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A B S T R A C T

High temperature proton exchange membranes (HT-PEMs) are vital components in HT-PEM fuel cells (HT- 
PEMFCs). While phosphoric acid (PA) doped polybenzimidazole (PBI) membranes are commonly used in these 
fuel cells, their synthesis is complex and requires carcinogenic monomers. Therefore, developing cost-effective 
and easily prepared HT-PEMs with adequate physicochemical properties and high fuel cell performance is 
highly important. In this study, we synthesize binaphthalene based poly(arylene pyridine)s using a straightfor-
ward Friedel-Crafts reaction involving 1,1′-binaphthalene and 4-acetylpyridine (or 4-pyridinecarboxaldehyde). 
The resulting PBNP-CH3 membrane exhibits an excellent PA absorption capability, meanwhile maintaining 
improved dimensional and mechanical stabilities due to the rigid and planar of binaphthyl units. By immersing 
the PBNP-CH3 membrane in 85 wt% PA at 30 ◦C, it obtains a PA uptake of 252.9 %, a high tensile strength of 7.2 
MPa, and a good conductivity of 73.2 mS cm− 1 at 180 ◦C. Consequently, at 200 ◦C without backpressure, a H₂-O₂ 
fuel cell equipped with the PBNP-CH3/252.9 %PA membrane reaches a peak power density of 1047 mW cm⁻², 
indicating significant potential for use in HT-PEMFCs.

1. Introduction

The increasing reliance on conventional fossil fuels has led to sig-
nificant environmental degradation, highlighting the urgent need for 
clean, renewable energy sources and efficient energy conversion tech-
nologies [1,2]. Proton exchange membrane fuel cells (PEMFCs), known 
for their high efficiency and cleanliness, have garnered growing interest 
[3–5]. However, conventional PEMFCs typically operate at tempera-
tures below 100 ◦C, which can result in slower electrode kinetics, 
complex thermo-water management, and a heightened risk of CO 
poisoning [6,7]. In contrast, high temperature PEMFCs (HT-PEMFCs) 
operating above 100 ◦C offer several advantages, including enhanced 
electrode reaction kinetics, particularly for the oxygen reduction reac-
tion (ORR) [7], improved resistance to CO poisoning at the electrodes, 
and simpler hydrothermal management systems [8,9].

The central component of these systems, the high temperature pro-
ton exchange membrane (HT-PEM), presents unique challenges [6,10]. 
Traditional perfluorosulfonic acid polymer membranes like Nafion are 
unsuitable for use above 100 ◦C due to their dependence on water for 
proton conduction [11]. Additionally, their manufacturing process is 
complex and costly. Most research has focused on HT-PEMs doped with 

non-volatile inorganic acids like phosphoric acid (PA) [12–14], which 
exhibits excellent proton conductivity [15]. Polybenzimidazole (PBI) 
membranes were initially proposed for HT-PEMFCs by Wainright and 
co-workers [16] and are now considered viable for commercial appli-
cations. Since then, various modifications and derivatives of PBI have 
been explored [8,17–20]. For example, Jana et al. developed a novel 
monomer of 2,6-bis(3′,4′-diaminophenyl)− 4-phenylpyridine instead of 
the traditional monomer of 3,3′,4,4′-tetraaminobiphenyl (TBA) and 
synthesized various PBI polymers with different variant structure, which 
displayed improved performance [21–25]. In addition, to achieve 
PBI/PA membranes with enhanced mechanical strength and oxidative 
resistance, it is essential for PBI to have relatively high molecular 
weights [26]. However, high-molecular-weight PBI polymers often 
suffer from poor solubility in conventional organic solvents [18–20,26,
27]. Moreover, the production of the TBA monomer used in PBI syn-
thesis poses carcinogenic risks. Consequently, there is significant inter-
est in developing new HT-PEMs that offer excellent proton conductivity, 
robust mechanical strength, and superior thermal stability.

In recent years, a variety of polymers with diverse structural designs 
have emerged as potential alternatives to PBI. For example, poly(arylene 
ether sulfone/ketone)s and poly(vinyl chloride) grafted with 
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imidazolium or quaternary ammonium (QA) cations have been sug-
gested as candidate HT-PEMs [8,28–30]. Despite their superior ability to 
accommodate PA doping, QA side-chain grafted HT-PEMs often exhibit 
insufficient chemical and mechanical stability [26], which reduces fuel 
cell lifespan. Interestingly, aromatic polymers with main-chain N-het-
erocyclic groups have been proposed as HT-PEMs due to their excep-
tional mechanical and chemical stability. For instance, Kallitsis and 
colleagues synthesized several aromatic polyether polymers featuring 
pyridine groups along the main chains [31,32].

Polyhydroxyalkylation reactions between electron-rich arenes and 
ketones or aldehydes represent an effective polymerization approach 
that can be performed using superacid-catalyzed chemistry [33]. Zolo-
tukhin et al. employed these synthetic routes to produce various rigid, 
wholly aromatic, ether-bond-free polymers [34–36]. Building on these 
pioneering works, our group has synthesized a range of polymers con-
taining N-heterocyclic groups for HT-PEMFCs, including those with 
piperidine [12], imidazole [28], and pyridine [37] groups. Among these 
polymers, poly(arylene pyridine)s demonstrated excellent chemical 
stability due to their fully aromatic backbones and π-conjugated pyri-
dine rings. Furthermore, both poly(p-terphenyl-co-4-acetylpyridine) 
(PTAP) and poly(biphenyl-co-4-acetylpyridine) (PBAP) membranes, 
characterized by triarylmethane-like backbones and basic pyridine 
groups, exhibited remarkable PA doping capabilities [37]. The PBAP 
membrane achieved a PA uptake of 350 % when immersed in a 50 wt% 
PA solution at 30 ◦C, and it even dissolved in an 85 wt% PA solution, 
necessitating blending with reinforcing materials to improve mechani-
cal stability. For instance, poly(ether ketone cardo) (PEKC), a com-
mercial engineering thermoplastic, has been utilized to enhance the 
mechanical and dimensional stability of PBAP-based membranes [38]. 
Consequently, the H2–O2 HT-PEMFC utilizing the PBAP-50 %PEKC/170 
%PA membrane at 160 ◦C attained a peak power density of 632 mW 
cm− 2.

It is widely recognized that introducing rigid and bulky moieties into 
polymer backbones significantly impacts membrane properties. 
Binaphthalene, a naphthalene derivative known for its luminescent 
properties, has recently garnered considerable attention in the realm of 
anion exchange membranes (AEMs) [39,40]. Unlike linear biphenyl, the 
dinaphthyl group has a distorted dihedral angle of 74◦ between its two 
naphthyl planes due to steric hindrance [39,41], which is larger than the 
approximately 45◦ angle observed in biphenyl. This bulky and twisted 
structure enhances the free volume within AEMs, leading to improved 
ionic conductivity. For example, Li et al. synthesized poly(binaph-
thyl-co-terphenyl quinuclidinium)-based AEMs, achieving an OH− con-
ductivity of 170.21 mS cm− 1 at 80 ◦C [40]. While substantial research 
has focused on AEMs incorporating binaphthalene functionalities, the 
application of this unique structure in HT-PEMs remains largely unex-
plored. This gap presents an opportunity for further exploration into the 
development and optimization of binaphthalene-based poly(arylene 
pyridine)s for HT-PEMs.

In this study, we expand upon our previous work on PTAP [37] by 
incorporating the bulky and twisted dinaphthyl structure into 
pyridine-based polymers through Friedel-Crafts hydroxyalkylation re-
actions. Two pyridine derivatives, namely 4-acetylpyridine and 4-pyri-
dinecarboxaldehyde, were employed as monomers for polymerization 
with binaphthalene. To investigate the structure-property relationships 
and evaluate the impact of the dinaphthyl structure on membrane 
properties, we synthesized two reference polymers by replacing the 
binaphthalene monomer with biphenyl. The physicochemical charac-
teristics and fuel cell performance of the new membranes, which 
incorporate dinaphthyl and pyridine units, are anticipated to demon-
strate exceptional performance, offering a novel strategy to enhance the 
properties of polymer electrolytes HT-PEMFCs.

2. Experimental

2.1. Materials

Biphenyl (BP), 1,1′-binaphthalene (BNP), 4-pyridinecarboxaldehyde, 
trifluoroacetic acid (TFA), methanesulfonic acid (MSA), and tri-
fluoromethanesulfonic acid (TFSA) were supplied by Adamas Reagent 
Ltd. Additionally, 4-acetylpyridine was sourced from Energy Chemical. 
Other reagents included dichloromethane (CH2Cl2), sodium bicarbonate 
(NaHCO3), dimethyl sulfoxide (DMSO), N-methylpyrrolidone (NMP), 
and an 85 wt% phosphoric acid (PA) solution. None of these chemicals 
were subjected to purification prior to use.

2.2. Synthesis of the polymers

The polymers including PBP-CH3, PBNP-CH3, PBP-H, and PBNP-H 
were synthesized using a modified version of our previous studies 
[42]. Taking PBNP-CH3, as an example, under ice bath conditions, 
added 1.000 g (3.9318 mmol) of 1,1′-binaphthyl into a 50 mL 
two-necked flask, followed by 5 mL of CH2Cl2. Once the solid powder 
was mostly dissolved, added 0.6221 g (5.1354 mmol) of 4-acetylpyri-
dine into the flask, and stirred the mixture evenly using mechanical 
stirring. Slowly added 4 mL of TFSA, and allowed the reaction to pro-
ceed for 1 hour in the ice bath. After removing the ice bath, the reaction 
was continued at room temperature for 24 h, obtaining a purple-black 
viscous solution. Poured the mixture into 1 M NaHCO3 solution to 
yield a brown fibrous polymer, followed by soaking it in the alkaline 
solution for 24 h to fully neutralize the acid. The polymer was washed 
repeatedly with deionized water until neutral, then placed in a vacuum 
oven to dry at 80 ◦C for 24 h, yielding the polymer of PBNP-CH3. Fig. 1
illustrates the chemical structure and the synthesis process of various 
polymers.

2.3. Membrane casting

Membranes were fabricated using a solution-casting method. A 2.0 
wt% polymer solution was prepared by dissolving each polymer in the 
solvent at 80 ◦C. Specifically, PBP-CH3 and PBNP-CH3 were dissolved in 
NMP, while PBP-H and PBNP-H were dissolved in DMSO with TFA. Once 
homogeneous solutions were achieved, they were cast onto Petri dishes. 
The solvent was evaporated at 80 ◦C in an oven until fully removed. The 
membranes were then peeled from the dishes and thoroughly rinsed 
with deionized water. Finally, each membrane was dried at 100 ◦C and 
then the uniform and transparent membrane was obtained.

2.4. Acid doping and swelling

After drying, the membranes were immersed in 75 wt% and 85 wt% 
PA solutions at 30 ◦C until a constant mass was reached. Any residual PA 
on the surface was removed using filter paper. The PA doped membranes 
were then dried in a vacuum oven at 100 ◦C to eliminate water, after 
which their weight and dimensions were promptly measured. The acid 
doping content (ADC%) of each membrane was calculated based on the 
mass difference before and after PA doping using Eq. (1). The degrees of 
swelling, including area swelling (S%) and volume swelling (V%), were 
calculated from the dimensional changes before and after the PA doping 
process using Eqs. (2) and (3): 

ADC
/

% =
MPA − M0

M0
× 100% (1) 

S
/

% =
SPA − S0

S0
× 100% (2) 

V
/

% =
VPA − V0

V0
× 100% (3) 
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In Eq. (1), MPA is the mass of the membrane after PA doping, while 
M0 is the mass of the pristine membrane. Variables SPA and S0 represent 
the membrane areas before and after immersion in the PA solution, as 
per Eq. (2). Similarly, VPA and V0 correspond to the volume measure-
ments in Eq. (3).

2.5. Characterizations

The inherent viscosity (η) of the polymers was measured at 30 ◦C 
using a Ubbelohde-type capillary viscometer, with polymer solutions 
prepared at a concentration of 100 mg dL− 1. Each polymer solution 
underwent three replicate measurements, and η was calculated using Eq. 
(4) [37,43]: 

η = ln
(

ts
t0

)/

c (4) 

where ts is the efflux time of the polymer solution, and t0 is the efflux 
time of the pure solvent.

Proton nuclear magnetic resonance (1H NMR) spectra were obtained 
using a Bruker AVANCE 600 MHz spectrometer, with tetramethylsilane 
(TMS) as the internal standard and deuterated chloroform (CDCl3) as the 
solvent. Fourier transform infrared (FT-IR) spectra were recorded using 
a Bruker VERTEX70 spectrometer. Surface images of the membranes 
were analyzed using a scanning electron microscope (SEM, SU-8010), 
with samples coated with platinum under vacuum conditions.

Thermogravimetric analysis (TGA) was performed using a Mettler 
Toledo TGA/DSC3+ instrument under a nitrogen atmosphere, with a 
heating rate of 10 ◦C min− 1. The oxidative stability of the membranes 
was assessed using the Fenton test [28,30], which involved immersing 
membrane samples in Fenton’s reagent containing 3 wt% H2O2 and 4.0 
ppm Fe2+ (supplied by adding (NH4)2Fe(SO4)2⋅6H2O) at 68 ◦C. After 
predetermined intervals, the samples were rinsed with distilled water 
and dried in an oven at 80 ◦C until their weight stabilized. Fresh Fen-
ton’s reagent was prepared for each repeat test.

Mechanical properties were evaluated using a tensile testing ma-
chine (CMT2000, SHIJIN Company, China) at room temperature, with a 
constant separating speed of 5 mm min− 1. Membrane samples were 
shaped into dumbbells, with the middle section measuring 25 mm in 
length and 4 mm in width.

Anhydrous proton conductivity of the PA-doped membranes was 
measured using a four-probe conductivity cell at a frequency of 4 kHz 
[44]. To minimize moisture influence, membrane samples were pre-
heated at 100 ◦C for approximately 1 hour prior to conductivity mea-
surements. The measurements were conducted in an oven without 
humidification under ambient air. The oven temperature was increased 
from 100 ◦C to 180 ◦C, recording the resistance (R) of the membrane at 
10 ◦C increments. Proton conductivity (σ) was calculated using the 
following equation: 

σ =
L

RS
(5) 

where L is the distance between the electrodes, S is the cross-sectional 
area of the membrane, and R is the measured resistance.

2.6. Fuel cell performance

Gas diffusion electrodes (GDEs) were prepared by spraying an ink 
containing 60 % Pt/C catalyst dispersed in ethanol onto carbon papers to 
form the catalyst layer. The loadings of the Pt/C catalyst and the PBI 
binder were 0.7 mg cm− 2 and 0.07 mg cm− 2, respectively. Membrane 
electrode assemblies (MEAs) were fabricated by hot-pressing two GDEs 
onto a PA-doped membrane at 140 ◦C under a pressure of 70 kg cm− 2 for 
2.5 minutes, resulting in an MEA with an active area of 4.0 cm2 (2.0 cm 
× 2.0 cm). The performance of the single H2–O2 fuel cell was evaluated 
over a temperature range of 120 ◦C to 200 ◦C, with H₂ supplied at a rate 
of 120 mL min− 1 and O2 at 60 mL min− 1 at atmospheric pressure, 
without humidification [45].

3. Results and discussions

3.1. Synthesis of polymers and fabrication of membranes

In this study, we designed a series of robust, fully aromatic polymers 
without ether linkages that incorporate pyridine units through Friedel- 
Crafts polymerization reactions involving acetylpyridine or pyr-
idylaldehyde with biphenyl or 1,1′-binaphthalene, as illustrated in 
Fig. 1. The inherent viscosities of PBP-CH3, PBNP-CH3, PBP-H, and 
PBNP-H were measured to be 0.54 dL g− 1, 1.06 dL g− 1, 0.27 dL g− 1, and 
0.66 dL g− 1, respectively, at a polymer concentration of 0.1 g dL− 1 in 
NMP. These results indicate that the 1,1′-binaphthalene monomer 
exhibited greater reactivity than biphenyl, leading to higher viscosities 
for PBNP-CH3 and PBNP-H compared to PBP-CH3 and PBP-H. It is well 
known that a polymer’s viscosity significantly impacts the mechanical 
properties of the corresponding membrane; generally, higher polymer 
viscosity correlates with increased tensile strength. Thus, membranes 
featuring the dinaphthyl structure are particularly attractive for use as 
HT-PEMs.

Regarding solubility, the polymers derived from 4-acetylpyridine 
(namely, PBP-CH3 and PBNP-CH3) displayed good solubility in NMP 
and CHCl3 but were insoluble in DMSO. In contrast, the polymers 
derived from 4-pyridinecarboxaldehyde, PBP-H and PBNP-H, exhibited 
good solubility in DMSO when TFA was added, yet were insoluble in 
CHCl3. Using the solution-casting method with NMP or DMSO as sol-
vents, we successfully obtained four pure and transparent membranes: 
PBP-CH3, PBNP-CH3, PBP-H, and PBNP-H. As shown in Fig. 2, the PBP- 
CH3 and PBNP-CH3 membranes appeared brown, while the PBP-H and 
PBNP-H membranes exhibited a light yellow color. Furthermore, Fig. 2
includes SEM micrographs, which reveal that all membranes possessed 
dense and impermeable structures, advantageous for gas separation in 
fuel cell systems [26,46].

Fig. 1. Synthesis of PBP-CH3, PBNP-CH3, PBP-H and PBNP-H copolymers.
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3.2. 1H NMR and FT-IR spectra

The chemical structures of the synthesized polymers were verified 
using 1H NMR spectroscopy. As shown in Fig. 3, the methyl proton 
signals (peak 1) appeared at 2.2 ppm for PBP- CH3 and 2.4 ppm for 
PBNP- CH3 [37]. In contrast, PBP-H and PBNP-H exhibited a distinct 
characteristic peak at 6.1 ppm (peak 1′), corresponding to the –CH 
group. Compared to the biphenyl-based polymers (PBP-CH3 and PBP-H), 
the dinaphthyl-based polymers display additional peaks in the range of 
7.0–8.5 ppm, which correspond to the aromatic protons of the 
dinaphthyl units. These 1H NMR results confirm the successful synthesis 
of all four polymers.

FT-IR spectroscopy was also employed to characterize the chemical 
structures of the PBP-CH3, PBNP-CH3, PBP-H, and PBNP-H membranes. 
As illustrated in Fig. 4, the bending vibrations of the aromatic C–H 
groups were observed between 752 and 885 cm− 1 [37,45]. Additionally, 
the absorption band at 3035 cm− 1 indicated the stretching vibrations of 
the aromatic C–H bonds. A distinct absorption peak at 2917 cm− 1 was 
attributed to the stretching vibrations of the aliphatic C–H bonds. 
Moreover, characteristic absorption bands of the pyridine rings were 

noted at 1583 cm− 1 and 1667 cm− 1, corresponding to the C = C and C =
N bonds, respectively. Therefore, the infrared spectra further confirm 
the successful synthesis of the PBP-CH3, PBNP-CH3, PBP-H, and PBNP-H 
polymers.

3.3. XRD

To further investigate the aggregation states of the four polymers, 
XRD was employed to obtain structural information. As shown in Fig. 5, 
all membranes exhibited a broad amorphous peak, indicating that they 
possessed amorphous structures. Notably, the PBNP-CH3 membrane 
with binaphthyl units exhibited diffraction peaks at a higher angle 
compared to the PBP-CH3 membrane with biphenyl units. The PBNP-H 
and PBP-H membranes showed the same phenomenon. According to 
Bragg’s law (nλ=2dsinθ), higher diffraction angles correspond to 
smaller interplanar spacings, indicating tighter molecular packing in the 
binaphthyl-containing membranes. The binaphthyl moiety, composed of 

Fig. 2. Photographic and SEM images of PBP-CH3, PBNP-CH3, PBP-H and PBNP-H membranes.

Fig. 3. 1H NMR spectra of PBP-CH3, PBNP-CH3, PBP-H and PBNP-H polymers.

Fig. 4. FT-IR spectra of PBP-CH3, PBNP-CH3, PBP-H and PBNP-H membranes.
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fused aromatic rings, is larger and more rigid than the biphenyl unit, 
enhancing planarity and π-π stacking interactions between polymer 
chains. This leads to closer packing and reduced interlayer distances. In 
contrast, biphenyl units possess greater torsional freedom due to the 
single bond connecting the phenyl rings, resulting in less planarity and 
weaker π-π interactions. Consequently, membranes with biphenyl 
structures exhibit looser packing and larger interlayer spacings. These 
findings highlight that incorporating rigid and planar units like 
binaphthyl enhanced intermolecular interactions and packing density.

3.4. Chemical and thermal stabilities

The longevity and effectiveness of HT-PEMs are significantly 
dependent on the oxidative stability of the membranes. Roduner and 
colleagues have identified that the hydroperoxyl radical (HO2•) and the 
hydroxyl radical (HO•) are primarily responsible for the degradation of 
aromatic polymers [47]. Oxidative stability assessments were performed 
by immersing the membranes in a Fenton’s reagent solution composed 
of 3.0 wt% H2O2 and 4.0 ppm Fe2+ at 68 ◦C, as documented in previous 
studies [9,17,26]. Fig. 6 illustrates the percentage of weight retention 
for various membranes following the oxidation resistance trial, with 
inset photographs depicting the morphology of the membranes before 
and after the Fenton test. Upon examining the inset images within Fig. 6, 

it is evident that the PBP-CH3, PBNP-CH3, and PBNP-H membranes 
maintained their initial morphological characteristics after enduring 
400 h of Fenton testing, with respective mass retention rates of 95.7 %, 
99.5 %, and 90.5 %. The excellent chemical stability of above mem-
branes could result from their rigid aromatic backbones and π-conju-
gated pyridine structures. Kallitsis et al. also observed that membranes 
featuring aromatic backbones with pendant pyridine groups exhibited 
outstanding oxidative resilience [48]. However, the PBP-H membrane 
fragmented after immersion in Fenton’s reagent for just 25 h. This 
behavior is likely attributable to its unique chemical structure. The C–H 
bonds in the main chain linked to pyridine and binaphthalene moieties 
were reactive, making them susceptible to radical attack and subsequent 
removal. Additionally, it has been regarded that membranes with low 
viscosities are more prone to degradation in strongly oxidative envi-
ronments. The relatively low viscosity (0.27 dL g− 1) of the PBP-H 
polymer may have further contributed to its poor chemical stability 
during the Fenton test. Consequently, the PBNP-CH3 polymer enriched 
with acetylpyridine segments and dinaphthyl structures was anticipated 
to demonstrate enhanced chemical robustness.

The TGA curves of PBP-CH3, PBNP-CH3, PBP-H, and PBNP-H in a 
nitrogen atmosphere are shown in Fig. 7. All the polymers exhibited 
excellent thermal stability below 200 ◦C. Notably, the membranes with 
dinaphthyl structures (PBNP-CH3 and PBNP-H) demonstrated better 
thermal stability than those with biphenyl structures (PBP-CH3 and PBP- 
H) up to 490 ◦C. Above 490 ◦C, the observed weight loss is attributed to 
the degradation of the aromatic main chain. The TGA results indicate 
that all the membranes are suitable for HT-PEMFC applications, as the 
operating temperature of HT-PEMFCs is typically below 200 ◦C [8].

3.5. Acid doping and swelling

The PA uptake of HT-PEM not only reflects the interaction between 
PA molecules and the membranes but also impacts their mechanical 
strength and ionic conductivity [17,26]. Table 1 lists ADC% and 
dimensional swelling of various membranes after immersion in 75 wt% 
and 85 wt% PA at 30 ◦C. The presence of dangling and freely rotating 
pyridine moieties within the polymer chains allowed the PBP-CH3, 
PBNP-CH3, PBP-H and PBNP-H membranes to interact with PA mole-
cules through hydrogen bonding and acid-base interactions [43,49]. As 
a result, these membranes demonstrated superior PA uptake compared 
to OPBI. Among the membranes immersed in 75 and 85 wt% PA at 30 
◦C, the PBP-H membrane achieved the highest ADC%. Meanwhile, the 
PBP-CH3 and PBP-H membranes exhibited remarkable PA absorption 

Fig. 5. XRD of PBP-CH3, PBNP-CH3, PBP-H and PBNP-H membranes.

Fig. 6. Fenton test results of various membranes in 3 wt% H2O2 solution 
involving 4 ppm Fe2+ at 68 ◦C.

Fig. 7. TGA curves of PBP-CH3, PBNP-CH3, PBP-H and PBNP-H in N2 atmo-
sphere at a heating rate of 10 ◦C min− 1.

Y. Lu et al.                                                                                                                                                                                                                                       Electrochimica Acta 513 (2025) 145558 

5 



capabilities, likely attributed to the presence of biphenyl units. Addi-
tionally, Table 1 shows a decline in ADC% for each membrane corre-
sponding to the reduction in the weight percentage of PA, a trend 
commonly observed in other HT-PEMs [28,31,50].

While a higher ADC% can facilitate proton transport, it may also 

induce deformation due to the plasticization effect of PA [17]. Typically, 
an increased ADC% in a membrane results in more significant swelling, 
both in area and volume, as illustrated in Table 1. For instance, after 
exposure to 85 wt% PA at 30 ◦C, the PBP-H membrane exhibited volume 
and area swellings of 208.1 % and 523.8 %, respectively, along with an 
ADC% of 682.2 %. In contrast, the PBNP-CH3 and PBNP-H membranes 
demonstrated reduced swelling, primarily due to the rigidity and 
packing structure of the dinaphthyl units.

3.6. Mechanical properties

Outstanding mechanical strength is recognized as a pivotal element 
for both the assembly of MEA and the continuous functioning of HT- 
PEMFCs [6]. Fig. 8 illustrates the mechanical properties of the 
PBP-CH3, PBNP-CH3, PBP-H and PBNP-H membranes after doping in 85 
wt% and 75 wt% PA solutions. PA-doped OPBI membranes were also 

Table 1 
Acid doping content and swellings of various membranes after immersing 85 wt 
% and 75 % PA solutions at 30 ◦C.

Membrane 85 wt% PA 75 wt% PA

ADC/% S/% V/% ADC/% S/% V/%

PBP-CH3 357.6 99.1 195.2 274.8 86.3 170.3
PBNP-CH3 252.9 45.8 90.9 149.5 23.8 88.5
PBP-H 682.2 208.1 523.8 560.0 180.0 259.4
PBNP-H 282.2 59.6 143.8 172.0 38.2 65.5
OPBI 162.2 20.9 76.7 – – –

Fig. 8. Mechanical properties at RT of PBP-CH3, PBNP-CH3, PBP-H, PBNP-H and OPBI membranes after doped in (A) 75 wt% and (B) 85 wt% PA solutions.

Y. Lu et al.                                                                                                                                                                                                                                       Electrochimica Acta 513 (2025) 145558 

6 



included as a reference. As shown in Fig. 8A, the PBNP-CH3 membrane 
with an ADC% of 149.5 % achieved the highest mechanical strength of 
17.6 MPa among all the PA doped pyridine based membranes, which is 
similar to that of PA doped OPBI (18.0 MPa). The excellent mechanical 
integrity of the PBNP-CH3/149.5 %PA membrane was likely attributed 
to its rigid dinaphthyl structure, fully aromatic polymer backbone and 
low swelling behavior. An increased PA uptake notably reduced the 
mechanical robustness of membranes due to the pronounced plasticizing 
influence of the PA molecules [26,46,48]. As a result, the PBP-H/560 % 
PA membrane with a biphenyl structure exhibited a reduced tensile 
strength of only 3.6 MPa. When doped in 85 wt% PA solution, both 
tensile strength and Young’s modulus were decreased for each mem-
brane due to the increased PA content. For example, the 
PBNP-CH3/252.9 %PA membrane displayed tensile strength and 
Young’s modulus of 7.2 MPa and 1.55 MPa, respectively. The tensile 
strengths for PBP-H/682.2 %PA and PBP-CH3/357.6 %PA membranes 
with biphenyl units decreased to 2.6 MPa and 1.9 MPa, respectively. 
Thus, the PBNP-CH3 membrane with its dinaphthyl structure and methyl 
group was more suitable for HT-PEMFCs due to its excellent mechanical 
stability.

3.7. Proton conductivity

Fig. 9 depicts the proton conductivities of the PA doped PBP-CH3, 
PBNP-CH3, PBP-H, and PBNP-H membranes over the temperature range 
of 100 ◦C to 180 ◦C. In general, increasing the temperature facilitates 
proton mobility, thereby enhancing the membrane’s conductivity [26,
27]. For example, the OPBI/162 %PA membrane exhibited conductiv-
ities of 7.4 mS cm− 1 at 100 ◦C and 33.7 mS cm− 1 at 180 ◦C. Moreover, 
the PBNP-CH3/252.9 %PA membrane demonstrated conductivities of 
33.1 mS cm− 1 at 100 ◦C and 73.2 mS cm− 1 at 180 ◦C. Regarding the 
PBP-H/682.2 % PA membrane, it exhibited the highest conductivity of 
91.2 mS cm− 1 at 120 ◦C among all the PA-doped membranes, a result 
clearly stemming from its superior ADC%. As previously documented, 
the enhancement of conductivity can be attributed to the formation of 
extensive and dynamic networks of hydrogen bonds, as well as channels 
that facilitate proton transport within PA-doped membranes [12]. 
However, it should be noted that both PBP-H/682.2 %PA and 
PBP-CH3/357.6 %PA membranes could not be employed in HT-PEMFCs 
because they suffered significant deformation at elevated temperatures. 
Compared to HT-PEMs with high conductivities in literature, the 
PBNP-H/282.2 %PA membrane exhibited comparable or slightly lower 
values. For example, Shi et al. previously reported that the 0.5 % 
TPB-PBAP/326 %PA membrane reached a conductivity of 90 mS cm− 1 

[51]. Jana et al. reported that the Ph(CF3)-PyOPBI/22.18PA exhibited a 
conductivity of 78 mS cm− 1 at 180 ◦C [23], while the brominated pol-
yphenylene oxide crosslinked pyridine-bridged-oxypolybenzimidazole 
with an acid doping level of 18 displayed the highest conductivity of 
120 mS cm− 1 at 180 ◦C [22].

3.8. Fuel cell performance

In addition to their role in proton conduction, PA molecules doped 
into membranes can lead to plasticization and reduced tensile strength 
[6,9]. Therefore, striking a balance between proton conductivity and 
mechanical integrity is essential for PA doped HT-PEMs. Considering the 
overall physicochemical properties, the PBNP-CH3/252.9 %PA mem-
brane was selected for membrane electrode assembly (MEA) fabrication 
to evaluate the performance of a single cell using H2 and O2 without 
external humidification or backpressure at elevated temperatures, as 
shown in Fig. 10. As the test temperature increased, the cell performance 
improved, primarily due to enhanced proton conductivity and acceler-
ated reaction kinetics [9,13]. For example, the peak power density of the 
cell increased from 434 mW cm− 2 at 120 ◦C to 842 mW cm− 2 at 160 ◦C, 
reachinig 1047 mW cm− 2 at 200 ◦C. Notably, this H2–O2 peak power 
density of the PBNP-CH3/252.9 %PA membrane was in a high level 
among previously reported values. For instance, the PTP-C5/202 %PA 
membrane achieved a H2-air peak power density of 676 mW cm− 2 at 210 
◦C [9], while the BA-a/PBI membrane reached a peak power density of 
690 mW cm− 2 at 160 ◦C [50].

4. Conclusions

To develop HT-PEMs with excellent overall performance, we syn-
thesized robust, fully aromatic polymers containing pyridine groups 
through a one-step polymerization under mild conditions. Comparing 
with linear biphenyl structure, the bulky and twisted dinaphthyl struc-
ture was incorporated into pyridine-based polymers in order to enhance 
the dimensional stability and mechanical strength. Meanwhile, both 4- 
acetylpyridine and 4-pyridinecarboxaldehyde were employed as pyri-
dine based monomers to investigate the structure-property relationships 
of membranes. PBP-CH3 and PBNP-CH3 polymers with –CH3 group in 
main chain exhibited excellent solubility in NMP and CHCl3, while PBP- 
H and PBNP-H polymers without –CH3 group could dissolved in DMSO. 
Thus homogeneous membranes were fabricated via a simple solution- 
casting method. The successful synthesis of the above four polymers 
was confirmed by 1H NMR and FT-IR spectroscopy, while SEM analysis 
revealed that all the membranes were dense and nonporous. XRD results 
indicated that incorporating rigid and planar units of binaphthyl 
enhanced intermolecular interactions and packing density. Fenton test 

Fig. 9. Proton conductivities of PA doped various membranes as a function of 
temperature.

Fig. 10. Performance of fuel cell integrated with the PBNP-CH3/252.9 %PA 
membrane under H2 and O2 without any humidification or backpressure.
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and TGA results revealed that the prepared PBNP-CH3 and PBNP-H 
membranes possessed good chemical resistance to radicals and ther-
mal stability. Consequently, the PBNP-CH3/252.9 %PA membrane was 
selected for fuel cell testing due to its high tensile strength of 7.2 MPa 
and good proton conductivity of 73.2 mS cm− 1 at 180 ◦C. The H2–O2 HT- 
PEMFC using this membrane achieved peak power densities of 842 mW 
cm− 2 at 160 ◦C and 1047 mW cm− 2 at 200 ◦C without external hu-
midification or backpressure. In summary, this study provides excellent 
membrane materials for high-temperature PEM fuel cells.
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