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Abstract
The lack of anion exchange membranes (AEMs) that possess both high hydroxide conductivity and
stable mechanical and chemical properties poses a major challenge to the development of high-
performance fuel cells. Improving one side of the balance between conductivity and stability usually
means sacrificing the other. Herein, we used facile, high-yield chemical reactions to design and synthesize
a piperidinium polymer with a polyethylene backbone for AEM fuel cell applications. To improve the
performance, we introduced ionic crosslinking into high-cationic-ratio AEMs, PEP80-20PS, to suppress
high water uptake and swelling while further improving the hydroxide conductivity. Remarkably, PEP80-
20PS achieved a hydroxide conductivity of 354.3 mS cm− 1 at 80°C while remaining mechanically stable.
Compared with the base polymer PEP80, the water uptake and swelling rates of the ionically crosslinked
sample at 80°C decreased substantially by 69% and 85%, respectively. PEP80-20PS also showed
excellent alkaline stability, 84.7% remained after 35 days of treatment with an aqueous KOH solution. The
chemical design in this study represents a significant advancement toward the development of
simultaneously highly stable and conductive AEMs for fuel cell applications.

Full Text
Hydrogen energy is a promising option for achieving carbon neutrality, with advantages in terms of near-
zero greenhouse gas emissions, renewability, and a bountiful supply. Hydrogen fuel cells efficiently
transfer chemical energy from hydrogen to electricity, producing water as a byproduct. Due to their high
proton conductivity and long durability, proton-exchange membrane fuel cells (PEMFCs) have been used
commercially for years. However, the high cost and vulnerability of the catalysts and expensive
membranes used in these fuel cells have hindered the broad industrial adoption of this technology.
Comprehensive research has been conducted on anion exchange membrane (AEM) fuel cells (AEMFCs),
wherein hydroxides are associated with redox reactions at both electrodes; these fuel cells are compatible
with economically feasible catalysts and thus represent a promising new direction.1

The performance of an AEM is determined by the structure and design of its backbone and cationic
moieties. The first generation of AEMs containing ether backbones yielded decent levels of
electrochemical performance.2 However, their use has declined due to the alkaline instability of the ether
bonds. The ether backbones accordingly have been replaced by alkaline-stable, ether-free polymers such
as polyethylenes (PEs) and polyarylenes.3 As the alkaline stability of cationic groups is crucial to the ion
exchange capacity (IEC; i.e., conductivity and cell power output) of an AEM, a series of cationic groups,
including quaternary ammonium,4 quaternary phosphonium,5–7 metallocene,8 imidazolium,9,10 and
piperidiniums,11–13 have been developed and studied. Quaternized ammoniums have become popular
because they are easier to synthesize, although their stability is sometimes uncertain. Phosphoniums
with bulky groups such as cyclohexane and benzene have also been studied, as their substituents can
provide steric hindrance.5,7,14 Noonan et al. evaluated the use of the tetrakis(dialkylamino)phosphonium
cation in AEMs and observed only a small loss of conductivity from 22 to 18 mS cm− 1 during an alkaline
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stability test.5 Furthermore, cobaltocenium-embedded polybenzimidazole AEMs were shown to be stable
when electron-donating groups were installed.15 A cobaltocenium-containing polybenzimidazole
membrane prepared via a microwave reaction showed a conductivity loss of 15–20% under the
conditions of 1 M KOH and 60°C for 672 h. Substitution of the C2, C4 and C5 positions in imidazolium
improved the alkaline stability of this compound significantly by suppressing ring-opening degradation.16

Wright et al. rationally designed and synthesized imidazolium-based AEMs with a poly(benzimidazole)
backbone and steric protection of the C2 position of the benzimidazoliums in the backbone. In these
AEMs, C4 and C5 were fused to a benzene ring to further improve the durability.17

Of the existing cationic groups, piperidiniums (i.e., cyclic quaternary ammoniums) have shown
outstanding alkaline stability because a high transition state energy is needed for ring distortion.18 Thus,
piperidiniums cannot be easily degraded via the two main mechanisms of quaternary ammonium
degradation: nucleophilic substitution and beta elimination. The installation of piperidiniums on the
polyarylene backbones through facile Friedel–Crafts polymerizations has made a significant impact on
the development of AEMs.11–13 Dozens of studies on linear, pendant and crosslinked poly(aryl
piperidiniums) have been published, and all have exhibited the highest level of alkaline stability due to the
inclusion of highly stable piperidiniums and ether-free backbones. However, the installation of benzyl
groups in piperidiniums facilitates the degradation of these compounds. Marino and Kreuer showed that
the half-lives of N,N-dimethylpiperidinium and N-benzyl-N-methylpiperidinium were 87.3 and 7.3 hours,
respectively, under the same test conditions (10 mol L− 1, 160 °C).19 Thus, logic suggests that the most
durable piperidinium-based AEMs should be aromatic ring-free; accordingly, PEs are ideal backbones. To
achieve this, ring-opening metathesis polymerization (ROMP) is the most viable option. Although Ziegler–
Natta polymerization is possible, its less diverse monomer scope limits product design. Cyclooctadiene
derivatives are commonly used as ROMP monomers to prepare PE-based AEMs due to their versatility in
forming various cations. Upon hydrogenation, the polymerized products possess a homogeneous C–C-
only polyethylene backbone that is chemically stable, mechanically durable and elastic.

Coates and colleagues have led the development of ROMP-enabled PE-based AEMs from cyclooctene
derivatives.20,21 The conductivity of tetraalkyl ammonium-functionalized PE-based AEMs was
comparable to that of Nafion-112.20 Recently, You et al. synthesized the first piperidinium-functionalized
PE-based AEM using piperidinium-functionalized cyclooctene.4 To prepare (Z)-1-(cyclooct-4-en-1-
yl)piperidine, the authors of that study used an efficient strategy of hydroamination between inactive
olefins and secondary alkyl amines that was photo-catalyzed by [Ir(dF(Me)ppy)2(dtbbpy)]PF6, as reported

by Musacchio et al.22 The designs of these piperidinium–cyclooctene monomers and the resulting
polymers are inventive. However, their AEMs have only yielded decent performances, with hydroxide
conductivities of 74–95 mS cm− 1 at 80 ℃, presumably due to a low IEC (< 1.6 mmol g− 1). A low IEC may
be a reasonable decision, as a high IEC (usually > 2.5) can result in excessive swelling and mechanical
instability. In this work, we designed an improved polymer architecture wherein piperidinium-based PE
AEMs have a high IEC of 4.38 mmol g− 1, resulting in an exceptionally high conductivity of 354.26 ± 
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159.35 mS cm− 1 at 80 ℃ while minimizing swelling (< 50%). We installed N-methylpiperidinium on the
C3 position of 1,5-cyclooctadiene (COD) through a facile substitution reaction between 3-
bromocycloocta-1,5-diene and piperidine, followed by a high-yield Menshutkin reaction. These reaction
schemes have the advantages of being catalyst-free and economical, producing high yields (> 70% for the
three-step process of synthesizing piperidinium-COD from commercial COD). Membranes with such a
high IEC and conductivity are often mechanically unstable. Thus, we stabilized these membranes by
using both covalent and ionic crosslinking.2 Overall, the crosslinked AEMs that contained a high fraction
of piperidiniums on the PE backbone showed prolonged mechanical and chemical stability and
maintained a high level of conductivity.

We first synthesized monomer 1 from 1,5-cyclooctadiene using an economical and straightforward three-
step route (see Fig. 1 and SI for details). The bromination of COD was conducted using N-
bromosuccinimide (NBS) as the bromine source and azobisisobutyronitrile as the catalyst. Then, we
realized C–N coupling via a simple K2CO3-assisted nucleophilic substitution between the brominated
COD and piperidine. Finally, quaternization by iodomethane yielded the final cationic monomer 1.
Crosslinker 2 was synthesized via a high-yield Grignard reaction between MgBr-COD and Br-COD with a
71% yield. For polymerization, we used a common ROMP condition: the monomers (1 mol L− 1; 1 and 2,
4:1 eq.) and a Grubbs 2nd generation catalyst (1 mmol L− 1) were mixed in DCM and stirred at room
temperature for 18 hours to produce poly(ethylene piperidinium) (PEP80; the number in the name shows
the percentage of 1 in the polymer), an elastic off-white compound, with a yield of 82% (The reaction was
characterized by FTIR, Fig. S1). Due to the ionic nature of the polymer, we used a viscometer instead of
gel permeation chromatography to characterize the molecular weight. The uncrosslinked base polymer,
PEP100, had a high viscosity of 1.92 d L g− 1 in DMSO. During ROMP, polymerization occurs through the
double bonds at the C5–6 positions. We also synthesized 3 (1-cyclooctene-3-piperidinium) and 4 (two 1-
cyclooctenes crosslinked at the C3 position), which have similar structures to 1 and 2 (see the SI and
Table S1 and S2), and studied the ROMP activities. However, we could not successfully apply ROMP to
monomer 3 despite trying various conditions (monomer concentration, catalyst concentration,
temperature; Table S2). Presumably, the bulky piperidinium next to the double bond hindered the
coordination between the cycloolefin double bond and metal carbene complex, deactivating the
monomer. A similar phenomenon was observed for crosslinker 4 at a relatively low concentration (Table
S1).

The optimized PEP80 was prepared systematically. First, we prepared PEP100, a homogeneous polymer.
However, its high IEC of 4.48 mmol g− 1 and highly soluble nature in water led us to introduce covalent
crosslinkers to produce membranes for further characterization. We decreased the percentage of 1 and
introduced a crosslinker 2. The polymer exhibited decreased solubility as the percentage of the
crosslinker increased from 5% (PEP95) to 20% (PEP80) and became insoluble in DMF when it reached
25% (PEP75). PEP60 and PEP40 were insoluble in DMF and all other tested solvents, and could not be
subjected to hydrogenation or further treatments. We thus used PEP80 with OH− in further studies, unless
otherwise noted. For membrane preparation, hydrogenated PEP80 was dissolved in DMF and cast
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through slow evaporation at 70 °C, followed by anion exchange in a 1 M KOH aqueous solution overnight.
Interestingly, we found that even with 20% crosslinking (PEP80), the membrane with OH− as the counter
ion exhibited high water uptake rates of 470% at room temperature and 813% at 80 °C, presumably due to
the high percentage of ionic components and the flexible backbone (Fig. 2b). The swelling rate of PEP80
significantly increased from 70–350% when the temperature increased from 20°C to 80 °C. The
appearance of the membranes also changed dramatically. When swelled, the PEP80 became nearly
colorless and transparent (Fig. S2). Noteworthy, the swelling of PEP80 in 1M KOH solution was reduced
to be less than 60% at 80 °C (Fig. S3).

We further stabilized the highly swollen PEP80 by introducing divalent persulfate ions as ionic
crosslinkers. We observed that adding a small amount of potassium persulfate (KPS) to the polymer
dispersion in deionized (DI) water made the polymer shrink rapidly, yielding an elastic and rubber-like
polymer in a solid state (Fig. S4). We conducted an energy-dispersive X-ray (EDX) analysis of thoroughly
washed samples and found that sulfur atoms, but not potassium atoms, were observed (Fig. S5). This
result indicates the presence of persulfate ions as ionic crosslinkers in the polymer. The increased degree
of crosslinking due to persulfates caused PEP80 with 20% PS (percentage about the number of cations
on the polymer) to become insoluble in DMF. Then, ionically crosslinked membranes were obtained by
hot pressing (see the SI for detailed procedures; hereafter, this sample is noted as PEP80-20PS).
According to the piperidinium quantity, PEP80 was treated with 10%, 20% or 30% PS, and the
relationships between the ionic crosslinker percentage and membrane properties were investigated. The
three samples with different percentages of PS exhibited significant improvements in dimension stability.
Water uptake decreased with the addition of the ionic crosslinkers. The water uptake rate of PEP80-30PS
decreased to 227% at room temperature, and an increase of only 4% in this rate was observed when the
temperature was increased to 80 °C (Fig. 2b and Table 1). As the percentage of ionic crosslinkers
decreased, their suppressive effect on membrane swelling was weakened. For PEP80-20PS, the water
uptake rate was 256% at 80 °C and the swelling rate was 50.2% (Fig. 2b, c and Table 1). Further
decreasing the ionic crosslinker (PEP80-10PS) content yielded a water uptake rate of 350% and a
swelling rate of 61.2% at 80 °C. These rates represent significant improvements over the water uptake
and swelling rates of PEP80, which were 813% and 350% at 80 °C, respectively.

We characterized the mechanical and electrochemical properties of the optimized sample PEP80-20PS
and the control samples, namely PEP80, PEP80-10PS and PEP80-30PS. The mechanical properties of
AEMs are essential factors in the interfacial stability and long-term operational durability of a fuel cell.
Compared with polyarylenes, PEs have remarkable mechanical properties due to their highly flexible, all
single-carbon-bond backbones. To measure the mechanical properties, we equilibrated the samples at 20
°C and 60 RH% overnight before taking measurements. Despite the potentially weak bond in a single ionic
crosslink, at a high density, the ionic bonds exerted a substantial force on the membranes. Overall, the
stress–strain curves of the AEMs show elastic and strong thermoset features due to the high percentage
of crosslinking. All four AEMs, namely PEP80, PEP80-10PS, PEP80-20PS and PEP80-30PS, had similar
maximum levels of tensile stress around 1 MPa but differences in the maximum tensile stress depending
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on the degree of ionic crosslinking (Fig. 2a). AEMs with fewer ionic crosslinkers tended to be more elastic.
For PEP80-30PS, the tensile strain required for membrane failure was only 130%. However, for PEP80-
10PS, which contained fewer ionic crosslinkers, the maximum tensile strain increased to 210%. By
contrast, PEP80 had more flexible features with a strain at the break of 227%. In terms of the thermal
stability, PEP80 showed no weight loss until 200 °C, while PEP80-nPS lost around 3% of their total weight
when the temperature reached 200 °C. The TGA pattern of the AEMs confirmed its thermal stability in fuel
cell’s working temperature (Fig. S6).

Following the investigation and optimization of the membranes, we measured the hydroxide conductivity
of PEP80, PEP80-10PS, PEP80-20PS and PEP80-30PS over a temperature range of 20–80 °C at intervals
of 10 °C. Introducing ionic crosslinkers improved not only the water uptake and dimensional stability of
the AEMs but also their hydroxide conductivity. PEP80-20PS exhibited the highest hydroxide
conductivities of 354.3 mS cm− 1 at 80 °C and 55.9 mS cm− 1 at 20 °C (Fig. 3). Although the performances
of PEP80-10PS and PEP80-30PS were slightly lower than that of PEP80-20PS, both membranes exhibited
excellent performance compared with most published AEMs, with conductivities of 147.7 and 204.7 mS
cm− 1 at 80 °C, respectively. When the temperature was lowered to 60 °C, the conductivity of PEP80-20PS
remained high at 167.9 mS cm− 1, while those of PEP80-10PS and PEP80-30PS were appreciably lower at
87.2 and 110.0 mS cm− 1, respectively. To the best of our knowledge, the conductivity of PEP80-20PS at
80 °C, 354.3 mS cm− 1, is almost double the previously recorded maximum value.24

The observed conductivities above 85 mS cm− 1 over the temperature range of 60–80 °C, i.e., the working
temperatures of fuel cells, proved well the usability of these AEMs. Overall, PEP80-20PS had the best
conductivity among the three samples. Compared with PEP80-30PS, the less numerous cationic sites in
PEP80-20PS were occupied by persulfate ions and thus made a greater contribution to OH− transport.
The water uptake of PEP80-10PS was significantly higher than that of PEP80-20PS, especially under
elevated temperatures (a difference of 37% at 80 °C), which reduced its conductivity. In addition, ion
crosslinked PEP80 membranes (PEP80-nPS) revealed much more stable behavior than PEP80. The
Arrhenius equation is well suited to describe the temperature-dependent hydroxide conductivity of PEP80-
nPS. According to this equation, the activation energies of PEP80-10PS, PEP80-20PS and PEP80-30PS
were very similar, with respective values of 27.0, 26.2 and 26.8 kJ mol− 1 (Fig. S7). The conductivity of
these crosslinked membrane samples varied at higher temperatures, indicating that ionic crosslinking
may not be fully stable under such thermal conditions. Finally, we measured the alkaline stabilities of the
AEMs after treating them with 1 M KOH solution at 80 °C for up to 35 days. The changes in conductivity
were measured and normalized to the initial conductivity measured during the alkaline stability test. All of
the samples exhibited a stable performance under the test condition. Specifically, PEP80-30PS, PEP80-
20PS, PEP80-10PS and PEP80 retained 87.5%, 84.7%, 81.3% and 75.4% of their initial conductivities,
respectively (Fig. 3b). The conductivities of all three AEM samples were enhanced after one day of
alkaline treatment but then decreased over the remaining testing period. One possible reason for the
initial increase in conductivity is that some of the ionic crosslinkers were exchanged for OH− ions. For the
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piperidinium-functionalized AEMs, cation degradation through both Hofmann elimination and
nucleophilic substitution is the main cause of the disablement of cations and loss of conductivity.4

In conclusion, we synthesized a piperidinium monomer based on cyclooctadiene via facile economical
reactions and prepared a cationic polymer using highly efficient ROMP. We obtained a series of
piperidinium-functionalized AEMs with various ionic crosslinking ratios and systematically studied their
properties. The ionically crosslinked AEMs achieved a balance between a high IEC (high conductivity) and
limited dimensional change. We found that the introduction of ionic crosslinkers not only improved the
mechanical stability of the AEMs but also promoted their hydroxide conductivity. PEP80-20PS achieved
an all-time high conductivity of 354.3 mS cm− 1 at 80 °C. All of the ionically crosslinked AEMs showed
excellent alkaline stability, with approximately 84.7% of conductivity remaining after 35 days of exposure
to alkaline conditions. However, it was difficult to prepare a macro-scale defect-free membrane for fuel
cell tests due to the thermoset nature of the ionically crosslinked AEMs. Further research efforts to
optimize engineering are needed.
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Table
Table 1. Chemical and mechanical properties of the PEP-AEMs.

AEMs IEC (mmol·g−1) WU (%) SR (%) σ (mS·cm−1)

Theor. Titra. 20 °C 80 °C 20 °C 80 °C 20 °C 80 °C

PEP80 4.52 4.38 473 813 70.0 350.0 82 85

PEP80-10PS / 4.17 297 350 56.1 61.2 23 147

PEP80-20PS / 4.05 243 256 48.1 50.2 56 354

PEP80-30PS / 3.70 227 231 38.0 38.5 30 205

*WU, SR and σ represent the water uptake rate, the swelling rate and hydroxide conductivity, respectively.
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Figure 1

Synthetic route to PEP80 AEMs and schematic of ionic crosslinking. a,Three-step synthesis of the
piperidinium-functionalized cyclooctadiene monomer. b, Synthesis of the polymer through ring-opening
metathesis polymerization to form a covalently crosslinked copolymer. Hydrogenation was achieved
through diimide reduction. c, Illustration of ionic crosslinking of the polymer to further stabilize the AEMs.
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Figure 2

Properties of the PEP-AEMs. a, Stress–strain curves of the AEMs. b, c, Water uptake and in-plane swelling
rates of the AEMs over a temperature range of 20–80 °C, respectively. d, Comparison of hydroxide
conductivity and swelling rates between this work and other representative AEMs with piperidinium.
(References: PAP-TP-85,11 PDTP-75,12 PFTP-13,13 m-p-MP-50,23 QPCTP-10,24 PFTP,25 PD2-TP25,26 PTP-

Cl, 27 PQDP-3,28 PQP-100,23 QABNP29, PFTP30, PCTP-231, PpTDMP32, m-PTP-32P8C33, s-PDTP-7834,
3QPAP-0.535, PBPCL1.4836, PBPip-QAPBF-30%37, PBP-6-Pip38, PDPF-bisPip-2.839, m-PTP-20Q440,
PDTP41, 50x-PmTP-SEBS42, cqPBPiA-7143, PAP–OH–8%44, PTTPQ4-4045.)
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Figure 3

Hydroxide conductivities of the PEP-AEMs. a, Hydroxide conductivities of the AEMs. Shown are the
averages of nine data points (three data points for each of the three samples) with their standard
deviations (error ranges). b, Alkaline stability of the AEMs, expressed by the percentage of conductivity
remaining, measured at 25 ˚C.
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