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ABSTRACT: Anion exchange membrane (AEM) fuel cells require membranes with a balance of high conductivity
and durability. In this work, a novel bi-crown-ether modified piperidine structure was designed and synthesized,
which was then introduced into the side chain of poly(arylene piperidinium), making a unique bi-crown-ether
modified bi-piperidinium side chain grafted polymer for AEM fabrication. The double crown ether units enhanced
cation–water interactions and promoted microphase separation, thereby forming efficient hydroxide ion transport
channels. The resulting membrane exhibited high water uptake, well-defined ion clusters, and a hydroxide conductivity
of 123 mS cm−1 at 80○C with an ion exchange capacity (IEC) of 1.56 mmol g−1. After alkaline treatment in 1 M NaOH at
80○C for 960 h, the membrane retained ~85% of its initial conductivity, demonstrating excellent chemical stability. In
H2/O2 fuel cell tests at 60○C, the membrane achieved a peak power density of 558 mW cm−2 at 1040 mA cm−2. These
findings highlight the potential of bi-crown-ether modified piperidinium side chain grafting as an effective strategy to
enhance ion conduction properties of AEMs for fuel cell applications.
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1 Introduction
Fuel cells are increasingly gaining popularity as a clean source of energy, particularly with the growing

demand for sustainable energy. Among different types of fuel cells, alkaline anion exchange membrane fuel
cells (AAEMFCs) have gained consideration owing to their compatibility with low-cost oxygen reduction
catalysts. However, their performance is still limited by the properties of the membrane, which needs to have
high ionic conductivity, low electron conductivity, and outstanding alkaline and mechanical stability [1,2].
In recent years, there has been an increasing focus on the development of improved anion exchange
membranes (AEMs) aimed at boosting the efficiency of AAEMFCs. [3–5]. However, AEMs suffer from
several limitations, including low hydroxide conductivity, poor chemical and mechanical stability, and water
management issues. To overcome these limitations, researchers have focused on modifying the structure of
the polymer, such as introducing hydrophilic groups, to enhance the membrane’s properties [6–8].

Various materials have been explored to develop AEMs, including PPO [9,10], PEEK [11], PAEK [12] and
PSF [6], because of their ease of structure modification and good membrane-forming ability. Nonetheless,
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the chain scission reaction of these polymers’ backbone is likely to occur in an alkaline medium as a result
of hydroxide ion attack [8,13]. Recently, there has been a focus on developing chemically and thermally
stable arylene-based polymers for use in AEMs. These polymers are synthesized through acid-catalyzed
polycondensation and have shown good alkaline stability. For instance, Chen et al. [14] testified that AEM
poly(fluorenyl aryl piperidinium) could endure 80○C treatment in 1 molar NaOH solution for 2000 h. To
enhance alkaline stability, introducing long side-chains hanging the ion conducting clusters and optimizing
the hydration level of cationic groups have been proposed. Furthermore, studies have demonstrated that
the alkali confrontation of these materials is influenced by the level of hydration surrounding their cationic
groups [15,16]. The more heavily hydrated cations are believed to degrade at a slower rate in alkaline
environments as a result of steric hindrance caused by the solvent cage effect [17–19].

Ensuring that AEM-based devices deliver a high power output requires not only stability but also the
attainment of high hydroxide conductivity. Typically, the superior conductivity of AEMs is a result of their
greater ion exchange capacity, which can be increased by attaching more cations onto the polymer. However,
having too many cationic groups can result in excessive water uptake and reduced stability of the AEMs [20].
Creating rapid ion transport pathways through the construction of a suitable microphase-separated structure
in AEMs has been identified as a more effective method for achieving high conductivity at a suitable ion
exchange capacity level [21,22].

According to reported literature, the use of block copolymers [23], densely functionalized polymers [24]
and long side chain grafted polymers [25], has been found to be beneficial in promoting microphase
separation. Additionally, interactions between molecules, including electrostatic attractions and hydrogen
bonding, have been employed to encourage the accumulation of cationic groups, resulting in the creation
of uninterrupted ion channels [26,27]. Moreover, it has been demonstrated that incorporating a bulky 3D
structure into AEMs is an easier technique to increase their conductivity [28]. Kim et al. [29] have observed
that the inclusion of segments (triptycene) in the polymer backbone can promote the creation of clearly
separated microphase morphology by increasing the free volume of the membranes. The nanochannels
within AEMs that contain quaternary ammonium (QA) [30], guanidinium [31], phosphonium [32], imi-
dazolium [30], and pyrrolidinium [33] groups are believed to be essential for transporting hydroxyl ions
(OH−). The easy preparation and low cost of QA make it the most commonly used anion exchange group,
but it is susceptible to decomposition in a strong basic environment through nucleophilic substitution or
Hofmann elimination. Several strategies have been implemented to enhance the chemical durability of
AEMs, including altering the position of cationic groups [34] and crosslinking the structure. However, it is
still challenging to reconcile the trade-off between alkaline stability and conductivity. Therefore, developing
design strategies that simultaneously enhance ionic conductivity and chemical durability remains a critical
challenge. Promoting microphase separation at moderate IEC values has emerged as a promising pathway,
but new structural approaches are required to overcome the inherent trade-off.

Promoting microphase separation at a comparatively low IEC is an effective strategy to address the above
issue. In this regard, a proper combination of crown ether and a suitable cation may be a good choice. Crown
ethers are a type of macrocyclic compounds that contain multiple ether groups, and are extensively utilized
in drug delivery, bioengineering, and metal extraction applications [35–37]. Due to the electronegativity
present within their rings, crown ethers display a robust affinity and great selectivity towards specific metal
cations [38]. An example of this is the strong complexes that can be formed between K+ ions and dibenzo-
18-crown-6 [39]. In the complexation type of AEMs, which rely on metal ions associated with the membrane
for anion exchange, the K+-crown ether complex can act as a site enabling the transfer of OH− ions [40].
Additionally, the presence of the hydrophilic and bulky crown ether ring can improve water uptake and adjust
the microphase structure of the AEMs, as demonstrated by Wang and coworkers. Piperidine is a cyclic amine
that has been used as a cation precursor in AEMs due to its stability and high hydroxide conductivity [41].
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Several studies have been carried out on the preparation and characterization of piperidine-based AEMs [42].
Although crown ethers have been incorporated into other AEM systems [43], such AEMs are based on single
crown ether incorporation into the polymer backbone, and meanwhile, their integration with arylene-based
piperidinium polymers has not been reported.

In this work, we explore grafting the double-crown-ether-modified piperidinium side chain onto a
poly(arylene piperidine) backbone for AEM fabrication, and the resulting AEMs feature a bi-piperidinium
structure bearing bi-crown-ether units on the side chains. This structural design simultaneously enhances
hydrophilicity, promotes microphase separation, and improves alkaline stability, enabling the membrane
to achieve high conductivity at a moderate IEC. Unlike prior studies that either used crown ethers in
isolation [42] or piperidinium-based AEMs without such functionalization, our approach combines the
advantages of di-crown-ether units, piperidinium cation and side chain grafting in a single polymer system.
This integration establishes a new pathway for balancing ionic conductivity and durability in next-generation
AEMs toward fuel cell applications.

2 Experimental

2.1 Materials
1-Methyl-4-piperidinone, 1,1,1-trifluoroacetone (TFAc, 99%), 1,1,1-trifluoroacetic acid (TFA, 99%),

biphenyl (99%), trifluoromethanesulfonic acid (TFSA, 99%), N-methylpiperidine (98%), potassium iodide
(KI, 98%) and 1,8-dibromooctane, were acquired from Aladdin Chemical Co., Ltd. (Shanghai, China).
Commercially available dimethyl sulfoxide (DMSO) and dichloromethane (CH2Cl2) were acquired from
Kermel Chemical Co., Ltd. (Tianjin, China).

2.2 Synthesis of Poly (Biphenyl Piperidinium) Polymer (PBP)
To synthesize a poly (biphenyl piperidinium) polymer (PBP), 1-methyl-4-piperidone and diphenyl were

added to dichloromethane and stirred in an ice bath until completely dissolved. Then, 1,1,1-trifluoroacetone
(TFAC) was added to the reaction system to adjust the amount of attachment sites of the PBP backbone
by changing the amount of TFAC and N-methyl-4-piperidone to adjust the ion exchange capacity (IEC).
After that, a mixture of trifluoromethanesulfonic acid (TFSA) and trifluoroacetic acid (TFA) was slowly
dropped into the reaction mixture through a constant pressure dropping funnel. As the reaction proceeded,
the viscosity of the reaction mixture gradually rose. When the viscosity became too high for the mixture to
move freely, it was transferred into water to precipitate and obtain a white solid. The resulting product was
splashed repetitively with deionized water (DI) till the pH value of the solution was 7, resulting in the PBP
polymer. Finally, the product was vacuum dried at 60○C for 24 h.

2.3 Preparation of Bromooctanyl Poly (Biphenyl Piperidinium) Polymer (PBP-Br)
The procedure to obtain PBP-Br started with the dissolution of 1.0 g PBP in 30 mL DMSO at room

temperature. This solution was added drop-wise to a mixture of 1,8-dibromooctane (10 equiv.) and 10 mL
DMSO with the addition of a certain amount (1.2 g (≈8.7 mmol)) of K2CO3. The reaction was allowed to
proceed at 50○C for 72 h. Subsequently, the mixture was centrifuged and the supernatant was poured into a
large amount of ethyl acetate to precipitate the yellow solid. PBP-Br was obtained by washing the solid with
ethyl acetate and deionized water, followed by vacuum drying at 60○C for 24 h.
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2.4 Synthesis of Crown Ether Modified Piperidine (BCPIP)
The benzo15-crown-5 and 1-methyl-4-piperidinone were liquefied in methylene chloride in an ice

immersion, and then the mixture of TFA and TFSA was added drop-wise through a constant pressure
dropping funnel. As the reaction proceeded, the reaction system gradually changed color to green. After
continuous reaction for 10 h, a diluted K2CO3 solution was used to neutralize the acid until the pH value
of the reaction system reached 7. The solvent was evaporated with a rotovap, and then the obtained product
was recrystallized twice with anhydrous ethanol. Finally, the white solid was splashed with dichloromethane
and vacuum dried for 24 h at 60○C to obtain BCPIP. The reaction involved in BCPIP synthesis is shown
in Scheme 1.

Scheme 1: Synthesis of the crown ether modified piperidine

2.5 Preparation of Anion Exchange Membrane Using Crown Ether Modified Piperidine as Cation (PBP-
BCPIP)
The synthesis of PBP-BCPIP is shown in Scheme 2. First, 1.0 g PBP-Br was dissolved in 20 mL DMSO

at room temperature, subsequently KI, K2CO3, and excessive BCPIP (3 equiv.) were added. The reaction
was kept for 48 h at 80○C; the supernatant was transferred into ethyl acetate to give a yellow precipitate,
which was cleaned repeatedly with DI water and then dried in vacuum at 60○C for 24 h. For comparison,
the poly(arylene piperidine) membrane without crown ether (PBP-mPIP) was synthesized using a similar
process, but N-methylpiperidine was added instead of BCPIP. To prepare membranes, 5 wt% DMSO solution
of PBP-BCPIP or PBP-mPIP was poured onto a clean glass plate and heated for 24 h at 60○C. The membrane
was cast off, soaked in 1 mol L−1 NaOH for 48 h, and cleaned repetitively with DI water.

2.6 Characterization of the Membranes
The 1H NMR spectrum was obtained using a Bruker AVANCE III HD 500 spectrometer functioning

at a resonance frequency of 500 MHz and under standard room temperature conditions. The NMR solvents
employed were CDCl3 and DMSO-d6, and the internal reference utilized was tetramethylsilane.

To investigate the microscopic morphology of the membrane, a Tecnai G2F30 (FEI) transmission
electron microscope (TEM) was employed. A copper mesh was utilized, to which a membrane solution
(0.3%) in DMSO was applied, and then subjected to vacuum drying for 24 h at 60○C. [6]. The copper mesh
was then submerged for 12 h in deionized water and then treated for another 12 h with 1 M NaOH solution.
Finally, it was rinsed and submerged for 12 h in deionized water and then tainted with KI. The copper mesh
(carrying the membrane material) was further dehydrated for 24 h at 60○C in an oven prior to the TEM test.

2.6.1 Ion Exchange Capacity (IEC)
To measure the experimental IEC of the membranes, the simple titration technique was employed. To

completelyneutralize the membrane from hydroxide ions, the membrane was submerged in 20 mL of 0.01 M
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solution of HCl for 24 h. The remaining non-reacted HCl was titrated using phenolphthalein as an indicator
with a 0.01 M NaOH solution. The Eq. (1) was employed to compute the IEC.

IEC = CHClVHCl − CNaOHVNaOH

Wdry
(1)

Scheme 2: Synthesis of anion exchange membrane (AEM) with and without crown ether modified piperidine as cation
(PBP-BCPIP)

The variables V and C in Eq. (1) represent the volume and concentration of the NaOH and HCl solutions,
respectively, while Wdry refers to the weight of the membrane sample after it has been dried.

2.6.2 Water Uptake (WU) and Swelling Ratio (SR)
To ensure accurate measurements of WU and SR, it is necessary to fully hydrate the membrane sample.

This was achieved by immersing a hydroxide form membrane sample in water for 48 h, allowing it to fully
absorb the water. The sample was then carefully removed and excess surface water was detached using filter
paper. The sample membrane was then measured for its size and weight. After this, the sample was dried for
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24 h at 60○C to remove any excess water. Its size and weight were then measured again, and Eqs. (2) and (3)
were used to compute WU and SR, respectively.

WU =
Wwet −Wdry

Wdry
× 100% (2)

SR =
Lwet − Ldry

Ldry
× 100% (3)

2.6.3 Hydroxide Conductivity
The impedance (spectroscopy) was utilized with electro-chemical solartronel (S1260/1287A) equipment

to measure the hydroxide conductivity (σ) of membranes. To minimize carbonation, all conductivity and
IEC measurements were performed using freshly prepared membranes. The 4-probe method was employed
to measure conductivity at frequencies ranging from 5 MHz to 0.01 Hz. To ensure fully wet conditions,
1 cm × 5 cm pieces of samples were held in a PTFE cell and measurements were taken longitudinally with
the cell immersed in DI water. Using the readings of impedance, the membrane conductivity was computed
employing Eq. (4), where L represents the distance among reference electrodes, R denotes membrane
resistance, and W and d represent sample width and thickness, respectively.

σ = L
RWd

(4)

2.6.4 Alkaline Stability Measurement
The prepared membranes were tested for their resistance to alkaline conditions by subjecting them to

1 M NaOH at a temperature of 80○C for 960 h. Subsequently, the membranes were washed multiple times
with deionized water to eliminate any remaining NaOH. After that, the conductivity of the membranes was
measured to observe any changes that occurred following the alkaline treatment. Additionally, we utilized
1H NMR to monitor any structural modifications in the membrane during the same time period.

2.6.5 Mechanical Thermal Properties
The prepared membrane samples were tested for tensile strength under wet conditions at a testing speed

of 5 mm min−1, using the SANS CMT8102 mechanical testing instrument. Moreover, thermogravimetric
analysis (TGA) was carried out on the membrane samples using the Mettler thermogravimetric analyzer,
with a heating rate of 10○C min−1, under a nitrogen atmosphere. Before the tests, the membrane samples
were dried in a vacuum oven at 60○C for 24 h.

2.6.6 Fuel Cell Test
The MEAs for evaluating fuel cell performance were prepared using the catalyst coated membrane

(CCM) method. To produce the catalyst ink, 70 wt% Pt/C was mixed and sonicated with a few drops of
deionized water, solvent (iso-propanol), and 5 wt% self-made ionomer solution. The resulting ink was then
sprayed with an air spray gun onto both sides of the membranes (around 60 μm thick) to obtain a CCM.
According to the calculation, the catalyst layer had a Pt loading and ionomer content of 0.5 mg cm−2. The
MEA had an electrode area of 5 cm2, and hot-pressing was not employed during its manufacture. Instead, the
CCM was assembled and inserted between two bits of AvCarb GD3250 carbon paper. The MEA underwent
single-cell testing at Scribner Associates multirange fuel cell system, with H2 and O2 fed into the cell at
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500 cm3 min−1 while being wetted at 60○C (100% RH) and with zero back pressure. The testing was conducted
at 60○C.

3 Results and Discussion
The 1H NMR spectra of PBP, BCPIP, PBP-BCPIP, and PBP-mPIP are shown in Fig. 1. The characteristic

signal at 1.93 ppm (3) corresponds to the (TFAc) methyl proton, while the signal at 2.74 ppm (6) results from
the methyl proton of the pyridine ring. The signals at 2.88 ppm (4) and 3.67 ppm (5) are ascribed to the
methylene proton on the pyridine ring. The presence of these characteristic peaks signifies the successful
synthesis of the PBP polymer. The characteristic signals at 3.67 ppm (f), 3.75 ppm (e), and 4.11 ppm (d)
correspond to the signal on the crown ether ring of the dibenzo-15-crown-5. Their appearance indicates the
successful synthesis of the crown ether-modified pyridinium cation and its successful grafting onto the main
chain. The desired synthesis of the PBP-BCPIP and PBP-mPIP membranes is supported by the appearance
of broader peaks between 1 and 2 ppm and a broad peak near 4 ppm, as well as broader peaks at 3 ppm and
between 7 and 8 ppm, respectively.

Figure 1: The 1H NMR spectra of (a) BCPIP (b) PBP (c) BCPIP-PBP (d) and PBP-mPIP

Water uptake (WU) is an essential constraint for assessing the capability of AEMs as it influences the
conduction of hydroxide ions and mechanical robustness of the prepared membrane. Too much water uptake
can lead to a decline in mechanical properties, which is undesirable. As shown in Fig. 2a, the WU of the
PBP-BCPIP is higher than that of the PBP-mPIP membrane at 30○C, the former being 51% while the latter
49%. With elevated temperature, the WU of PBP-BCPIP membrane increases and reaches 76% at 80○C.
However, the WU of the PBP-mPIP membrane does not change with temperature. This difference can be
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attributed to the presence of crown ether modified cation in the PBP-BCPIP membrane, which enhances
its ability to absorb and store water and the polymer matrix is relatively rigid, limiting water uptake at low
temperature. Although the high WU benefits conductivity, it may compromise mechanical robustness under
long-term cycling. Optimizing hydration control strategies, such as partial crosslinking or blending, should
be considered in future work.
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Figure 2: The (a) WU and (b) SR of PBP-BCPIP and PBP-mPIP membranes

Despite a significantly higher water uptake as discussed above, the PBP-BCPIP membrane shows a
swelling ratio only slightly higher than that of PBP-mPIP; this is observed in Fig. 2b and the reason may lie
in the hollow structure of crown ether, which can help to store water and thus does not lead to increased
spacing between polymer chains; water molecules may also be stored in the free volume in the membrane
caused by the bulky crown ether moieties. Furthermore, the PBP-BCPIP membrane shows a slight change
in swelling with temperature, as seen in Fig. 2b. The results demonstrate that the PBP-BCPIP membrane has
better water uptake properties compared to PBP-mPIP, and have good resistance to swelling. These findings
are crucial for developing efficient AEMs with improved performance.

The mechanical properties of the hydrated membranes of PBP-mPIP and PBP-BCPIP were evaluated
and are summarized in Table 1. The results indicate that both membranes possess good tensile strength,
exceeding 25 MPa. However, it is noteworthy that the PBP-BCPIP membrane, which contains crown ether
units combined with piperidinium, has a lower tensile strength but greater elongation at break related
to PBP-mPIP. This can be ascribed to the higher water absorption of PBP-BCPIP, which leads to water
plasticization. While elongation improvement is desirable, the reduced tensile strength suggests a trade-off
that must be balanced. These results suggest that the combination of crown ether units into cationic groups
can effectively regulate the WU and SR of AEMs, giving better membrane ductility without much sacrifice
of mechanical strength.

Table 1: WU, SR, IEC, and mechanical properties of the prepared membranes measured at 30○C

Membrane Water uptake (%) Swelling ratio (%) IEC (mmol/g) Ts (MPa) Eb (%)
PBP-BCPIP 51.32 17.52 1.56 25 15
PBP-mPIP 49.32 17.00 1.60 28 13
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The microstructure of AEMs is an vital factor determining their ionic conductivity and stability [44].
TEM was used to analyze the phase separation morphology of the prepared PBP-BCPIP and PBP-mPIP
membranes. As revealed in the Fig. 3, PBP-BCPIP membrane has a distinct microphase separation mor-
phology compared to PBP-mPIP. This morphology is mainly due to the strong polarity difference between
hydrophobic and hydrophilic structure [4]. The crown ether group and the ionic group in PBP-BCPIP
membrane have hydrophilicity, while the floride containing main chain has hydrophobicity. The strong
polarity difference between the two phases results in a high driving force for ion aggregation, leading to
significant phase separation behavior. The dark regions observed in Fig. 3 represent the hydrophilic regions
that form large and interconnected ion clusters. These clusters create continuous and orderly ion passage
pathways, which are essential for the efficient transport of ions in the AEM. The well-defined microstructure
of PBP-BCPIP membrane is expected to enhance its ionic conductivity and durability in AEMFCs.

Figure 3: TEM images of PBP-mPIP (a,c) and PBP-BCPIP (b,d)

In order to examine how the crown ether modified piperidine affects ion transport, a comparison
was made between the hydroxide conductivity of PBP-BCPIP and PBP-mPIP. Fig. 4 shows the correlation
between the hydroxide conductivity and temperature of PBP-BCPIP and PBP-mPIP. As ions are more
active and move faster at high temperatures, all membranes exhibit a quick increase in conductivity as the
temperature increases from 30○C to 80○C. Specifically, the conductivity of PBP-BCPIP increases from 59 to
123 mS cm−1, which is much higher than that of PBP-mPIP and also better than or comparable with literature
results [19,21]. This can be ascribed to the fact that the high WU brought about by the crown ether group
can effectively assist in ion conduction [45], and the introduction of crown ether enhances the microphase
separation within the membrane [46]. The evolution of ionic conductivity at high temperatures is controlled
by the Arrhenius law. The obvious activation energy of PBP-BCPIP for conducting OH− ion is 13.05 kJ mol−1,
while that of PBP-mPIP is 14.44 kJ mol−1. The lower activation energy of PBP-BCPIP indicates that it requires
less energy to conduct OH− ions, which makes it more favorable for use in AEMFCs.
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Figure 4: (a) Hydroxide ion conductivity and (b) Arrhenius plots of the PBP-BCPIP and PBP-mPIP membranes

The thermal decomposition of the membrane is investigated by TGA. The results are shown in the Fig. 5,
which indicates that the thermal decomposition of the membrane can be divided into three phases. In the
first stage, the weight loss occurs below 120○C, which is ascribed to the evaporation of residual solvent and
water in the membrane. The second stage occurs at a temperature range of 170○C–400○C, where the mass loss
represents the thermal decomposition of crown ether and piperidine groups. Finally, in the third stage, the
mass loss occurs at a temperature higher than 400○C, resulting from the decomposition of the PBP polymer.
It is worth pointing out that the working temperature of AEMFC is typically below 100○C [44,47], thus the
thermal strength of PBP-BCPIP membrane meets the normal working requirements of fuel cells. Overall,
the authors provide important insights into the thermal stability of the PBP-BCPIP membrane, which is a
crucial property for its potential application in fuel cells.

Figure 5: Thermogravimetric analysis (TGA) of the PBP-BCPIP and PBP-mPIP

Evaluation of the long term stability of AEMs in alkaline fuel cells is crucial for their practical
application. The alkaline stability of the prepared PBP-BCPIP and PBP-mPIP membranes was examined
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by submerging them in 1 mol L−1 NaOH solution at 80○C. As shown in Fig. 6, the conductivity retention
rates of PBP-BCPIP and PBP-mPIP membranes after 960 h alkali treatment were 86% and 83%, respectively,
indicating that the membrane with the crown ether modified piperidinium cation had better alkali stability.

Figure 6: Conductivity retention of the PBP-BCPIP and PBP-mPIP membranes after treatments in 1 mol L−1 NaOH
solution at 80○C for 960 h

The microphase separation structure of the PBP-BCPIP membrane plays a crucial role in its alkali
stability. The hydrophilic phase crown ether can make the ionic group combine with more water molecules,
thus diluting the concentration of OH− and decreasing the attack on the cationic group. In addition, the
hydrophobic phase can reduce the attack of OH− to a certain extent [27,48]. The conductivity of the PBP-
BCPIP membrane also depends on the assistance of the crown ether group. Although the crown ether group
will not be degraded, the hydroxyl radical can attack the α-C or β-H, leading to the degradation of cation
on the main chain. This can cause the tail piperidium ion and crown ether as degradation products to fall
off with the spacer chain. Despite these potential degradation pathways, the PBP-BCPIP membrane still
demonstrated good alkali stability. The membrane structure was analyzed using the 1H NMR spectra before
and after undergoing alkaline treatment. The results depicted in Fig. 7 indicate that there was slight change
observed before and after alkali treatment. The high intensity of the peaks at 1.2 and 0.8 ppm are attributed
to the degradation of the pyridine ring via Hofmann degradation. Additionally, the new peak appeared at
3 ppm can be attributed to an increase in nucleophilic substitution degradation. This type of substitution
produces minor hydroxylated or demethylated fragments, which have been reported as a typical degradation
pathway in poly(arylene piperidinium) and related membranes under alkaline conditions. Importantly, the
very low intensity of this peak compared with the main polymer signals indicates that only a small fraction
of sites is affected. This observation is consistent with the high conductivity retention (~85%) and stable IEC
values after long-term alkaline exposure [49].
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Figure 7: The 1H NMR spectra of the PBP-BCPIP membranes after 0, 240 and 960 h of alkali-treatment at 80○C in 1
molar NaOH solution

The H2-O2 fuel cell performance of PBP-BCPIP membrane was evaluated owing to its excellent
conductivity and alkali stability. Fig. 8 presents the polarization curve and power density results of the fuel
cells assembled with PBP-BCPIP and PBP-mPIP. It is seen that PBP-BCPIP fuel cell yielded a maximum
power density of 558 mW cm−2 at 60○C with a current density of 1040 mA cm−2. In contrast, the PBP-mPIP
cell only attained a peak power density of only 320 mW cm−2. The open circuit voltage of PBP-BCPIP based
fuel cell was found to be 0.98 V, reasonably close to theoretical potential of the cell, indicating good ability of
the membrane to prevent fuel crossover. The non-linear iR region arises from a combination of membrane
resistivity and interfacial resistance between the membrane and electrodes. The two-slope behavior may
reflect different regimes: partial saturation of ion transport channels at intermediate current densities (250–
600 mA cm−2) and additional mass transport limitations at higher current densities (>600 mA cm−2). It
is worth noting that the performance of fuel cells is influenced by multiple components in addition to the
membrane, and thus cannot be directly correlated with membrane performance. Nevertheless, the results
suggest that PBP-BCPIP has great potential as an AEM in fuel cells due to its high power density and good
H2-O2 tightness.
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Figure 8: The fuel cell performance of PBP-BCPIP membrane at 60○C (100% relative humidity) and with zero
backpressure

4 Conclusion
The use of bi-crown-ether modified piperidinium cation in enhancing the performance of AEMs has

been demonstrated in this work. The combination of bi-crown-ether with piperidinium can enhance the
hydrophilicity of the resulting side chains, and promote microphase separation for constructing hydroxide
ion pathway. As a result, the PBP-BCPIP membrane exhibited a high water uptake (51% at 30○C) but
reasonable swelling (17% at 30○C) and mechanical strength of 25 MPa; its hydroxide conductivity can reach
124 mS cm−1 at 80○C with a low IEC of 1.56 mmol g−1. The membrane also displayed good alkaline stability,
retaining 85% of its hydroxide conductivity after soaking in 1 mol L−1 NaOH solution at 80○C for 960 h. This
work provides a novel and effective strategy for high-performance anion exchange membrane design and
may benefit the development of alkaline membrane fuel cells.
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