
the gas diffusion electrodes and subjected to analysis. Figure S1 in
the Supporting Information shows the SPESK membrane after
the test. The membrane was slightly brown-colored but retained
its flexibility and toughness. It was cut into several pieces for the
post-test analyses. First, proton conductivity and water uptake of
the SPESK membrane were measured because the cell resistance
increased slightly after 1500 h, as shown in Figure 2. Figure 5

compares the humidity dependence of the proton conductivity
and water uptake at 80 �C between pristine and post-test
membranes. The post-test membrane showed water uptake
behavior similar to that for the pristine one over the entire
humidity range, indicating that they had similar hydrophilicity. In
contrast, the post-test membrane showed somewhat lower proton
conductivity. For example, its conductivity was 0.007 S cm�1 at
40% RH, which was about half that of the pristine membrane.
The IEC value of the post-test membrane (1.45 mequiv g�1) was
lower than that of the pristine one (1.75 mequiv g�1). By treating
it in 1 M aqueous sulfuric acid solution, the post-test membrane
showed comparable IEC (1.73 mequiv g�1) and proton con-
ductivity to those of the pristine membrane. These results imply
that the decrease in IEC and proton conductivity cannot be
ascribed to membrane degradation but to ionic contamination of
the sulfonic acid groups, possibly from the humidified gases
flowing through metal tubing and end-plates. Taking the totally
released amount of sulfate ions (Table 1) into account, this
recovery is reasonable. Analyses of the drain water allowed us to
estimate that the loss of sulfonic acid groups from the membrane
was 4.2% (= 6.2 � 2.0), which is consistent with the very minor
changes in water uptake, IEC, and proton conductivity of the
acid-treated post-test membrane.
Themolecular weight of the post-test SPESKwasmeasured by

GPC at four different positions (inlet and outlet of the anode and
cathode sides, respectively). Table 3 summarizes the number-
averaged molecular weight (Mn), weight-averaged molecular
weight (Mw), and molecular weight distribution (polydispersity
index; PI =Mw/Mn) of the post-test membrane (see Figure S2 in
the Supporting Information for the elution curves). The molec-
ular weights of the post-test membrane were lower than those of
the pristine membrane, regardless of their sampling positions.
We examined the effect of ionic contamination on the GPC
profiles with the post-test sample taken from the anode outlet
because radii of gyration of the SPESK would differ by the kinds
of counter cations. As shown in Figure S3 in the Supporting
Information, acid treatment did not alter the GPC curve of the
post-test membrane, indicating that the effect of minor contam-
ination of possible cationic species was negligible. The decrease
in molecular weight was somewhat more significant at the gas
inlet (ca. 55%) compared with the outlet (ca. 42%). Because the
SPESK membrane is stable to hydrolysis, as we have proved
previously,31 the main degradation mode would be oxidation by
hydrogen peroxide and radical species derived therefrom. The
oxygen and hydrogen concentrations (or partial pressures) were
higher at the inlet than the outlet, and therefore the amounts of
crossover gases and generated hydrogen peroxide should be
greater at the inlet. The PIs of the post-test membrane ranged
between 2.0 and 2.4 and were comparable to that of the pristine

Table 2. Electrochemical Parameters during Performance
Evaluations of SPESK MEA at 0, 1000, and 2000 h

evaluation 0 h 1000 h 2000 h

cell voltage (V)a 0.716 0.699 0.667

resistance (Ω cm2)a 0.187 0.193 0.216

OCV (V) 1.016 1.005 1.012

H2 crossover (%)
b 0.05 0.13 0.15

MA at 0.9 V (A g�1) 38 27 21

Qoxide of anode (C g�1) 293 284 290

Qoxide of cathode (C g�1) 127 108 72

ECA of anode/m2 g�1 19.8 16.3 13.3

ECA of cathode (m2 g�1) 35.7 34.6 29.2
aDuring performance evaluation at 0.2 A cm�2. bMolar percentage of
hydrogen crossing over from the anode to the cathode (300 mL min�1

hydrogen and nitrogen at anode and cathode, respectively).

Figure 5. Water uptake and proton conductivity (σ) of pristine, post-
test, and acid-treated membranes at 80 �C as a function of RH.

Table 3. Molecular Weights of Pristine and Post-Test SPESK
Membranes

sample Mn
a Mw

a PI (Mw/Mn)

pristine 84.6 193.0 2.3

cathode inlet 44.4 90.6 2.0

cathode outlet 56.8 130.0 2.3

anode inlet 46.2 98.5 2.1

anode outlet 58.1 137.0 2.4

anode outlet (acid-treated) 58.0 136.9 2.4
aMolecular weights in kDa.
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one (2.3). The results suggest that the degradation was not
significant and thus not of the chain reaction (not unzipping
mechanisms as the case for PFSA membranes). Compared with
the ex situ oxidative stability results,31 the SPESK membrane
showed rather good stability during the practical fuel cell opera-
tion. The lower gas permeability of the SPESKmembrane should
be responsible for producing lower amounts of hydrogen per-
oxide during fuel cell operation.
The post-test membrane was then analyzed by 1H and 13C

NMR spectra. The 1H NMR spectra were compared between
pristine and post-test membranes in Figure 6 (refer to Figure 1
for assignments). Although the spectrum was broader for the
post-test membrane, the integral ratios of the peaks were
comparable with those of the pristine membrane. The broad-
ening of the peaks could be related to the minor ionic contam-
ination and/or ionic cross-linking. The 13C NMR spectra
(Figure 7 and Figure S4 in the Supporting Information) were
more informative in analyzing the degradation mechanism. The
relative intensity of peak ‘h’ compared to ‘i’ was smaller, and a
new peak was observed at 140 ppm for the post-test membrane.
Peak ‘l’ for the fluorenyl carbon shifted to lower magnetic field.
The 13C NMR data suggest structural changes in the sulfonic
acid-containing fluorenyl groups. IR spectra were also compared
between pristine and post-test membranes in Figure S5 in the
Supporting Information. The spectra were normalized to the
peak at 1585 cm�1, which was assigned to the aromatic CdC
vibration. There were practically no differences observed, except
for the peak for the C�H vibration at 1150 cm�1: the post-test
membrane showed a lower peak intensity.

The combination of these NMR and IR data led to the idea
that the degradation of the SPESK membrane occurred at the
fluorenyl groups in the hydrophilic blocks. There were no
indications of degradation in the hydrophobic blocks. It can be
assumed that the oxidative degradation of the sulfonated fluor-
enyl biphenylene groups produced the sulfate and acetate ions. In
order to confirm this assumption, a precursor for the hydrophilic
oligomer was chosen as a model compound (see Figure S6 in the
Supporting Information for chemical structure) and was sub-
jected to an accelerated oxidative stability test, in which the
sample was exposed to H2O2 vapor.

36 The ionic species detected
and their concentrations are summarized in Table 4. Acetate and
formate ions were detected as the major degradation products.
Although the degradation of the oligomer was very slight, these
data support the above assumption. Because no intermediate
products were detected, the degradation mechanism of the
hydrophilic blocks could not be interpreted. In the literature, it
has been reported that the carbon atoms ortho to ether linkages
(for example, the 1, 3, 30, and 5 positions in Figure 1) are sus-
ceptible to oxidation due to the increased electron density.29,41,42

In addition, the sulfonic acid groups should facilitate the oxida-
tion of the vicinal aromatics by hydrophilic H2O2 and radicals. It
is therefore reasonably considered that the 30, 5 and l positions in
Figure 1 are the most probable sites at which the oxidative
degradation of the hydrophilic blocks may be initiated.
Figure 8 shows TEM images of the lead-ion exchanged pristine

and post-test SPESK membranes. The dark spots represent ion-
exchanged hydrophilic clusters, and the light ones represent
hydrophobic parts. The pristine membrane showed well-devel-
oped phase separation between hydrophilic and hydrophobic
blocks, as previously reported.31 The post-test sample taken near
the cathode showed a similar phase-separated morphology. In
contrast, such characteristic morphology was less pronounced for
a sample taken near the anode, with a somewhat blurred interface
between hydrophilic and hydrophobic domains. This is probably
due to a decreased concentration of sulfonic acid groups. In the
last stage of the fuel cell operation, a greater amount of sulfate
ions was released in the drain water from the anode than from
the cathode, as shown in Figure 3 and Table 1. The membrane
degradation thus appears to have been more severe at the anode
side than at the cathode side.
Cross-sectional SEM and EPMA images of the post-test

membrane are compared with those of the pristine one in Figure
S7 in the Supporting Information. The membrane thickness and
the contents of carbon and sulfur and their distributions did not
change noticeably after the fuel cell operation. In addition, there
was no evidence of the formation of Pt particles (or Pt band) in
the post-test membrane, which are often observed for perfluori-
nated ionomer membranes and thus directly show evidence of
catalyst degradation. The results suggest that the degradation of

Figure 6. 1H NMR spectra of the pristine and post-test SPESK
membranes.

Figure 7. 13C NMR spectra of the pristine and post-test SPESK
membranes.

Table 4. Analysis of Drain Water During H2O2 Vapor
Exposure of a Precursor of the Hydrophilic Oligomer

concentrations of detected ions (μg g�1)

chemical species 0�22 h 22�44 h 44�66 h

acetate 240 220 180

formate 350 200 120

oxalate 17 12 16

TOC 530 430 360
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the membrane and catalyst was negligible. Very small amounts
(<40 ppm) ofmetal ions such as Li, Na, K, Ca, Cr, Fe, Co, Cu, Ru,
and Pt, were detected in the membrane by the LA-ICP-MS and
ICP-MS analyses. These ions were indicators of minor degrada-
tion of the catalysts and contamination from the stainless steel
tubing used for humidification and from the environment.

’CONCLUSIONS

The long-term stability of the SPESK multiblock copolymer
membrane was tested under fuel cell operation at a current
density 0.2 A cm�2 at 53% RH and 80 �C for 2000 h. While the
membrane maintained the original IEC, water affinity, and
proton conductivity, minor oxidative degradation occurred in
the hydrophilic blocks. The phenylene rings with electron-
donating ether linkages, because of their high electron density,
weremost likely to be attacked by hydrogen peroxide and derived
radicals. The major decomposition products were acetate, for-
mate, and sulfate anions, which were adsorbed onto the catalysts
to cause degradation in fuel cell performance. The hydrophobic
blocks were robust and did not show degradation. The results
suggest that hydrophilic blocks with lower electron density
should be designed to improve the durability of the multiblock
aromatic ionomer membranes.
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