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a b s t r a c t

Sulfonated Si-MCM-41 (SMCM) with an ion exchange capacity (IEC) of 2.3 mequiv. g−1 was used as a
hydrophilic and proton-conductive inorganic component. Sulfonated polyimide (SPI) based on 1,4,5,8-
naphthalene tetracarboxylic dianhydride and 2,2′-bis(3-sulfophenoxy) benzidine was used as a host
membrane component. The SMCM/SPI hybrid membrane (H1) with 20 wt% loading of SMCM and an
IEC of 1.90 mequiv. g−1 showed the high mechanical tensile strength and the slightly higher water vapor
sorption than the host SPI membrane (M1) with an IEC of 1.86 mequiv. g−1. H1 and M1 showed anisotropic
ybrid membrane
ulfonated polyimide
ulfonated Si-MCM-41
olymer electrolyte fuel cell

membrane swelling with about 10 times larger swelling in thickness direction than in plane one. The pro-
ton conductivity at 60 ◦C of H1 was lower in water than that of M1, but comparable at 30% RH. At 90 ◦C,
H1 showed the rather lower performance of polymer electrolyte fuel cell (PEFC) at 82% RH than M1 and
fairly better performance at 30% RH. On the other hand, at 110 ◦C and low humidity less than 50% RH,
H1 showed the much better PEFC performance than M1 and Nafion 112. This was due to the promoted
back diffusion of produced water by the superior water-holding capacity of SMCM. The SMCM/SPI hybrid

tenti
membranes have high po

. Introduction

Polymer electrolyte fuel cells (PEFCs) have been attracting great
ttention as clean energy sources of residential cogeneration, vehic-
lar transportation and other applications. Polymer electrolyte
embrane (PEM) is a key component playing a critical role on PEFC

erformance. Perfluorosulfonic acid polymer membranes such as
afion (DuPont) are state-of-the-art membranes because of their
igh proton conductivity and excellent chemical stability [1,2].
owever, they have some disadvantages such as low operational

emperatures below 80 ◦C and high fuel gas and oxygen crossover
nd high cost. Much research has been done in the development
f alternative PEMs based on sulfonated aromatic polymers [3–20].
enerally, the aromatic PEMs have some shortcomings such as rela-

ively low proton conductivity at a low relative humidity and lower
embrane durability in PEFC operation.
To improve both the cell efficiency and feasibility, it is desir-
ble to operate PEFCs at high temperatures above 100 ◦C and
ow relative humidities below 50% RH [6]. Recently we reported
n side-chain-type sulfonated polyimides (SPIs) derived from
,4,5,8-naphthalene tetracarboxylic dianhydride (NTDA) and 2,2′-

∗ Corresponding author. Tel.: +81 836 85 9660; fax: +81 836 85 9601.
E-mail address: okamotok@yamaguchi-u.ac.jp (K.-i. Okamoto).

378-7753/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2010.01.010
al for PEFCs at higher temperatures and lower humidities.
© 2010 Published by Elsevier B.V.

bis(3-sulfophenoxy) benzidine (BSPOB) and their SO2-crosslinked
membranes. They showed high performance and durability for
PEFCs operated at 90 ◦C and 0.3 MPa in wide humidity range of 84%
RH to 30% RH [18,19]. The reasonably high PEFC performance at 30%
RH was attributed to the effective back diffusion of water molecules
formed at the cathode. In a previous paper, we investigated their
PEFC performance at a higher temperature of 110 ◦C and the low
relative humidities [21]. The PEFC performances at 110 ◦C and low
relative humidities of 49 and 33% RH were much lower than those
at 90 ◦C and 48 and 27% RH due to the less effective back diffusion
of water at the higher temperature.

To improve the proton conductivity at high temperatures and
low relative humidities, organic–inorganic composite (hybrid)
membranes have been investigated [22–24]. Yamaguchi et al.
developed nano-hybrid membranes composed of zirconium hydro-
gen phosphate and sulfonated poly(ether sulfone), which showed
high proton conductivity of 19 mS cm−1 at 90 ◦C and 50% RH
[23].

Recently, Wark et al. reported on the synthesis and proton
conductivity of sulfonic acid functionalized Si-MCM-41 (SMCM)

[25,26]. The SMCM materials exhibited high proton conductivities
at temperatures above 100 ◦C and 100% RH. These materials have
an advantage of the higher water storage capability even at high
temperatures above 100 ◦C. Therefore, it is interesting to prepare
the hybrid membranes composed of SMCM and BSPOB-based SPI

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:okamotok@yamaguchi-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.01.010
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Fig. 1. Chemical structu

nd to investigate their PEFC performance at high temperatures
nd low relative humidities.

. Experimental

.1. Preparation of SPI membrane

A random copolyimide was prepared from NTDA, BSPOB
nd 1,3-bis(4-aminophenoxy) benzene (BAPBz) according to
he reported method [18]. The SPI prepared was NTDA-
SPOB/BAPBz(2/1) where the data in parentheses refer to the molar
atio of BSPOB to BAPBz. The chemical structure of SPI is shown
n Fig. 1. SPI membranes were prepared by casting the 5–6 wt%

-cresol solutions (in triethylamine (TEA) form) onto glass plates,
ollowed by residue extraction in methanol, proton exchange and
uring [18].

.2. Preparation of SMCM/SPI hybrid membranes

In this study, the SMCM sample was prepared using
0 mol.% of 3-mercapto-trimethoxysilane (MPMS), as follow.
hiol-functionalized Si-MCM-41 was prepared by a hydrother-
al synthesis according to the literature method [26]. 2.61 g

7.16 mmol) of cetyltrimethylammonium bromide (CTAB) was dis-
olved in 400 ml of deionized water. 2.0 g (15.3 mmol) of sodium
etasilicate and 1.29 g (6.59 mmol) MPMS were added into the

TAB solution with stirring, and then 4 ml of ethyl acetate was
dded into the mixture with vigorously stirring. After being stood
t 30 ◦C for 24 h, the mixture was heated at 100 ◦C for 24 h. The
hite powder was filtrated from the mixture and washed with

thanol and then with hot water, and dried in vacuo. The pow-
er was treated with ethanol (500 ml) containing hydrochloric acid
18 g) at 70 ◦C for 8 h to remove the template.

Thus-obtained sample of thiol-functionalized Si-MCM-41 was
xidized with a 30% H2O2 solution (45 ml) at 30 ◦C for 24 h accord-
ng to another literature [27]. The solid was filtrated and washed

ith deionized water and then suspended in a 10 wt% H2SO4 for
h. The solid was filtrated, washed with deionized water and dried.
verall yield: 50%.

SMCM/SPI hybrid membranes were prepared by casting the m-
resol solutions of NTDA-BSPOB/BAPBz(2/1) and SMCM onto glass
lates followed by the similar pos-treatment mentioned above.

.3. Membrane characterization
X-ray diffraction (XRD) was measured with a Rigaku diffrac-
ometer. FT-IR spectra were recorded on a Horiba FT-200
pectrometer by ATR (attenuated total reflection). Mechanical ten-
ile tests were performed on a universal testing machine (Orientic,
ENSILON TRC-1150A) at 25 ◦C and around 60% RH. Scanning elec-
PI, NTDA-BSPOB/BAPBz.

tron microscopy (SEM) was performed using a JEOL JSM-6335F
instrument. Ion exchange capacity (IEC) was evaluated by a titra-
tion method.

Water vapor sorption isotherms were measured at 60 ◦C and
water vapor activities aw less than 0.93 using a sorption apparatus
(BEL-18SP) by means of a volumetric method. The weight of mem-
brane sample used was 80–100 mg. Water uptake and dimensional
change of membrane were measured according to the methods
described elsewhere [18,19]. Water uptake (WU) was calculated
from the following equation:

WU = Ws − Wd

Wd
× 100% (1)

where Wd and Ws are the weights of dry and corresponding
water-swollen membranes, respectively. Dimensional changes in
thickness (�tc) and in plane direction (�lc) were calculated from
the following equation:

�tc = t − td

td

�lc = l − ld
ld

(2)

where td and ld are the thickness and length of the dry membrane,
respectively; t and l refer to those of the membrane swollen in
water.

In-plane proton conductivity (�//) was determined using an elec-
trochemical impedance spectroscopy technique over the frequency
from 10 Hz to 100 kHz (Hioki 3532-80) from the following equa-
tion:

�// = d

tswsR
(3)

where d is the distance between the two electrodes, ts and ws are
the thickness and width of the membrane at a standard condition
of 70% RH and 25 ◦C, respectively, and R is the resistance value
measured.

2.4. Fabrication of membrane electrode assembly (MEA) and
measurements of cell performance

An MEA was fabricated from a membrane sample by hot-
pressing an electrode/membrane/electrode sandwich at 150 ◦C for
5 min under 60 kgf cm−2. Prior to the hot-pressing, both surfaces of
the membrane and Pt/C electrodes (Johnson Matthey Plc., #45372)
were impregnated with a small amount of Nafion solution as

a binder. The effective electrode area was 5 cm2. The MEA was
set in a single cell test fixture and mounted into an in-house
fuel cell test station (NF Inc., model As-510), which was supplied
with temperature-controlled humidified gases. The PEFC perfor-
mance was evaluated at cell temperatures of 90 and 110 ◦C and
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Table 1
Physicochemical properties of SPI (M1), SMCM/SPI hybrid (H1 and H2) and Nafion 112 membranes.

Code NTDA-based SPIs Membrane thickness
(�m)

IECa (mequiv. g−1) WUb (%) Size changeb �//
c (mS cm−1) Md (GPa) Se (MPa) Ef (%)

�tc �lc 30 50 70 Water

M1-1 BSPOB/BAPBz(2/1) 46 (40)g (1.96) 1.86 76 0.47 0.039 1.0 8.7 35 170 2.6 128 51
M1-2 BSPOB/BAPBz(2/1) 26 (1.96) 72 0.47 0.038 1.1 9.4 38 178 – – –
H1 (20 wt%) SMCM/M1 hybrid 27 1.90 90 0.52 0.044 0.8 6.9 32 152 2.5 79 25
H2 (40 wt%) SMCM/M1 hybrid 37 1.93 96 0.56 0.047 1.2 8.6 20 124 1.6 41 12
Nafion 112 53 (0.91) 0.89 39 0.14 0.13 9.8 30 59 141 0.2 37 410

a By titration method, data in parentheses are the calculated ones.
b At 30 ◦C.
c Proton conductivity at 30% RH, 50% RH, 70% RH and in water at 60 ◦C.
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Fig. 3 shows the relative humidity dependence of proton con-
ductivity at 60 ◦C. Table 1 also lists the proton conductivity data. The
SPI and hybrid membranes displayed larger RH dependence of con-
ductivity than Nafion 112. For example, the �// values at 50 and 30%
d Young’s modulus.
e Stress at break.
f Elongation at break.
g See in Table 2.

as pressures of 0.2 and 0.3 MPa and different gas humidification
emperatures of 90–59 ◦C. The gas flow was controlled to keep con-
tant utilization of H2 at 60, 70 or 80% and of air at 15, 30 or 50%,
epending on the humidification condition. The cell resistance (Rc)
nd electrode reaction resistance (Rel) were determined by the AC
mpedance cole–cole plots. The through-plane proton conductivity
�⊥,FC) was evaluated by assuming that the membrane resistance is
pproximately equal to the cell resistance. It is noted that the �⊥,FC
alue is evaluated to be smaller for the thinner membrane when
he resistance other than the membrane resistance is not negligi-
ly small. Therefore, the comparison of the �⊥,FC value should be

imited between the membranes with the similar thickness.

. Results and discussion

.1. Physicochemical properties

Table 1 lists the physicochemical properties of host SPI mem-
ranes (M1-1 and M1-2), SMCM/SPI hybrid membranes (H1:
0 wt% doping and H2: 40 wt% doping) together with those of
afion 112 membrane. The IEC value of the SMCM powder sample
as 2.3 mequiv. g−1, which was a little higher than the reported

ne [26]. XRD pattern of the sample showed a peak at 2.4◦ cor-
esponding to the (1 0 0) reflection with the absence of the (1 1 0)
nd (2 0 0) reflections, which was similar to those reported [26].
he IR spectra of the SMCM sample showed small bands around

000 cm−1 attributed to the C–H stretching vibrations of aliphatic
H2-groups and two bands at 1160 and 1200 cm−1 for sulfonic acid
roups. M1-1 and M1-2 had the same chemical composition but
he different membrane thickness.

ig. 2. Water vapor sorption isotherms of SMCM powder, M1-1 and H1 at 60 ◦C.
The SMCM/SPI hybrid membrane (H1) doped with 20 wt% SMCM
was not so transparent as the host SPI membranes (M1). SEM obser-
vation of H1 showed the rather homogeneous dispersion of SMCM
particles of 1–3 �m in size in the membrane. H1 showed reason-
ably high mechanical tensile strength, namely, Young’s modulus
(M) of 2.5 GPa, maximum stress (S) of 79 MPa and elongation at
break (E) of 25%, although these S and E values were 40 and 50%,
respectively, smaller than those of M1-1. H2 with 40 wt% SMCM
showed the lower mechanical strength than H1, but still kept the
membrane toughness.

Fig. 2 shows the water vapor sorption isotherms of SMCM pow-
der, M1-1 and H1 at 60 ◦C. The water vapor sorption was much
larger (for example, 56% at 30% RH) for SMCM and slightly larger
(15% at 30% RH) for H1 than for M1-1. With increasing the load-
ing of SMCM, IEC slightly increased from 1.86 mequiv. g−1 for M1-1
to 1.93 mequiv. g−1 for H2, and the water uptake at 30 ◦C fairly
increased from 72 to 76% for M1 to 96% for H2. Both H1 and H2
showed the anisotropic membrane swelling with about 10 times
larger through-plane swelling than in-plane one. It is noted that the
hybrid membrane with a high loading of 40 wt% showed the similar
anisotropic membrane swelling to that of the host membranes.
Fig. 3. Relative humidity dependence of proton conductivity (�//) of SPI (M1-2),
hybrid (H1 and H2) and Nafion 112 membranes at 60 ◦C.
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H for M1-2 were about a tenth and a hundredth, respectively, of
hat (80 mS cm−1) at 80% RH, whereas the corresponding �// values
or Nafion 112 were about three tenths and a tenth, respectively, of
hat (90 mS cm−1) at 80% RH.

With increasing the SMCM loading, the proton conductivity in
ater decreased from 178 mS cm−1 for M1-2 to 124 mS cm−1 for
2, whereas the conductivity at low humidities of 30–50% RH
ardly changed. In the high relative humidity range above 80%
H, the conductivity was in the order, M1 > H1 > H2. The proton
onductivity values of the corresponding SMCM sample (in com-
ressed tablet form) at 100% RH have been reported to be 0.2, 3
nd 30 mS cm−1 at 60, 110 and 140 ◦C, respectively [26]. Therefore,
t is considered that in the highly swollen hybrid membranes, the
oped SMCM particles act as insulating filler to reduce the conduc-
ivity by the tortuosity effect. On the other hand, under the low
umidification of 30–50% RH, the SMCM particles may act as water
dsorbate to compensate the conductivity.

.2. PEFC performance at 90 ◦C

Fig. 4(a) and (b) shows the PEFC performances for M1, H1 and
afion 112 at a cell temperature of 90 ◦C, a feed gas pressure of
.2 MPa and anode/cathode gas humidification temperatures of
5/80 and 59/59 ◦C, which correspond to 82/68% RH and 27/27%
H, respectively (here after abbreviated to 82% RH and 27% RH).
able 2 lists the PEFC performance data of open circuit voltage
OCV), cell voltage at 0.5 A cm−2 (V0.5), maximum output (Wmax),
hrough-plane proton conductivity (�⊥,FC) and electrode reaction
esistance (Rel) under PEFC operation.

At the relatively high humidification of 82% RH, M1-2 of 26 �m

n thickness showed the slightly higher cell performance than M1-

(40 �m) and Nafion 112 (53 �m). Compared to M1-2, H1 with
he similar thickness of 27 �m showed the lower cell performance
nd �⊥,FC value. The lower performance of H1 was attributed to the

able 2
EFC performance data of open circuit voltage (OCV), cell voltage at 0.5 A cm−2 (V0.5),
aximum output (Wmax), through-plane proton conductivity (�⊥,FC) and electrode

eaction resistance (Rel) under PEFC operation.

Conditionsa Code OCV
(V)

V0.5

(V)
Wmax

(W cm−2)
�⊥,FC

b

(mS cm−1)
Rel

b (m�)

90/0.2/82

M1-1c 0.99 0.69 >0.88 50 38
M1-2 0.96 0.71 >0.96 47 30
H1 0.94 0.67 >0.75 43 50
Nafion 0.93 0.69 >0.86 90 39

90/0.2/48
M1-1 0.99 0.69 0.67 37 52
Nafion 0.94 0.68 0.75 70 52

90/0.2/27

M1-1 0.98 0.68 0.51 34 84
M1-2 1.00 0.66 0.53 25 57
H1 0.94 0.63 0.60 30 63
Nafion 0.96 0.66 0.57 58 96

110/0.2/49

M1-1 0.97 0.30 0.17 (7) –
M1-2 0.98 0.51 0.28 (8) (69)
H1 0.94 0.58 0.37 13 –
H2 0.93 0.51 0.31 13 70

110/0.3/49
M1-2 0.97 0.62 0.53 20 52
H1 0.93 0.67 0.68 30 57

110/0.3/33

M1-1 0.98 0.45 0.23 (9) –
M1-2 0.99 0.58 0.35 (11) –
H1 0.94 0.64 0.64 25 63
H2 0.94 0.60 0.41 19 –
Nafion 0.95 0.67 0.53 49 96

a PEFC operation conditions: x/y/z refer to cell temperature (◦C), gas pressure
MPa) and relative humidity of feed gas (% RH).

b Measured at 1 A cm−2; the data in parentheses are measured at 0.5 A cm−2.
c The membrane of 40 �m in thickness was used in this case, and the 46 �m one

n the other cases.
Fig. 4. PEFC performances for M1-1 (��), M1-2 (♦�), H1 (©�) and Nafion 112 (× ×)
at 90 ◦C and 0.2 MPa and (a) 82% RH and (b) 27% RH.

same reason mentioned above for the lower proton conductivity �//
at the high relative humidities above 80% RH. On the other hand, at
27% RH, in the range of high load current density above 1 A cm−2,
where both the formation of water at cathode and the feed gas
flow rates became larger, the cell performance was in the order of
H1 > Nafion 112 > M1-2 > M1-1. The difference in cell performance
among H1, M1-2 and M1-1 seemed due to the difference in the
effect of back diffusion of water molecules formed at the cathode.
At 90 ◦C, the effect of doping of SMCM was limited in the range of
low relative humidity and the higher load current densities.

◦
3.3. PEFC performance at 110 C

Fig. 5 shows the PEFC performances at 110 ◦C, 0.2 MPa and a
gas humidification temperature of 90/90 ◦C (corresponding to 49%
RH). At 90 ◦C, 0.2 MPa and 48% RH, M1-1 (46 �m) showed the fairly
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ig. 5. PEFC performances for M1-1 (��), M1-2 (♦�), H1 (©�) and H2 (��) at 110 ◦C,
9% RH and 0.2 MPa, and for H1 (* *) at 0.3 MPa.

igh PEFC performance of V0.5 of 0.69 V and Wmax of 0.67 W cm−2,
s listed in Table 2. On the other hand, at 110 ◦C, M1-1 showed
he low performance; that is, the cell voltage largely decreased
ith increasing load current density, resulting in low values of

0.5 and Wmax (0.30 V and 0.17 W cm−2, respectively). This was
ue to the much lower �⊥,FC value (7 mS cm−1) at 110 ◦C com-
ared with the value (37 mS cm−1) at 90 ◦C. Compared to M1-1,
1-2 (26 �m) showed much higher performance of V0.5 of 0.51 V

nd Wmax of 0.28 W cm−2 at 110 ◦C. These results indicate that the
ack diffusion of produced water was more effective for the thin-
er membrane, but became less effective at the higher temperature.
urthermore, H1 showed the much higher performance than M1-
, namely, V0.5 of 0.58 V and Wmax of 0.37 W cm−2. This was due
o the 60% larger �⊥,FC value (13 mS cm−1) for H1 than for M1-2,
ndicating the enhanced effect of back diffusion of produced water
or the hybrid membrane.

Fig. 5 and Table 2 also show the effect of pressure on the cell per-
ormance for H1 and M1-2. With an increase in pressure from 0.2
o 0.3 MPa, both H1 and M1-2 showed the significantly enhanced
erformances; for example, V0.5 of 0.67 V and Wmax of 0.68 W cm−2

or H1. This was due to more than 2-fold increases in �⊥,FC, indi-
ating that the back diffusion of water was more effective at the
igher pressure.

Fig. 6 shows comparison of the PEFC performances at 110 ◦C,
.3 MPa and a gas humidification temperature of 80/80 ◦C (corre-
ponding to 33% RH) among M1, H1, H2 and Nafion 112. H1 showed
he much higher PEFC performance than M1-2. For example, the

max value for H1 (0.64 W cm−2) was about two times larger than
hat for M1-2 (0.35 W cm−2). The �⊥,FC value of H1 (25 mS cm−1)
as also about two times larger than that of M1-2 (11 mS cm−1).

he PEFC performance of H2 (40 wt% loading and 37 �m) was much
ower than that of H1 but higher than that of M1-2. Even if taking the
ifference in membrane thickness into account, the 20 wt% loading
eemed to be better than the 40 wt% loading. The PEFC performance

f Nafion 112 was much higher than that of M1. This is not due to
he effect of back diffusion of water, but due to the much higher
roton conductivity in the low relative humidity range.

Thus, the PEFC performance at110 ◦C was in the order,
1 > Nafion 112 > H2 > M1-2 > M1-1. It is noted that H1 could main-
Fig. 6. PEFC performances for M1 (��), M1-2 (♦�), H1 (©�), H2 (��) and Nafion
112 (× ×) at 110 ◦C, 0.3 MPa and 33% RH.

tain the PEFC performance at 110 ◦C and 50–33% RH in a relatively
high level due to the effective back diffusion of produced water. In
other words, SMCM particles enhanced the water-holding capacity
at high temperature and low humidity.

For a durability test, a PEFC with H1 was operated at 110 ◦C,
0–1.7 A cm−2 and 33–50% RH for 300 h. During the operation, a
slight decrease in the cell performance was observed. On the other
hand, in the OCV durability test at 110 ◦C, 0.2 MPa and 50% RH, the
OCV for Nafion 112 decreased very rapidly and became less than
0.2 V after 75 h. These results indicate that H1 had fairly good dura-
bility in PEFC operation at 110 ◦C and 33–50% RH, but Nafion 112
had very poor durability.

Thus, SMCM/SPI hybrid membranes have high potential as PEMs
for PEFCs operated at high temperatures and low relative humidi-
ties. The further study on the effects of sulfonation degree and
loading of SMCM and membrane morphology on the cell perfor-
mance is under progress.

4. Conclusions

SMCM/SPI hybrid membrane (H1) with 20 wt% loading of SMCM
had the high mechanical tensile strength and showed the slightly
higher water vapor sorption and water uptake than the host SPI
membranes (M1-1 and M1-2). H1 and M1 showed the anisotropic
membrane swelling with about 10 times larger swelling in thick-
ness direction than in plane one. The proton conductivity at 60 ◦C
of H1 was lower in water than that of M1, but comparable at 30%
RH. At 90 ◦C, H1 showed the rather lower PEFC performance at
82% RH than M1-1 and M1-2 but fairly better performance in the
range of the higher load current density at 30% RH. On the other
hand, at 110 ◦C and low humidity less than 50% RH, H1 showed
the much better PEFC performance than M1-1, M1-2 and Nafion
112. This was due to the promoted back diffusion of produced
water by the superior water-holding capacity of SMCM at higher

temperatures and lower humidities. H1 had fairly good durabil-
ity in PEFC operation at 110 ◦C and 33–50% RH, but Nafion 112
had very poor durability. The SMCM/SPI hybrid membranes have
high potential as PEMs for PEFCs at higher temperatures and lower
humidities.
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