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ABSTRACT: A series of tough and chemically stable semi-interpenetrating network anion exchange membranes (SIPN AEMs)
composed of a rigid and ion-conductive component, quaternized poly(2,6-dimethyl phenylene oxide) (QAPPO), and a
hydrophilic, cross-linked, flexible poly(ethylene glycol)-co-poly(allyl glycidyl ether) (xPEG—PAGE) component were
synthesized. The SIPN AEMs containing both rigid and flexible polymer constituents exhibited outstanding mechanical
strength and flexibility and were much tougher than conventional QAPPO membranes. The introduction of the hydrophilic
network ensured SIPN AEMs with high hydration numbers, which contributed to the high ion conductivity of these materials.
The physical properties of the SIPN AEMs could be varied by the mass fractions of the QAPPO and xPEG—PAGE components,
and a trade-off was observed between the samples’ conductive and swelling properties. Among the compositions studied, SIPN-
60-2 (Massqappo.so/ Massppg—page = 2:1) with an IEC of 1.43 mmol/g was found to have balanced ionic conductivity (67.7 mS/
cm at 80 °C) and swelling ratio (26% at 80 °C). The alkaline stabilities of the SIPN AEMs were evaluated in 1 M NaOH at 80
°C for 30 days. Good mechanical (72% and 74% retention in tensile strength and elongation at break, respectively) and
dimensional (11% increase in water uptake) stability was retained by the SIPN AEM due to the presence of the alkali-resistant
xPEG—PAGE network. The quaternary ammonium groups in SIPN-60-2 were found to be relatively stable (24% and 26%
decrease in IEC and OH™ conductivity in 1 M NaOH at 80 °C for 30 days, respectively), and the low initial IEC and the high
dimensional stability of the membrane protected the cation from severe degradation during the extended aging test.

Bl INTRODUCTION strength (~25 MPa tensile strength) and flexibility (~180%
elongation at break), and good chemical stability, which
guarantees high PEMFC operational performance and long-
term durability.*"® However, the strong acidic environment of a
PEMEC allows only some noble metals, in particular platinum
(Pt), as both stable and highly efficient catalysts for the
electrode reactions. The scarcity and the high cost of exotic
catalysts and the potential environmental impacts of perfluori-

Fuel cells are a class of clean and highly eflicient energy
conversion devices that directly convert chemical energy stored
in fuels into electricity. Proton exchange membrane fuel cells
(PEMFCs) have many advantages, such as their high power
and energy densities and the capability of room-temperature
startup and low-temperature operation, which are considered to
be ideal traits for vehicles and portable devices." ™ The most
popular types of proton exchange membranes (PEM) nated polymers become major obstacles preventing the
employed in PEMFCs are Nafion, a perfluorinated sulfonic widespread application of PEMFCs.””” Non-Pt group metal
acid (PFSA)-based membrane, and other PFSA variants. Nafion

exhibits excellent properties, such as high proton conductivity Received: July 6, 2015
(~0.1 S/cm at operation temperature), moderate water uptake Revised: ~ September 16, 2015
(38 mass % water uptake and ~15% swelling ratio), high Published: September 17, 2015
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catalysts that are efficient and stable in acidic environments'”""

and chemically stable aromatic proton-conducting mem-
branes'*~'* are solutions to lower the current high costs of
noble metal catalysts and perfluorinated membranes in
PEMEFCs, but these efforts remain in the domain of research
for future PEMFC systems.

Anion exchange membrane fuel cells (AEMFCs) facilitate a
high pH environment that allows for stable operation of
catalysts composed of nonprecious metal or their oxides. The
major advantage of AEMFCs is that they can lower the cost of
fuel cell technologies by circumventing the Pt-dependent
problem faced by the PEMFC system.'*”"” In the past decade,
great efforts have been devoted to the realization of practical
AEMEFC technology; among them, the development of high-
performance anion exchange membranes (AEMs) have drawn a
lot of attention.”’** Usually, AEMs contain rigid backbone
polymers, such as polysulfone,”””*° poly(phenylene
oxide),”*™* polystyrene,”*** poly(ether ketone),”™*° or
poly(phenylene),® and employ cationic groups, such as
quaternary ammonium (QA),””** imidazolium,”~*" phospho-
nium,””*" or guandinium*>* as the organic base. Compared to
their acidic counterpart PEMs, AEMs generally show inferior
properties. First, the lower mobility of OH™ and the less-
developed morphology of aromatic polymers compared to
perfluorinated structures naturally lead to lower ionic
conductivity in AEMs. To increase conductivity of AEMs
while preserving an acceptable swelling ratio, researchers have
been attempting to fabricate AEMs with various cross-
linked**** and/or controlled microphase separated morpholo-
gies.””***7 Second, the rigid polymer backbones ensure good
mechanical strength (higher than 20 MPa), but the flexibility
(lower than 30% elongation at break) of the AEMs is usually
unsatisfactory.””**~>* Poor flexibility makes AEMs brittle,
especially under low relative humidity conditions, which causes
problems during MEA fabrication and long-term fuel cell
operation under conditions such as wet—dry cycling. A possible
and straightforward solution to this brittleness problem is to
introduce membrane supports or flexible structures into rigid
AEMs. For example, polytetrafluoroethylene (PTFE) porous
film has been employed as a support material to produce
composite AEMs.”">> Albeit having better mechanical proper-
ties, PTFE composite AEMs are known to suffer from poor
compatibility between the fluorocarbon support and the
aromatic backbone. Moreover, the PTFE framework presents
a tortuous path for OH™ conduction through the ionic polymer
phase, which could result in the decline of membrane
conductivity. Finally, in addition to mechanical properties, the
chemical stability of the cation and polymer backbone of AEMs
under fuel cell operation conditions is a fast-growing topic.”™’
From an engineering point of view, the chemical stability of the
membrane could be at least as important as conductivity, if not
more important to promote the longevity of the device.

Here, we report a unique approach to toughen AEMs by
increasing their elongation to break while also boosting their
chemical stability. A novel rigid-flexible semi-interpenetrating
network (SIPN) was designed with a rigid, conductive
functional segment, i.e., quaternary ammonium poly(phenylene
oxide) (QAPPO), and a hydrophilic, flexible network, i.e.,
cross-linked poly(ethylene glycol)-co-poly(allyl glycidyl ether)
(xPEG—PAGE). The SIPN AEM exhibited outstanding
mechanical and conductive metrics and excellent chemical,
and mechanical stabilities have been verified by testing the
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SIPN AEM samples under elevated temperature (80 °C) in
alkaline solutions.

B EXPERIMENTAL SECTION

Materials. Poly(2,6-dimethyl phenylene oxide) (PPO, powder)
was purchased from Sigma-Aldrich (St. Louis, MO) and dried under a
vacuum at room temperature overnight. Allyl glycidyl ether (AGE)
was purchased from Sigma-Aldrich, degassed through several freeze—
pump—thaw cycles, and distilled from butyl magnesium chloride (2.0
mol/g in THF, Sigma-Aldrich) before use. Poly(ethylene glycol)
(PEG, M,, = 4000 g/mol), N-bromosuccinimide (NBS), 2,2"-azobis(2-
methylpropionitrile) (AIBN), sodium hydride (60% dispersion in
mineral oil), 1,6-hexanedithiol, and trimethylamine (TMA, 33% w/w
in ethanol) were purchased from Sigma-Aldrich and used as received.
The solvents and other chemicals used in this work were obtained
from VWR International (Radnor, PA) and used as received.

Synthesis of Quaternized PPO (QAPPO). Brominated PPO
(BrPPO) samples with different degrees of bromination (DB) ranging
from 30 to 95% were prepared following the literature.*® To synthesize
quaternized PPO, BrPPO with the desired DB was dissolved in NMP
to form a S wt % solution, into which TMA was added and stirred for
4 h at 45 °C to produce QAPPO solution. The QAPPO solutions
produced with the BrPPO with DBs of 30, 40, 60, and 95% were cast
onto a clean, flat glass plate and dried in a convection oven at 80 °C
for 24 h and then further dried in a vacuum oven at 80 °C overnight to
form the QAPPO-30, QAPPO-40, QAPPO-60, and QAPPO-95
AEMs, respectively. To replace the Br~ anion with OH™, each
membrane was immersed in 1 M NaOH solution at room temperature
for 10 h. This process was repeated four times to ensure a complete
displacement of the anion. Finally, the AEMs with the OH™ anion
were repeatedly rinsed with deionized water until the pH of the
residual water was neutral.

Synthesis of Polsg(ethylene glycol)-co-poly(allyl glycidyl
ether) (PEG—PAGE).”” A total of 4 g of PEG precursor kept in the
melt state at a temperature of 100 °C was degassed with Ar for 1 h. A
total of 0.04 g of NaH was then transferred quickly to the PEG melt
and reacted with PEG for 1 h. Subsequently, 30 mL of AGE was added
to initiate the polymerization, and the polymerization reaction was
conducted for 48 h. The copolymer was then precipitated in hexane
from methanol to remove the unreacted AGE monomer and dried in a
vacuum at 60 °C for 48 h. The molecular weight of the resulted PEG—
PAGE was measured by 'H NMR and gel permeation chromatography
(GPC).

Synthesis of Semi-interpenetrating Network (SIPN)-based
AEMs. PEG—PAGE was first dissolved in NMP to form a 10 wt %
solution, and QAPPO solution (5 wt %) was then added. The solution
was stirred at 40 °C for 2.5 h to give a solution blend of QAPPO and
PEG—PAGE (QAPPO and PEG-PAGE). After adding 1,6-
hexanedithiol into the blend solution, the mixture was stirred for 2
h and then cast onto a clean, flat glass plate and dried in a convection
oven at 80 °C for 24 h and further dried in a vacuum oven at 80 °C
overnight. The SIPN-based AEMs fabricated by QAPPO-60 are
denoted as SIPN-60-1 (Wqappo.so/ Woeg—page = 1:1), SIPN-60-2
(Waappo-s0/ Wec—page = 2:1), and SIPN-60-3 (Wqappo.s0/ Weec-pacE
= 3:1), while those made by QAPPO-9S are denoted as SIPN-95-1
(WQAPPO-95/ Wreg—pace = 1:1) and SIPN-95-2 (WQAPPO-%/ WhEG-pace
= 2:1). To replace the Br~ anion with OH~, the membrane was
immersed in a 1 M NaOH solution for 10 h. This process was repeated
four times to ensure a complete displacement of the Br~ with OH™.
Finally, the AEMs in the OH™ anion form were repeatedly rinsed with
deionized water until the pH of residual water was neutral.

Synthesis of cross-linked PEG—PAGE (xPEG—PAGE). PEG—
PAGE was dissolved in NMP to form a 10 wt % solution. After adding
1,6-hexanedithiol into the solution, the mixture was stirred for 2 h. The
resulting solution was then cast onto a clean, flat glass plate and dried
in a convection oven at 80 °C for 24 h and further dried in a vacuum
oven at 80 °C overnight to form the xPEG—PAGE membrane.

Characterization and Measurements. 'H NMR spectra were
measured at 300 MHz on a Bruker AV 300 spectrometer using
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Figure 1. Preparation of (a) rigid quaternized poly(2,6-dimethyl phenylene oxide) (QAPPO), (b) flexible poly(ethylene glycol)-co-poly(allyl glycidyl
ether) (PEG—PAGE), and (c) cross-linked PEG—PAGE (xPEG—PAGE).

DMSO-dg or CDCl, as the solvent. Fourier transform infrared (FT-
IR) spectra were obtained on a Nicolet 6700 FTIR spectrometer with
a wavenumber resolution of 4 cm™" and spectral range of 400—4000
cm™. X-ray photoelectron spectroscopy (XPS) measurements were
carried out using a Kratos XSAM-800 spectrometer with an Mg—Ka
radiator. The S(2p) signal was collected and analyzed using XPS Peak
software. GPC measurements were conducted on a Waters (Milford,
MA) GPC system with a refractive index (RI) detector to determine
the molecular weight and polydispersity indices of the brominated
samples. The measurements were calibrated with poly(styrene)
standards (Varian, Lake Forest, CA) in tetrahydrofuran (THF)
solvent with a flow rate of 1 mL/min at 35 °C. The morphologies of
the surface and cross sections of the AEMs were studied by scanning
electron microscopy (SEM, FEI, Quanta 200). For transmission
electron microscopy (TEM) observations, an AEM solution was cast
to form a thin film on a Cu grid, followed by exchanging the anions
with I” by immersing the AEM-coated Cu grid in 1 M Nal solution.
The samples were then subjected to TEM observations. Images were
recorded using a JEOL JEM-2010FEF transmission electron micro-
scope with an accelerating voltage of 200 kV. Small-angle X-ray
scattering curves of unstained dry chloride-form membranes were
obtained using a Rigaku (formerly Molecular Metrology) instrument
equipped with a pinhole camera with an Osmic microfocus Cu K,
source and a parallel beam optic. Typical counting times for
integration over a multiwire area detector were 1 h with typical
membrane thicknesses on the order of 100 ym. Measurements were
taken under vacuum conditions at ambient temperature on dry
samples. Scattering intensities were normalized for background
scattering and beam transmission. Tensile measurements were
obtained for samples equilibrated in liquid water and ambient air at
room temperature. The wet or dry membranes were cut into a
dumbbell shape (12 mm X 3 mm in the test area), and tensile
measurements were performed using an Instron-5866 (Norwood,
MA) instrument at a crosshead speed of S mm/min at room
temperature (25 °C). Thermogravimetric analysis (TGA) was
performed on a TGA QS0 (TA Instruments, New Castle, DE) using
samples (S mg) placed in an AL O, crucible. The samples were heated
from 30 to 650 °C at a rate of S °C/min under flowing nitrogen (40
mL/min).
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To obtain the titrated gravimetric ion exchange capacity (IEC)
values, AEMs in the OH™ form were immersed in 50 mL of 0.01 M
HCl standard solution for 24 h. The solutions were then titrated with a
standardized NaOH (0.01 M) solution to pH = 7. The membrane was
washed and immersed in deionized water for 24 h to remove any
residual HCI, and then dried under vacuum conditiona at 45 °C for 24
h and weighed to determine the dry mass (in Cl~ form). The IEC of
the membrane is calculated with eq 1:

ni(H+) - nf(H+)
Mgry (C1) (1)

The swelling ratio was obtained by measuring the dimensions of
membranes in both dry (in Br™ form) and wet (in OH™ form) states
and calculated from the ratio of the change of dimension to the
membrane dimension in the dry state. Water uptake (WU) was
measured after drying the membrane in hydroxide form at 60 °C
under vacuum conditions for 12 h. The dried membrane was
immersed in water and periodically weighed on an analytical balance
until a constant mass was obtained, giving the mass-based water
uptake. The hydration number (1) was calculated from eq 2:

4 = 1000 x WU
My,o X IEC

IEC =

2)
where My ¢ is the molecular mass of water (18.015 g/mol) and IEC is

the ion exchange capacity by titration.
In-plane conductivity (6) of the membrane was obtained using eq 3:

d

o= ——
RX L, X W, 3)

where d is the distance between the electrodes, R is the membrane
resistance, and L, and W, are the thickness and width of the
membrane, respectively. The membrane impedance was measured
over the frequency range from 100 mHz to 100 kHz by two-point
probe alternating current (AC) impedance spectroscopy using an
impedance/gain-phase analyzer (Solartron 12604, Solartron Analyt-
ical, Farnborough Hampshire, ONR, UK). The hydroxide conductivity
measurements at temperatures ranging from 30 to 80 °C under fully
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hydrated conditions in the longitudinal direction were carried out with
the cell immersed in water, which was degassed and blanketed with
flowing ultrahigh-purity (UHP) argon to preserve the OH™ form of
the sample.

The effective diffusion coefficient (D) of the mobile ion in AEMs
was calculated from a form of the Nernst—Einstein equation:

oRT

D=——
Z’F*

4)
where ¢ is the measured conductivity, R is the ideal gas constant, T is
temperature, ¢ is the computed concentration of ions calculated by eq
S, z is valence charge, and F is Faraday’s constant.”’

p X IEC

c=0001 x —— 22—
1+ 001X, 40

©)

where p is the density of the tested polymer, which is measured by a
buoyancy method, and X,y o is the volume-based water uptake. To

determine the barrier to ion transport, the calculated D was compared
to the ion diffusivity in dilute solution (D,, calculated from eq 6), the
maximum diffusivity of an ion in water.*’

_ pkgT
q (6)

where y is the dilute solution ion mobility, kg is the Boltzmann
constant, T is temperature, and g is the ion charge.60

Gel fraction was used to assess the extent of cross-linking in the
SIPN membrane. To calculate the gel fraction, the cross-linked
membrane was immersed in NMP at 80 °C for 1 day. The gel fraction
was equal to the ratio of the remaining weight of the polymer after
immersing in solvent to its initial weight before the immersion. The
chemical stability test was conducted by immersing a piece of AEM
membrane (50 + 3 pm in thickness) in 1 M NaOH solution and was
maintained at 80 °C for 30 days. Periodically during the stability test,
the IEC, ionic conductivity, water uptake, maximum tensile stress, and
elongation at break of AEMs were tested to evaluate the changes of the
materials under strong alkaline degradation conditions.

D,

B RESULTS AND DISCUSSION

Synthesis and Characterization of SIPN AEMs. The
synthesis of SIPN membranes entailed three main steps: (1)
the preparation of QAPPO, (2) the synthesis of PEG—PAGE,
and (3) the formation of cross-linked networks. First, the
brominated PPO (BrPPO) with different degrees of bromina-
tion (DB) was reacted with trimethylamine (TMA) to produce
the quaternized PPO (QAPPO) (Figure 1a). Figure 2a shows a
typical "H NMR spectrum for the resultant QAPPO material;
peaks were observed at chemical shifts (5) of 4.3 and 3.1 ppm
corresponding to the H atoms in the benzyl group and the
quaternary ammonium group, respectively. In this work, by
setting the DB of BrPPO at 30, 40, 60, and 95%, QAPPO
samples with different calculated IECs ranging from 2.17 to
4.97 mmol/g (Table 1) were obtained. The experimental IECs
tested by both 'H NMR and titration methods (Table 1) were
close to those calculated from the ideal chemical structures,
indicating that the quaternization reaction can be conducted
effectively under the applied conditions.

The copolymer PEG—PAGE was synthesized through
anionic ring-opening polymerization of AGE with a hydroxyl-
terminated PEG (M,= 4000 g/mol) as the macroinitiator
(Figure 1b). After purification, '"H NMR and GPC analyses
were employed to determine the composition of PEG—PAGE.
By comparing the 'H NMR signals from the protons in the
—CH=CH, (6~ 5.0 to 6.0 ppm) of PAGE with the signals
from the ether protons in PEG (6~ 3.3 to 3.8 ppm), the
molecular weight (M,,) of the copolymer was calculated to be
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Figure 2. "H NMR of (a) QAPPO in bromine form in DMSO-d, and
(b) PEG—PAGE in CDCl,.

25.1 kg/mol, while the weight percentage of PAGE in the
copolymer was approximately 84% (Figure 2b). In GPC
analysis, the value of M,, of PEG—PAGE was 22.1 kg/mol, with
a polydispersity (M,,/M,) of 1.24.

QAPPO has been used extensively as an AEM in fuel cell
applications, and similar to other rigid AEMs, QAPPO has
shown high mechanical strength but low flexibility (Table 2).
Physical blending of QAPPO with a flexible material could be a
simple way to make tougher QAPPO membranes. However,
when the flexible PEG—PAGE was physically mixed in solution
with QAPPO and cast, these two polymers exhibited obvious
macroscopic phase separation (Figure 3a). To intimately blend
the PEG—PAGE and QAPPO materials, a cross-link, formed by
a thiol—ene reaction between the double bonds located at the
end of the side chain of PEG—PAGE and a dithiol, was
introduced into the two-component system to form a
homogeneous semi-interpenetrating network (Figure 3b—d).
Generally, a thiol—ene coupling reaction must be triggered by a
radical initiator.’”®'~®* However, in the present study, we
found that the cross-linking reaction can occur effectively at
elevated temperatures during membrane casting without being
triggered by chemical or photoinitiation. FTIR spectroscopy
(Figure 4a) was used to monitor the reaction steps for
synthesizing the SIPN AEMs. Compared with pristine QAPPO,
a strong ether band appeared at 1109 cm™, and the absorption
bands from the pendant allyl group of the side chain at 1727
and 921 cm™" in PEG—PAGE suggested the presence of flexible
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Table 1. Physical Properties of AEMs Tested at Room Temperature

Wasppo/ WoeG-pace 5 IEC”
sample % (mmol/g) (mmol/g)

QAPPO-30 0 2.17 2.12
QAPPO-40 0 2.68 2.36
QAPPO-60 0 3.52 3.34
QAPPO-95 0 4.97 4.89
SIPN-60-1 1:1 1.38
SIPN-60-2 2:1 1.98
SIPN-60-3 3:1 2.32
SIPN-95-1 1:1 1.78
SIPN-95-2 2:1 2.56

“Ideal IEC calculated from polymer composition and the degree of functional group.

titration.

IEC* oo~ (mS/ water uptake Corn gel
(mmol/g) cm) (%f (mmol/cm?®) fraction(%)

2.05 14.5 42.5 1.59 0
2.27 22.5 72.2 1.45 0
3.22 33.6 457.0 0.60 0

0
1.02 13.7 51.7 0.75 96
1.43 29.0 96.5 0.80 92
1.74 374 169.4 0.70 83
1.33 18.8 105.6 0.71 922
1.75 38.5 213.1 0.60 89

bReal TEC calculated from 'H NMR. “Real IEC tested by

Table 2. Mechanical Properties of OH™ Type AEMs at Dry
and Wet State”

tensile strength (MPa) elongation at break (%)

sample dry wet dry wet

QAPPO-40 SL17 21.9 189 37.5

QAPPO-60 222 7.2 14.8 13.7

SIPN-60-1 30.8 18.5 829 97.6

SIPN-60-2 36.4 17.4 77.0 934

“Properties measured at room temperature.

b FPN-00

O 9 = O

Figure 3. Compatibility of rigid QAPPO and flexible PEG—PAGE in
different membranes. Photos for (a) blending of QAPPO and PEG—
PAAGE and (b) SIPN-60-2 and the SEM images of (c) in-plane and
(d) cross-section of SIPN-60-2.

polymer in the blend of QAPPO and PEG—PAGE (QAPPO-60
and PEG—PAGE). After the cross-linking reaction, the
characteristic absorption bands from the double bonds
disappeared in SIPN-60-2, which demonstrated the formation
of the cross-link between the flexible polymer chains. XPS
signal for S’s 2p electron (the binding energies of S 2p,,, and
2ps, were 164.6 and 163.5 ev respectively) in SIPN-60-2
confirmed the state of S in the membrane was thiol (R-SH) or
thioether (R-S-R).%°
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Figure 4. Evidence of the formation of cross-links in SIPN
membranes. (a) FTIR of QAPPO-60, blend of QAPPO-60 and
PEG—PAGE, and SIPN-60-2. (b) XPS signal for S’s 2p electron in
SIPN-60-2.

Mechanical Properties of SIPN AEMs. The comparison
of mechanical properties between AEMs with different
structures and compositions are shown in Figure 5. Upon
introducing a flexible network into QAPPO, the tensile
behavior of the samples could be tuned depending on the
SIPN composition (Figure Sa). As conventional rigid AEMs,
QAPPO-30 and QAPPO-40 showed high tensile strength
above 20 MPa, but their flexibilities were low, on the order of
30—40% elongation to break (Figure Sb and c). QAPPO-60
with an IEC of 3.22 mmol/g showed low strength and
flexibility. Previous work has demonstrated that the process for
achieving brominated polymer with high DB would reduce the
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molecular weight (MW) of the product.**®” To verify the effect
of DB on the MW, GPC analyses were conducted for BrPPOs
with different DBs. As shown in Table S1, lower M, and greater
PDI were observed in BrPPO-60 (the precursor for QAPPO-60
synthesizing), which were responsible for the comparatively
poor mechanical properties of the QAPPO-60 membrane. In
addition, the large amount of ionic groups could disrupt the
inter chain interactions of QAPPO-60 and may also be a reason
for the low strength and flexibility of the material. In the wet
state, the extremely high water uptake (Table 1) of highly
functionalized samples weakened the ionic interactions between
polymer chains, which resulted in poor mechanical properties
in QAPPO-60 membranes. In comparison to QAPPO
membranes, SIPN-60-1 and SIPN-60-2 membranes showed
much higher elongation at break, especially for dry films (Table
2). The flexible network enhanced the toughness of the AEMs
significantly, while their tensile strengths were maintained at
relatively high levels (Table 2).

To evaluate the effect of the composition on the mechanical
properties of SIPN AEMs, five samples fabricated by cross-
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linked PEG—PAGE and QAPPO-60 (QAPPO-60-1, QAPPO-
60-2, and QAPPO-60-3) or QAPPO-95 (QAPPO-95—1 and
QAPPO-95-2) were obtained. The SIPN AEMs showed
superior properties to those of their QAPPO precursors (the
mechanical properties of QAPPO-95 were too poor to be
measured). And the SIPN-60 films based on QAPPO-60
exhibited higher strength and flexibility than those of SIPN-95
membranes based on QAPPO-95.

Elongation at break increased by raising the content of
PEG—PAGE (Figure Sc), as expected. However, the increase in
the PEG—PAGE fraction reduced the content of rigid QAPPO,
which decreased the strength of the AEMs. Fortunately,
increasing the content of PEG—PAGE in the sample caused
an increase in the cross-linking degree (see gel fraction in Table
1). The increased PEG—PAGE fraction and cross-linking
decreased the IEC and water uptake (Table 1), which helped
to maintain good tensile strength of the SIPN membranes
(Figure Sb). Among the studied SIPN AEMs, SIPN-60-1 and
SIPN-60-2 showed superior qualities with tensile strengths of
15.5 and 17.4 MPa, while the elongation at break reached 97.5
and 93.4%, respectively.

lon Conduction and Water Uptake of SIPN AEMs. The
trade-off between conductivity and swelling properties is a
barrier to high-performance AEM development. As depicted in
Figure 6a, QAPPO-30 and -40 showed a low water uptake and
swelling ratio, the swelling ratio of which was controlled at 5.8
and 15.7%, respectively, even at 80 °C. However, the low
swelling ratio was accompanied by low conductivity. The OH™
conductivity of QAPPO-40 with an IEC of 2.27 mmol/g was
49.9 mS/cm at 80 °C. OH™ conductivity can be improved by
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Figure 6. Comprehensive evaluation of different membranes. The
OH™ conductivity as a function of (a) swelling ratio and (b) hydration
number (1), respectively.
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further increasing the IEC of QAPPO. For example, QAPPO-
60 with an IEC of 3.22 mmol/g showed a conductivity of 33.6
mS/cm at room temperature, which increased to 45.4 mS/cm
at S0 °C (Figure 6a). Unfortunately, enhancing ionic
conductivity by increasing the IEC usually leads to a sacrifice
in mechanical properties. QAPPO-60 with a high swelling ratio
exhibited very poor strength and flexibility (Table 2), which is
definitely not suitable for the fuel cell applications.

Compared to QAPPO, SIPN AEMs maintained a good
balance between ionic conductivity and swelling ratio.
Introducing the hydrophilic, cross-linked PEG—PAGE network
into QAPPO with a high IEC (e.g., QAPPO-60 or QAPPO-95)
partly restricted the swelling of the material and maintained a
high hydration number in the SIPN membrane to ensure
sufficient conductivity. As is shown in Figure 6, SIPN-60-2
(Waarpo.6o/ Wegg-pace = 2:1, IEC = 143 mmol/g) had a
moderate swelling ratio (25.5% at 80 °C) and hydration
number (4 = 47.8 at 80 °C), and the conductivity of the sample
reached 30 and 67.7 mS/cm at 30 and 80 °C, respectively.

Reducing the content of PEG—PAGE and increasing the IEC
of the QAPPOs can raise the IEC of SIPN AEMs. As a
consequence, more water was absorbed in the membrane,
which led to significant increases in the swelling ratio and a
slight increase of conductivity. For example, at 80 °C, the
swelling ratio of SIPN-60-3 (Wqappo.s0/ Weeg-page = 3:1, IEC
= 1.74 mmol/g) and SIPN-95-2 (Wqappo.9s/ Wer-pace = 2:1,
1IEC 1.75 mmol/g) were 85.2 and 110.1%, with ionic
conductivities of 79.1 and 69.5 mS/cm, respectively. On the
contrary, if the amount of PEG—PAGE increased, the IEC,
swelling ratio, hydration number, and conductivity were all
reduced. SIPN-60-1 (Wqappo 6o/ Wreg—pace = 1:1), with a low
IEC of 1.02 mmol/g, showed a low swelling ratio of 14.3% with
a conductivity of 33.9 mS/cm at 80 °C.

It is important to observe that the IECs of SIPN-60-2 (IEC
1.43 mmol/g), SIPN-60-3 (IEC 1.74 mmol/g), and SIPN-95-2
(IEC 1.75 mmol/g) were lower, but both the swelling ratios
and the ionic conductivities of these samples were greater than
those of QAPPO-30 (IEC 2.0S mmol/g) and —40 (IEC 2.27
mmol/g) membranes (Figure 6a). The high DB of the QAPPO
as well as the strong hydrophilic nature of the PEG—PAGE
network were both favorable for achieving higher hydration
numbers (Figure 6b), which brought about a large swelling
ratio in the SIPN membrane. Since the PEG—PAGE flexible
network showed no ion conduction capability (Figure 6a), the
main reason for lower IEC but higher conductivity in SIPN
AEMs was attributed to the synergistic effects of the
hydrophilic PEG and potential phase separation on a nanoscale
in the SIPN. The first possibility for constructing highly
efficient ionic channels is to induce obvious hydrophilic/
hydrophobic microphase separation. However, both the SAXS
data and the TEM images demonstrated that there was no
pronounced ion aggregation or nanophase domains in the
SIPN AEM samples, and the microphase morphology of SIPN
AEM was similar to that of QAPPO film (Figure S1). Another
way to obtain high conductivity in these materials is to increase
the hydration number of the AEM. As shown in Figure 7,
increasing the hydration number would decrease the ion
concentration (c), but the normalized diffusion coefficient (D/
D,) improved significantly as the high water uptake ensured
unrestricted paths for ion conduction. Specifically, SIPN-60-2,
SIPN-60-3, and SIPN-95-2 with relatively low OH™ concen-
trations of 0.80, 0.70, and 0.60 mmol/cm® showed high D/Dy’s
of 049, 0.72, and 0.80, respectively, compared to the low
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Figure 7. Ratio of the effective diffusion coefficient, D, to the diluted
solution diffusivity, Dy, as a function of OH™ concentration for AEMs
in OH™ form at room temperature.

mobilities of QAPPO-30 (D/D, = 0.12) and -40 (D/D, =
021).

Alkaline Stability. Conductivity of AEMs can be increased
by a number of methods, but long-term chemical stability is
currently preventing the demonstration of long-lived AEMFCs
and other alkaline membrane electrochemical devices. It is
hypothesized that the overall stability of AEMs is determined
by the degradation of the cation and polymer backbone under
alkaline conditions. Groups with a strong electrophilic nature
(e.g., quaternary ammonium) are very likelz to be attacked by
OH™, especially at elevated temperatures.”’ To evaluate the
alkaline stability of SIPN AEMs, SIPN-60-2, SIPN-60-3,
QAPPO-30, and QAPPO-40 were immersed in 1 M NaOH
solution at 80 °C for 1 month with replacement of the 1 M
NaOH every 3 days during the testing period. Evaluation of
OH™ stability at 80 °C over long times is important because
many studies have shown stability of a variety of AEMs at 60
°C, but the degradation environment is much more challenging
at 80 °C where few samples have demonstrated and verified
long-term stability. As shown in Figure 8, although the chemical
structure of the cation and the polymer backbone of the
polyelectrolyte in SIPN AEMs were the same as those of the
QAPPO, SIPN AEMs showed much higher cation stability
under alkaline conditions. After 30 days of immersion, the IECs
of QAPPO-30 and -40 decreased by 41.5% and 56.8%, and the
OH™ conductivities decreased by 42.9% and 61.2%, respec-
tively. In contrast, the IEC values of SIPN-60-2 (IEC = 1.43
mmol/g) and —3 (IEC = 1.74 mmol/g) films decreased to 1.09
mmol/g and 1.17 mmol/g, and the OH™ conductivity values
were maintained at 52.4 mS/cm and 55.7 mS/cm at 80 °C,
about 20—30% lower than the values measured for the sample
before the stability test. Lower initial IECs could be responsible
for the higher stability of the AEMs. Furthermore, with similar
IECs, the SIPN-60-3 (IEC 1.74 mmol/g, DB 60%)
membrane also exhibited higher stability than that of QAPPO-
30 (IEC = 2.05 mmol/g, DB = 30%). The degradation of anion
exchange membrane samples is likely dependent on the water
uptake and the degree of bromination of the quaternary
ammonium polymer backbone. These factors, along with the
IEC and molecular weight of the polymer, must be considered
as work progresses on understanding the molecular details that
contribute to membrane degradation. The additional flexible
network, which guaranteed high dimensional stability for the
SIPN membranes, may change the environment around the
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Figure 8. Chemical stability of the quaternary ammonium cation of
QAPPO-30 (DB = 30, IEC = 2.05 mmol/g), QAPPO-40 (DB = 40,
IEC = 2.27 mmol/g), SIPN-60-2 (DB = 60, IEC = 1.43 mmol/g), and
SIPN-60-3 (DB = 60, IEC = 1.74 mmol/g) in 1 M NaOH solution at
80 °C. (a) OH™ conductivity measured at 80 °C and (b) IEC as a
function of duration time.

QAPPO chain and potentially protect it from the severe
nucleophilic attack by hydroxide ions.

Additionally, having a hydroxide resistant cross-linked
network hinders mechanical degradation of the sample.
SIPN-60-2 exhibited superior mechanical stabilities to pure
QAPPO samples. The immersion of QAPPO-40 film in a hot
alkaline solution weakened the interaction between the polymer
chains, resulting in a large swelling of this AEM. The water
uptake of QAPPO-40 increased to 187.5 and 270.0% after 15
and 30 days of degradation testing, respectively, compared to
an initial water uptake of 72.2%. After 15 days of degradation,
the strength and flexibility of QAPPO-40 decreased by almost
50%. After 18 days of aging, the film began to break into small
pieces, and its tensile behavior could not be determined.
Relative to QAPPO-40, good strength retention and flexibility
were observed in the SIPN-60-2 membrane. The mechanical
strength was maintained at 14.6 and 12.5 MPa, and the

elongation of break maintained 78 and 69% of the original
values after 15 and 30 days of stability testing, respectively. The
highly alkaline-tolerant PEG—PAGE flexible network restrained
further swelling of the SIPN AEM, which only slightly increased
in water uptake after the 30-day aging period (Table 3). In
addition to testing the mechanical stabilities in 1 M NaOH
solution, we evaluated the changes of the mechanical properties
of the samples in 3 M NaOH at 80 °C (Figure S2). Increasing
the concentration of alkaline solution from 1 to 3 M showed no
obvious influence on the mechanical properties of the AEM
samples; therefore increasing the base concentration did not
lead to more severe degradation of the materials. Since all the
stability tests were conducted in 250 mL of solution, there was
a large excess of OH™ during the test. Due to this large excess,
the higher concentration (3 M) may not cause a significant
change of the environment surrounding the films, and thus
similar degradation rates were observed in these two solutions.

B CONCLUSIONS

In summary, we have designed and synthesized AEMs based on
a rigid-flexible semi-interpenetrating network (SIPN) for fuel
cell applications. Quaternized PPO (QAPPO) with relatively
high IEC was chosen as a rigid and conductive functional phase,
while a hydrophilic and highly alkali-resistant PEG—PAGE
thermally cross-linked by dithiol was employed as the flexible
network. The addition of the flexible network sharply increased
the flexibility of the QAPPO-based AEM; the elongation at
break of wet SIPN-60-2 film reached 93.4% with a high
mechanical strength of 17.4 MPa. High conductivity and water
uptake were observed in SIPN AEMs since such membranes
exhibited high hydration numbers even at low IECs. High
hydration numbers increase the membrane swelling and
decrease the ion concentration but effectively enhanced the
ion mobility in these AEMs. For example, SIPN-60-2 with the
IEC of 1.43 mmol/g showed an ionic conductivity of 67.7 mS/
cm and a swelling ratio of 25.5% at 80 °C, which were higher
than that of the properties of the QAPPO-40 membrane with
an IEC of 2.27 mmol/g (the ionic conductivity is 49.9 mS/cm
and the swelling ratio is 15.7% at 80 °C).

In addition to improved physical properties, SIPN AEMs
exhibited excellent alkaline stability. The quaternary ammo-
nium cation in SIPN-60-2 showed much higher chemical
stability than the same group in QAPPO-40. After testing the
AEMs in 1 M NaOH solution at 80 °C for 30 days, the
decreases in IEC and conductivity of SIPN-60-2 were less than
half of those for QAPPO-40. Meanwhile, SIPN-60-2 showed
good dimensional and mechanical stabilities in hot alkaline
solution and changed only slightly after the long-term aging
test.

Table 3. Mechanical Properties and Water Uptakes of AEMs before and after Stability Test in Hot Alkaline Solution”

tensile strength (MPa)

elongation at break (%)

water uptake (%)

time (days)” SIPN-60-2
0 17.4
15 14.6 (116.1%)
30 12.5 (128.2%)

QAPPO-40
219
112 (148.9%)

934

“Properties measured at room temperature.

SIPN-60-2

77.7 (116.8%)
69.1 (126.0%)
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SIPN-60-2
124.6
1294 (13.9%)
138.1 (110.8%)

QAPPO-40
37.5
19.6 (147.7%)

QAPPO-40
722
187.5 (1159.7%)
270.0 (1274.0%)

YThe time for AEMs immersed in 1 M NaOH solution at 80 °C.
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