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ketone) (PEEK)-based graft-type
polymer electrolyte membranes having high
crystallinity for high conducting and mechanical
properties under various humidified conditions†

Takashi Hamada, Shin Hasegawa, Hideyuki Fukasawa, Shin-ichi Sawada,
Hiroshi Koshikawa, Atsumi Miyashita and Yasunari Maekawa*

Poly(ether ether ketone)-based graft-type polymer electrolyte membranes (PEEK-PEMs) with wide ion

exchange capacity (IEC) ranges were prepared by radiation-induced graft polymerization for

investigating the relative humidity (RH) dependence of their electrochemical and mechanical properties

at 80 �C for fuel cell applications. The proton conductivity ranges of 1.73–3.08 mmol g�1 IECs at 30%

and 95% RH were 0.001–0.009 and 0.108–0.431 S cm�1, respectively. Unlike aromatic hydrocarbon-

type PEMs, PEEK-PEMs' conductivity exhibited less dependence on RH. PEEK-PEMs with IECs > 3.08

mmol g�1 exhibited a similar conductivity (0.009 S cm�1) under 30% RH and showed 1.4 times higher

tensile strength (14 MPa) under 100% RH at 80 �C in comparison to Nafion 212. The MEA fabricated by

the PEEK-PEM with IEC ¼ 2.45 mmol g�1 showed the maximum power densities (Emax) of 860 and 826

mW cm�2 at 2140 and 2180 mA cm�2 under 100% and 30% RH, respectively. In particular, PEEK-PEM

showed low RH dependence for Emax, which was 2.5 times higher than that of Nafion 212 at 30% RH.

The X-ray scattering analyses revealed that the crystallinity of approximately 28–32% was maintained and

propagated during the graft polymerization of graft-type PEEK-PEMs. The abovementioned unique

structures were the origins of higher conductivity and tensile strengths compared with conventional PEMs.
Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) can produce
energy from hydrogen and oxygen without air pollution and have
therefore attracted attention for use in next-generation energy
applications such as fuel cell vehicles and stationary cogeneration
systems to replace fossil fuel resources.1 The polymer electrolyte
membrane (PEM) is a particularly important part of PEMFCs
because it separates the two electrodes and transports protons
from the anode to the cathode.2,3 Currently, sulfonated per-
uoropolymers such as Naon™ have been usedmostly as PEMs.
However, these materials cause several issues such as high fuel
crossover and a limited operating temperature range of up to
80 �C (low glass transition temperature).4–6 Numerous sulfonated
aromatic hydrocarbon-type polymers such as poly(ether ether
ketone),7,8 poly(phenylene sulfone),9–12 poly(arylene ether
ketone),13 polyimides,14–16 poly(phenylene),17,18 and poly-
benzimidazole19,20 have been designed and synthesized as alter-
natives to peruorinated PEMs because of their rigid aromatic
Science Directorate, Japan Atomic Energy
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backbone, which gives them higher thermal stability and
mechanical strength.

Recently, for PEMs, high proton conductivity and mechanical
properties under low and high relative humidity (RH) condi-
tions have become a main concern, respectively, because these
properties control power generation efficiency and durability
under the extreme operating conditions of fuel cell systems.
One solution to this problem is to increase ion exchange
capacity (IEC), which is related to PEM conductivity.19,21,22

However, PEMs with higher IEC exhibit severe damage in a
hydrated state under ooding conditions. Unfortunately, PEMs
based on hydrocarbon polymers show much lower proton
conductivity at low RH compared with the peruorinated PEMs,
although their proton conductivities are almost the same in
high-RH ranges. One promising strategy for improving
conductivity even with fewer water molecules in PEMs is the use
of multiblock-type aromatic hydrocarbon polymers that
comprise hydrophilic and hydrophobic units, e.g., block-type
poly(arylene ether sulfone)s and poly(phenylene) block copoly-
mers.23–27 However, multiblock-type aromatic hydrocarbon
polymers have critical issues that include insufficient durability
and the fact that their conductivity signicantly depends on RH.
Another approach to overcome this problem is using aromatic
hydrocarbon-based PEMs that have locally condensed sulfonic
J. Mater. Chem. A, 2015, 3, 20983–20991 | 20983
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acid groups or peruoroalkyl sulfonic acid groups, the so-called,
superacid.28–30 Although these PEM materials show a
pronounced hydrophilic/hydrophobic phase-separated
morphology with well-interconnected proton transport path-
ways leading to high conductivity at low RH, the mechanical
properties of PEMs were evaluated only at room temperature
under relatively dry conditions but not under hydrated condi-
tions at higher temperatures.

Gra-type PEMs, which are prepared by radiation-induced
gra polymerization of monomers and the subsequent sulfo-
nation reaction of the gra polymers, can overcome the
abovementioned problems because the gra-type PEM
comprises substrate lms that have a mechanically tough
crystalline phase and various functional graed polymer phases
directly bonded to the polymer main chain.31–44 Furthermore,
the introduction of sulfonated gra side chains into the poly-
mer main chain is an excellent approach to PEM preparation
because the IEC values can be controlled by easily changing the
degree of graing. Recently, we studied the RH dependence of
the electrochemical and mechanical properties of poly(styrene
sulfonic acid) (PSSA)-graed poly(ethylene-co-tetrauoro-
ethylene) polymer electrolyte membranes (ETFE-PEMs) over a
wide IEC range.45,46 Unlike aromatic hydrocarbon-type PEMs,
the proton conductivity of ETFE-PEMs has less RH dependence
because hydrophilic graed polymers provide clearer phase
separation from the hydrophobic ETFE substrate, thereby
maintaining conducting channels even under dry conditions.
Therefore, ETFE-PEMs with IEC > 2.7 mmol g�1 exhibited
higher conductivity (>0.009 S cm�1) at 30% RH and showed
comparable tensile strength of approximately 10 MPa at 100%
RH and 80 �C.45

To overcome the abovementioned trade-off relationship
between conductivity and mechanical properties, we selected
poly(ether ether ketone) (PEEK), which is one of the typical super
engineering plastics that possess the highest mechanical and
thermal properties, as the base substrate lm. We succeeded in
achieving radiation-induced gra polymerization of styrene and
ETSS on low crystalline PEEK substrates via a three-step process,
as shown in Scheme 1. The three steps are thermal gra poly-
merization of divinylbenzene (DVB) into the PEEK substrates and
subsequent radiation-induced gra polymerization of ETSS, fol-
lowed by hydrolysis of the ester group in the gra polymers. As a
result, the prepared PSSA-graed PEEK (PEEK-PEM) with an IEC
of 1.36 mmol g�1 showed 1.3 times higher conductivity under the
equilibrated hydration conditions and 3 times higher tensile
Scheme 1 Radiation induced-graft polymerization of ETSS onto PEEK
substrates and subsequent hydrolysis of ethyl ester groups.

20984 | J. Mater. Chem. A, 2015, 3, 20983–20991
strength under dry conditions at room temperature, compared
with the corresponding values of Naon 212.47 The well-balanced
electrochemical and mechanical properties of PEEK-PEMs
encouraged us to develop PEEK-PEMs with higher IEC ranges to
improve proton conductivities under low RH conditions while
retaining the mechanical properties to some extent under high
RH conditions. In this study, we report the RH dependence of the
electrochemical and mechanical properties of PEEK-PEMs in a
wide IEC range in comparison with those of peruorinated PEMs,
as well as on fuel cell performance. Moreover, we carefully
monitored changes in the crystallinity of the PEEK substrates
during the preparation procedures such as DVB introduction,
radiation-induced graing, and hydrolysis using X-ray diffraction
(XRD) to elucidate the origin of higher conductivity and
mechanical strength.
Experimental
Materials

PEEK lms with a thickness of 16 mm and 11% crystallinity were
purchased from Victrex plc, Japan and cut into a size of 10 �
9 cm. Ethyl 4-styrenesulfonate (ETSS) was provided by Tosoh
Co., Japan and used as received. DVB (technical grade, 80%) was
purchased from Sigma-Aldrich Co., Japan and used without
purication. 1,4-Dioxane was purchased from Wako Pure
Chemical Industries, Ltd and dried over molecular sieves before
use. Other solvents were purchased from Wako Pure Chemical
Industries, Ltd and used as received. Sodium chloride (NaCl),
sodium hydroxide (NaOH), and hydrochloric acid of analytical
grade were purchased from Wako Pure Chemical Industries,
Ltd. Pure water was obtained from a Millipore Milli-Q UV
system. Naon 212 obtained from DuPont was pretreated by
boiling for 1 h in a 3%H2O2 solution, washing in hot pure water
for 1 h, boiling for 1 h in 1 M H2SO4, and nal rinsing in hot
water again for 1 h. Naon peruorinated ion-exchange resin,
20 wt% soln of lower aliphatic alcohols/H2O mixture was
purchased from Sigma-Aldrich Co., Japan and used without
purication. The Pt/C catalyst was purchased from Tanaka
Kikinzoku kogyo Ltd, Japan.
Preparation of PEEK-PEMs

PEEK lms were added to a dried Schlenk tube. Aer the air was
removed and purged with argon, a solution of DVB/1,4-dioxane
(25 vol%) was added to the Schlenk tube in an argon atmo-
sphere and heated in a water bath at 50 �C for 24 h. The
obtained lms were washed with 1,4-dioxane and immersed in
100 mL of 1,4-dioxane at 50 �C for 12 h to remove residual
monomers. The obtained lms (PEEK-DVB) were dried in a
vacuum at 40 �C for 24 h.

A PEEK-DVB lm in a Schlenk tube was irradiated with 60Co
g-rays at a dose rate of 10 kGy h�1 for 16 h under an argon
atmosphere at room temperature. Then, a solution of 15 mL of
ethyl 4-styrenesulfonate and 15 mL of 1,4-dioxane was degassed
by argon bubbling and added to the Schlenk tube containing
the PEEK-DVB lm. The mixture was heated at 80 �C under an
argon atmosphere for 6–24 h. Graed PEEK lms were taken
This journal is © The Royal Society of Chemistry 2015
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out, and washed with acetone. To remove residual ethyl 4-styr-
enesulfonate and the free polymer on the lm surfaces, graed
PEEK lms were soaked in a large amount of acetone overnight.
The obtained lms were dried in a vacuum at 40 �C for 24 h.

The hydrolysis of ethyl ester was carried out in distilled water
at 95 �C for 24 h to obtain PEEK-PEM.
Electrolyte properties of PEEK-PEMs

Graing degrees (GDs) were estimated from the mass weighting
as follows:

GD ð%Þ ¼ Wg �W0

W0

� 100 (1)

In this equation, W0 and Wg are denoted as the weight of
lms before and aer gra polymerization, respectively.

The degree of hydrolysis and ion exchange capacity was
determined by a titration method. The dried lms were
immersed in 25 mL of an aqueous 3 M NaCl solution overnight
(or 24 h) to reach equilibrium. Then, the remaining solution
was titrated with 0.01 M NaOH solution by using an automatic
titrator. The IEC was calculated according to the following
equation (eqn (2)):

IEC ¼ 0:01� VNaOH

Wd

(2)

where VNaOH is the volume of 0.01 M NaOH solution and Wd is
the weight of dried lms. The weight of the membranes was
quickly measured aer the membranes were taken out.

The degree of hydrolysis, namely, the hydrolysis degree (HD)
is calculated by the following equation (eqn (3)):

HD ð%Þ ¼ 0:01� VNaOH

Wg � GD=ðGDþ 100Þ
M

� 100 (3)

Water uptake (WU) was dened by the following equation
(eqn (4)):

WU ¼
�
Wwet �Wdry

�
Wdry

� 100 (4)

The membranes were fully hydrated in water at room
temperature, and lightly wiped with Kimwipes to remove excess
water on the surface. To measure the RH dependence of the WU
and hydration number, the membranes were placed in a
humidity controlled chamber under different RH conditions at
80 �C for 2 h. Aer the membrane was taken out, the membrane
was put into a plastic bag and sealed to prevent vapor absorp-
tion or desorption and quickly weighed on a microbalance. The
water uptake and hydration number were calculated using the
following equations (eqn (5) and (6)), respectively.

l ¼ ½H2O�
½SO3�� ¼

ðWw �WdÞ=18
IEC�Wd=1000

� 100 (5)
This journal is © The Royal Society of Chemistry 2015
Themembrane was placed between two platinum electrodes,
and the proton conductivity in the plane direction of the
membrane was measured by impedance spectroscopy at room
temperature. The membrane was placed in an ESPEC PR-2K
temperature/humidity-controlled chamber under the RH
ranging from 30 to 95% at 80 �C. The proton conductivity was
calculated from the obtained resistance (R) according to the
following equation (eqn (6)):

s ¼ d

RS
(6)

where d (cm) is the thickness of the membrane and S (cm2) is
the contact area of two electrodes.
Characterization of PEEK-DVB, graed PEEK, and PEEK-PEM

Thermogravimetric analysis (TGA) was performed on a TGA
Thermal Plus/TG-DTA8120 (Rigaku, Japan) at a heating rate of
10 �C min�1 and a nitrogen ow rate of 50 mL min�1. Differ-
ential scanning calorimetry (DSC) was performed using a
Thermo Plus2/DSC8230 with the specimen of 4–5 mg at a
heating rate of 10 �C min�1 to the temperature of 900 �C.
Tensile tests were performed using an STA-1150 (A&D Co., Ltd,
Japan) and an Instron-4302 universal testing instrument. The
mechanical properties of PEEK-PEMs were measured at 100%
RH and 80 �C at a constant crosshead speed of 10 mm min�1.
The tensile strength of PEEK-PEMs was calculated as an average
of ve samples. The XRD experiment was undertaken with a
Rigaku SmartLab using CuK radiation (l ¼ 1.54 Å) at 40 kV and
45 mA in the 2q range from 5 to 40�. The degree of crystallinity
(DOC) of PEEK-PEMs was calculated using the following equa-
tion (eqn (7)):

DOC ð%Þ ¼

ðN
0

IcrðqÞq2dqðN
0

ItotalðqÞq2dq
¼ Icr

Icr þ Iam
� 100 (7)

where Icr and Iam are the integrated values of the PEEK crys-
talline peak and the amorphous peaks, respectively.

The degree of crystallinity of the PEEK phase in PEEK-PEMs
(DOC0) was estimated by taking into account the introduction of
poly(styrene sulfonic acid) and using the following equation
(eqn (8)):

DOC0 ð%Þ ¼

ðN
0

IcrðqÞq2dqðN
0

ItotalðqÞq2dq
¼ Icr

Icr þ Iam

�
100

100þGD

�� 100 (8)
The membrane electrode assembly (MEA) fabrication and fuel
cell test

200 mg of Pt/C and 0.2 mL of 20 wt% Naon peruorinated ion-
exchange resin were dispersed in a mixture of 4.8 mL of water
and 4.8 mL of methanol. The solutionmixture was sonicated for
3 h and coated onto the gas diffusion media (3 cm � 3 cm) of
carbon and Teon by spraying to prepare the electrode. The
J. Mater. Chem. A, 2015, 3, 20983–20991 | 20985
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obtained electrode was dried at 95 �C for 10 min. The Pt loading
was estimated to be 0.4 mg cm�2 from the weight of the gas
diffusion media before and aer spraying the solution mixture.
The PEEK-PEM (5.0 cm � 5.0 cm) was sandwiched by the elec-
trode, and hot-pressed at 170 �C under 1 MPa for 1 min and
cooled to room temperature to obtain an MEA with an active
area of 5 cm2 and Pt loading of 0.4 mg cm�2. The MEA of the
hybrid PEM was assembled into a cell holder. The fuel cell
testing was performed at a cell temperature of 80 �C under
different RH of 100% and 30% RH using a single fuel cell device
(Micro equipment Inc. me-300FC). During the cell test,
hydrogen and oxygen were supplied at a ow rate of 50 mL
min�1 each to the anode and cathode, respectively. The I–V
curves were measured in the range of 0.9–0.3 with a step
repeatedly, typically a few times, until the fuel cell performance
reached the steady state.

Results and discussion
Preparation and characterization of PEEK-PEMs

PEEK-PEMs were prepared via a three-step process, as previ-
ously reported (Scheme 1). DVB was introduced into the PEEK
substrates by thermal polymerization at 50 �C for 24 h in 1,4-
dioxane. By TGA measurements, the amount of DVB incorpo-
rated into the PEEK substrates was estimated to be 2–3 wt%.34,35

Next, we used the DVB-containing PEEK lms as base polymer
lms for further radiation-induced gra-polymerization. The
PEEK lm was irradiated with a dose of 160 kGy at room
temperature. The gra polymerization of ETSS proceeded
smoothly in a 50 vol% 1,4-dioxane solution at 80 �C. We
controlled the GD range from 70% to 207% by employing
graing periods of 6–24 h, as listed in Table 1. This is because
PEMs which possess both sufficient conductivity and mechan-
ical properties under a wide RH range should have IECs ranging
from 1.5 to 3.5 judging from the RH dependence of uoro-
polymer-based ETFE-PEMs, which we previously reported.45 The
graed-PEEK lms with GDs of 70–207% were hydrolyzed in
water at 95 �C for 24 h to convert ethyl sulfonate into sulfonic
acid in a yield range of 86–98%. Consequently, the prepared
PEEK-PEMs showed IECs ranging from 1.73 to 3.08 mmol g�1.
Since most of the gra-type PEMs prepared by radiation-
induced gra-polymerization including PEEK-PEMs are insol-
uble in neither organic nor aqueous solutions, the chemical
structure of the PEEK-PEMs had been characterized using ATR-
IR and TGA-DSC analysis. The thermal stability of the PEEK-
Table 1 Radiation induced-graft polymerization and hydrolysis results a

GD of ETSS (%) HD (%) IEC (mmol g�1) (Cal.)

70 89 1.78
85 98 2.09
124 97 2.65
134 84 2.75
142 89 2.84
171 86 3.10
207 90 3.36
Naon 212 — —

20986 | J. Mater. Chem. A, 2015, 3, 20983–20991
PEMs had also been investigated using TGA-DSC in the previous
papers.34,36,47,48

PEEK-PEMs with an IEC of 2.22 mmol g�1 exhibited a proton
conductivity of 0.103 S cm�1, which is higher than that of
Naon 212. In particular, for PEEK-PEMs with an IEC of 3.08
mmol g�1, the proton conductivity reached 0.210 S cm�1, which
is 3 times higher than that of Naon 212. As expected, the large
quantity of poly(styrene sulfonic acid) as the gra polymer led to
a signicant enhancement in conductivity. Furthermore, the
water uptake, which ranged from 25% to 120%, increased with
increasing IEC. In a previous report, we reported that ETFE-
PEMs with IECs ranging from 0.52 to 3.3 mmol g�1 showed
proton conductivities of 0.002–0.233 S cm�1 and water uptake of
2.7–168%.45 The proton conductivities of PEEK-PEMs were
similar to those of ETFE-PEMs because of their similar IEC
values. However, the water uptake of PEEK-PEMs was lower than
that of ETFE-PEMs. PEEK-PEMs with an IEC of 2.22 mmol g�1

exhibited a WU of 38%, which was similar to that of Naon 212
with an IEC of 0.8 mmol g�1 (39%). This unique property is
important for PEMs because a high water uptake causes severe
swelling of PEMs, which damages membranes during fuel cell
operation. In particular, despite the presence of large amounts
of hydrophilic sulfo groups (higher IECs), the PEEK-based PEMs
suppressed swelling of the hydrophilic gra chain with water.
Proton conductivity of PEEK-PEMs under various RH

As mentioned in the Introduction, the RH dependence of
proton conductivity and mechanical strength are currently the
main concerns because these properties are directly related to
the power generation efficiency and durability of fuel cells.
Thus, we examined at 80 �C the RH (30–95% RH) dependence of
the proton conductivity of the PEEK-PEMs with IECs of 1.73–
3.08 mmol g�1 (GD¼ 70–207%) together with that of Naon 212
as a reference, as shown in Fig. 1.

The PEEK-PEMs with various IECs covered a wide range of
conductance with more than three orders of magnitude,
ranging from 0.001 to 0.009 S cm�1 and from 0.108 to 0.431 S
cm�1 at 30% and 95% RH, respectively. At RHs higher than
80%, the proton conductivity of PEEK-PEMs with IECs higher
than 2.22 mmol g�1 was found to be comparable with or higher
than that of Naon 212. At 30% RH, the proton conductivity of
the PEEK-PEM with an IEC of 3.08 mmol g�1 increased with
increasing IEC and reached a value similar to that of Naon 212.
nd properties of PEEK-PEMs

IEC (mmol g�1) (Exp.) WU (%) s (S cm�1)

1.73 25 0.068
2.22 38 0.103
2.49 58 0.134
2.36 44 0.119
2.64 80 0.154
2.74 88 0.170
3.08 120 0.210
0.80 39 0.087

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Relative humidity dependence of proton conductivity at 80 �C
for PEEK-PEMs with IECs of 1.73–3.08 mmol g�1 and Nafion 212.

Fig. 2 Relative humidity dependence of water uptake (a) and hydration
number (b) for PEEK-PEMs with IECs of 1.73, 2.36, and 3.08 mmol g�1
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The slopes in the plots of log s as a function of RH were
employed as feasible parameters for evaluating the RH depen-
dence of conductance for PEMs, which were designed for
achieving high conductivity under lower RH conditions. The slope
of PEEK-PEMs became slightly steeper when IEC increased from
1.73 to 3.08 mmol g�1. The PEEK-PEM with the highest IEC (3.08
mmol g�1) showed a slope steeper than that of Naon 212.
However, the proton conductivity of PEEK-PEMs was less depen-
dent on RH compared with the aromatic hydrocarbon-type PEMs
such as aliphatic/aromatic polyimide and ethynyl-terminated
sulfonated-uorinated poly(arylene ether)s, the conductance of
which changed by 4–5 orders of magnitude when the RH changed
from 100% to 30%. The RH dependence of proton conductivity of
the PEEK-PEMs with high IECs is similar to that of uorinated
polymer-based gra-type PEMs (ETFE-PEMs), which we previously
reported. Two different types of gra-type PEMs showed much
better RH dependence than conventional aromatic hydrocarbon
PEMs. Hence, adequate phase separation of the ion channels
composed of gra polymer chains should be ensured from the
hydrophobic polymer substrates (ETFE and PEEK) in comparison
with the less phase-separated hydrocarbon-type PEMs such as
PEEK, as we have proved by SAXS and SANS measurements.47

The humidity dependence of water uptake and hydration
number l, which is dened as the number of water molecules per
sulfo group in PEMs, was plotted as a function of RH for PEEK-
PEMs with IECs ranging from 1.73–3.08 mmol g�1 at 80 �C,
together with Naon 212 as a reference, as shown in Fig. 2. At
higher RH (95%), the PEEK-PEMs with IECs of 1.73, 2.36, and 3.08
mmol g�1 showed higher water uptakes (50%, 62%, and 102%)
than Naon 212. In high RH regions, the high water uptakes of
PEEK-PEMs were attributed to high IECs compared with Naon
212, which has an IEC of 0.8 mmol g�1. As previously reported for
many hydrocarbon-type and gra-type PEMs,7–20 the water uptake
of PEEK-PEMs decreased with decreasing RH and at 30% RH. The
PEEK-PEMs with IECs of 1.73, 2.36, and 3.08 mmol g�1 showed
water uptakes of 9.7%, 16%, and 17%, which corresponded to l

values of 3.1, 3.7, and 3.1, respectively. The l values were relatively
close to that of Naon 212 (l¼ 2.95). Asmany groups have already
reported, PEM conductivity under low RH conditions was
This journal is © The Royal Society of Chemistry 2015
explained in terms of water uptake and the hydration number, l.
Contrary to conventional aromatic hydrocarbon-type PEMs with
high IEC levels, which showed lower l than Naon under low RH
conditions, the l of the PEEK-PEMs was similar to that of Naon.
Accordingly, the l of PEEK-PEMs with an IEC of 3.08 mmol g�1

was equal to that of Naon even under 30% RH. Notably, not only
high IEC levels but also high retention of water molecules affords
high proton conductivity even under 30% RH and suppresses the
humidity dependence of gra-type PEMs compared with other
aromatic hydrocarbon-type PEMs. Recently, we claried that
ETFE-PEMs with IECs greater than 2.7 mmol g�1 possess ion
channels composed of poly(styrene sulfonic acid) gras located
outside the crystallite network domains by small-angle X-ray
scattering experiments. These ion channels are well inter-
connected around the crystallites, which endow ETFE-PEMs with
high conductivity under low RH conditions. Similarly, PEEK-
PEMs with high IECs should have similar well-interconnected ion
channels, composed of poly(styrene sulfonic acid) of PEEK-PEMs.

Mechanical properties of PEEK-PEMs under humidied
conditions

The mechanical properties of PEMs under humid conditions
such as ooding govern their durability under severe operating
conditions of fuel cell systems because PEMs absorb large
and Nafion 212 as a reference at 80 �C.

J. Mater. Chem. A, 2015, 3, 20983–20991 | 20987
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amounts of water, which induces large stresses in the
membranes resulting in their degradation. Thus, we examined
the TS and elongation at break of the PEEK-PEMs with IECs of
1.73–3.08 mmol g�1 at 80 �C under 100% RH. This was
compared with Naon 212 as a reference, as shown in Fig. 3.
The PEEK-PEM with an IEC of 1.73 mmol g�1 showed higher TS
(35 MPa) than Naon 212 (10 MPa). In the IEC range of 1.73–
3.08 mmol g�1, the TS of PEEK-PEMs gradually decreased with
an increase in IEC, but it still remained 1.4 times higher than
that of Naon 212 (14 MPa). It was reported that the lower TS of
gra-type PEMs with higher IECs was mainly because of higher
water uptake but not because of the introduction of PSSA gra
polymers. However, the TS of PEEK-PEMs across the entire IEC
range was much higher than that of Naon 212, and the PEEK-
PEM with an IEC of 2.22 mmol g�1 showed the same level of
conductivity but 2.6 times higher TS (26 MPa) compared with
Naon 212.

Several groups have measured the TS of aromatic hydro-
carbon-type PEMs under humidied conditions, such as
sulfonated poly(aryl ether nitrile) (18–41 MPa, hydrated state,
r.t.),49 poly(aryl ether ketone) containing tetra-sulfonated side
chains (25–46 Mpa, 50% RH, r.t.),50 sulfonated poly(sulde
sulfone imide) copolymers (13–29 MPa, hydrated state, r.t.),51

poly(arylene ether ether nitrile) (18–22 MPa, 50% RH, 20 �C),52
Fig. 3 Tensile strength (a) and elongation at break (b) of PEEK-PEMs
with IECs of 1.73–3.08mmol g�1 and that of Nafion 212 (dotted lines as
a reference) under 100% RH at 80 �C.
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and poly(phenylene ether) (34–54 MPa, 50% RH, 20 �C).53 These
values were measured under mild conditions such as low
temperature or low RH even though the mechanical properties
of membranes were inuenced by water uptake; thus, TS
decreased with increasing RH in most of the aromatic hydro-
carbon-type PEMs. In our previous study, the ETFE-PEMs with
an IEC of 2.9 mmol g�1 showed a TS of 32 and 8.0 MPa under
dry and fully humid conditions (0 and 100% RH) at 80 �C,
respectively. In particular, PEEK-PEMs with various IECs have
higher TS compared with Naon 212, gra-type ETFE-PEMs,
and other aromatic hydrocarbon-type PEMs under severe
conditions (80 �C, 100% RH). This is because the hydrophobic
PEEK matrix, which prevents severe swelling, possesses high TS
(65 MPa for pristine PEEK lms) andmaintains high TS because
of less damage to PEEK substrates during the preparation
procedures, thus resulting in better mechanical properties of
even PEEK-PEMs with high IECs and containing large volumes
of poly(styrene sulfonic acid) gras.
Morphological changes of PEEK substrates by preparation
procedures

Wemeasured the XRD of the original PEEK, PEEK-DVB, graed-
PEEK with a GD of 70%, and a PEEK-PEM with an IEC of 1.73
mmol g�1 (sulfonic acid form of the graed-PEEK). As shown in
Fig. 4(a), the original PEEK with a crystallinity of 11% showed a
broad peak centered at 1.3 Å�1, originating from an amorphous
halo. New peaks at 1.45 Å�1 with two recognizable shoulder-like
peaks at 1.48 Å�1 and 1.62 Å�1, assigned to the (110), (111), and
(200) planes, appeared upon thermal polymerization of DVB, as
shown in Fig. 4(b). In the graed-PEEK with a GD of 70% and
the corresponding PEEK-PEM with an IEC of 1.73 mmol g�1,
new amorphous halos were observed with a peak-center at 1.15
Å�1, attributed to amorphous poly(ETSS) and PSSA gra chains,
respectively (Fig. 4(c) and (d)).

The XRD spectrum of the PEEK-DVB, graed-PEEK with a GD
of 70%, and the corresponding PEEK-PEM with an IEC of 1.73
mmol g�1 were well peak-separated into four peaks attributed to
the amorphous halo and the (110), (111), and (200) planes by a
curve-tting method, as shown in Fig. 4. The morphological
changes induced by PEM preparation procedures (thermal
polymerization of DVB, radiation-induced gra-polymerization
of ETSS, and hydrolysis of ethyl ester) were evaluated in terms of
the degree of crystallinity (DOC), which was calculated using the
separated peaks and eqn (7). As can be seen by comparing
Fig. 4(a) and (b), thermal treatment for the polymerization of
DVB into original PEEK lms increased the DOC from 11 to
28%. The DOC of 28% is in good agreement with that obtained
from the melting enthalpy of PEEK crystals in the DSC prole of
PEEK-DVB. Because it has been reported that solvent-induced
recrystallization of the amorphous PEEK solid proceeded at
approximately 50 �C because of the lowering of the glass tran-
sition temperature (Tg), the amorphous phase in the PEEK
substrate recrystallized during thermal gra polymerization of
DVB.54–56 The DOCs of the graed-PEEK and PEEK-PEM (22%
and 18%) were lower than that of PEEK-DVB because of the
introduction of amorphous poly(ETSS) and PSSA gras.
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 XRD spectra of (a) PEEK, (b) PEEK-DVB, (c) grafted-PEEK (GD ¼
70%), and (d) PEEK-PEMwith an IEC of 1.73mmol g�1 (sulfonic acid form
of the grafted-PEEK). The separated peaks attributed to the amorphous
halo and (110), (111), and (200) planes of PEEK (a and b) with amorphous
poly(ETSS) and PSSA graft peaks (c and d) are shown as dotted lines.

Fig. 5 DOC (B) and DOC0 (C) of PEEK-DVB and PEEK-PEMs with
IECs of 1.73–3.08mmol g�1, which are estimated on the basis of PEEK-
substrates and PEMs.
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However, considering only a PEEK substrate area (in particular,
subtracting the gra-polymer phases from the PEMs), the
DOC0s of these lms (namely, subtracting the gra-polymer
phases from the PEMs) were 36% and 31%. Accordingly, the
crystallinities of the PEEK substrates increased to some extent
during radiation-induced graing in ETSS/dioxane solution at
80 �C and hydrolysis in water at 95 �C.

The DOC and DOC0 of PEEK-PEMs were plotted as a function
of the DOG in Fig. 5. The DOC based on whole membranes in
PEEK-PEMs decreased linearly from 18% to 11% when the IECs
increased from 1.73 to 3.08 mmol g�1, which correspond to GDs
of 70% and 207%, because of the increase in the amounts of
incorporated amorphous gra-polymers. However, the DOC0

determined on the basis of the PEEK substrate area in PEEK-
PEMs increased slightly to approximately 31%. We reported that
the crystallinity of ETFE-PEMs decreased during severe sulfona-
tion in the dichloroethene solution of chlorosulfonic acid (strong
acid) at 60 �C, and damage was induced in the lamellar crystals.45

However, the PEEK-PEM preparation process does not involve
sulfonation, but only mild hydrolysis in water for preparing
PEEK-PEMs. It should be noted that the amorphous phase in
PEEK substrates was recrystallized during gra polymerization;
thus, the crystallinity of the PEEK substrate in PEEK-PEMs was
maintained because of the mild hydrolysis conditions compared
with the severe sulfonation conditions that ETFE-PEMs were
subjected to, resulting in the enhancement of tensile strength.
This journal is © The Royal Society of Chemistry 2015
We have reported the RH dependence of the electrochemical
and mechanical properties of ETFE-PEMs.46 In the report, SAXS
experiments revealed that hydrophilic graed polymers provide
clearer phase separation from the hydrophobic ETFE substrate,
thereby maintaining conducting channels even under lower RH
conditions. Therefore, tentatively, we consider that the PEEK-
PEMs with higher IECs should have similar ion-channels even at
lower RH. Unfortunately, compared with the ETFE-PEMs, the
aromatic hydrocarbon-based PEEK-PEMs have less information
in the SAXS proles. Thus, we are planning to investigate the
morphology of PEEK-PEMs by the combination of SAXS and SANS
with a contrast variation method under dry and wet conditions.
Oxidative stability of PEEK-PEMs

The oxidative stability of PEEK-PEMs with IECs ¼ 1.73, 2.36,
and 3.08 mmol g�1 was evaluated as the change in the weight of
themembranes in Fenton's reagent (3%H2O2 aq., 2 ppm FeSO4)
at 80 �C (Fig. S2†). The PEEK-PEMs with high IECs showed low
oxidative stability against Fenton's reagent. For example, the
oxidative stabilities of poly(phenylene ether)s with sulfonic acid
having alkyl side chains in Fenton's reagent (3% H2O2 aq., 2
ppm FeSO4) at 80 �C for 1 h were 81–94%.17 The PEEK-PEMs
with higher IEC levels retained their weight in Fenton's reagent
aer 1 h, and their weights gradually decreased with increasing
immersion time. Accordingly, the PEEK-PEMs showed superior
oxidative stability than the conventional sulfonated aromatic
hydrocarbon-type PEMs because the graed poly(styrene
sulfonic acid)s are well surrounded by PEEK chains, which
suppress hydroxyl radical attacks.
Fuel cell performance

Membrane-electrode assemblies (MEAs) were fabricated using
the PEEK-PEM with an IEC of 2.45 mmol g�1 (lm thickness of
26 mm) and Pt (0.4 mg cm�2)-loaded gas diffusion layers as the
anode and cathode catalyst layers, respectively. The fuel cell test
of the MEAs was performed at 80 �C under dry and humid
conditions (30% and 100% RH); the current–voltage (I–V)
J. Mater. Chem. A, 2015, 3, 20983–20991 | 20989
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polarization curves of the fuel cells are plotted in Fig. 6. Under
the completely humidied condition, the PEEK-PEM-based
MEA showed a maximum power density (Emax) of 860 mW cm�2

at 2240 mA cm�2. The Emax value is somewhat higher than that
of other aromatic hydrocarbon-type PEMs and is comparable
with that of Naon 212 (932 mW cm�2), prepared by the same
method, under the same operating conditions. This can be
explained by the similar conductivity levels of the PEEK-PEM
with an IEC of 2.45 mmol g�1 and Naon 212 at 80 �C under
95% RH (0.223–0.261 and 0.155 S cm�2 in Fig. 6(a)).

At 30% RH, the Emax of the PEEK-PEM-based MEA was 826
mW cm�2 at 2180 mA cm�2, which is the 96% level compared
with 100% RH, whereas that of the Naon 212-based MEA
markedly decreased to the 36% level (333 mW cm�2 at 771 mA
cm�2), as generally seen in other aromatic hydrocarbon-type
PEM-based MEAs. Apparently, the Emax of the PEEK-PEM-based
MEA was 2.5 times higher than that of the Naon 212-based
MEA under 30% RH and 80 �C. As mentioned before, the
conductivity of PEEK-PEMs exhibited less RH dependence;
thus, at 30% RH, the PEEK-PEM-based MEA with an IEC of 2.45
mmol g�1 showed less RH dependence, thus affording higher
maximum power densities compared with aromatic hydro-
carbon-type PEMs. Contrary to the comparison with other
aromatic hydrocarbon-type PEMs, it is difficult to explain the
different power densities of PEEK-PEM- and Naon 212-based
MEAs because of their similar conductivities under 30% RH.
One possible reason for the above difference should be the
Fig. 6 Fuel cell performance of MEAs fabricated with a PEEK-PEM
with an IEC of 2.45mmol g�1 and Nafion 212: (a) 100% RH at 80 �C and
(b) 30% RH at 80 �C.
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different diffusion rates of the water molecules being produced
at the cathode, that is, Naon 212 is well known as a membrane
with a remarkably high diffusion coefficient of water, whereas
in general, the coefficient is considerably lower in the case of
hydrocarbon-type PEMs. Furthermore, as shown in Fig. 2(a), the
water uptake of PEEK-PEMs having IECs of around 2.45mmol g�1

was over 10% at low RH (30% and 80 �C), whereas the water
uptake of Naon 212 under 30%RH and 80 �Cwas approximately
4%. In other words, the PEEK-PEM-based MEAs contain larger
amounts of water molecules because of higher water uptake and
poorer diffusion properties than the Naon 212-based MEAs.

Conclusions

PEEK-PEMs with IECs in the range of 1.73–3.08 mmol g�1

showed higher conductivities of 0.001–0.009 S cm�1 even under
low RH conditions (30% RH). This is because the proton
conductivities of PEEK-PEMs are less dependent on RH
compared with other aromatic hydrocarbon-type PEMs. There-
fore, the PEEK-PEMs with an IEC of 3.08 mmol g�1 exhibited a
similar conductivity to that of Naon 212 (0.009 S cm�1) even at
30% RH probably because of its 17% water uptake, which is
higher than that of Naon 212 (WU 4.3%).

Under humid conditions, which test ooding in fuel cells,
the PEEK-PEM has 1.4 times higher tensile strength (14 MPa)
than Naon 212. This is because the hydrophobic PEEK matrix
prevents severe swelling, which originates from the high tensile
strength of pristine PEEK lms, thus helping maintain high TS
because of less damage to the PEEK substrates.

The MEA fabricated using the PEEK-PEM with an IEC of 2.45
mmol g�1 showed Emax values of 860 and 826 mW cm�2 under
100% and 30% RH, respectively. This implies that the Emax of
the PEEK-PEM showed low RH dependence, resulting in 2.5
times higher Emax than that of Naon 212 at 30% RH.

X-ray scattering analyses revealed that the crystallinity of
approximately 28–32% was maintained and propagated during
gra polymerization of the gra-type PEEK-PEMs. The above-
mentioned unique structures were the origins of higher
conductivity and tensile strengths, respectively, compared with
conventional PEMs. Accordingly, PEEK-based gra-type PEMs
should have great potential as alternative PEMs for Naon.
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