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A B S T R A C T

The formation of continuous hydrogen-bond networks in phosphoric acid (PA)-doped high temperature proton 
exchange membranes (HT-PEMs) is critical for achieving efficient proton transport and high electrochemical 
performance in HT-PEM fuel cells (HT-PEMFCs). However, conventional PA doped membranes often suffer from 
a trade-off between mechanical robustness and proton conductivity. In this study, a series of poly(terphenyl-co- 
dibenzothiophene ethylimidazole) (P(TPx-DBT1-x-EIm)) membranes are synthesized via a one-step superacid- 
catalyzed polycondensation strategy to overcome this limitation. The incorporation of π-conjugated dibenzo
thiophene (DBT) introduces a twisted polymer backbone that restricts chain packing and enhances free volume, 
while the sulfur atoms offer additional hydrogen-bonding sites to facilitate the formation of efficient proton 
conduction channels. By tuning the terphenyl/DBT molar ratio, the copolymer structure is optimized to achieve a 
favorable balance between conductivity and mechanical strength. The P(TP0.9-DBT0.1-EIm) membrane exhibited 
a high acid doping content of 215 %, a proton conductivity of 0.109 S cm− 1 at 180 ◦C, and a tensile strength of 
13.3 MPa. When implemented in a single H2/O2 fuel cell under anhydrous, backpressure-free conditions at 
160 ◦C, the membrane delivered a peak power density of 869 mW cm− 2. These results underscore the effec
tiveness of π-conjugated, sulfur-containing architectures in enhancing proton transport while maintaining me
chanical durability, offering a promising pathway toward HT-PEMs for high-efficiency fuel cell applications.

1. Introduction

As environmental pollution and the depletion of fossil energy re
sources continue to intensify, the development of green, renewable en
ergy sources and advanced energy conversion technologies has become 
increasingly urgent [1,2]. Among various alternatives, fuel cells stand 
out due to their high energy conversion efficiency, wide operating 
temperature range, and scalability, positioning them as a promising 
solution for future sustainable energy systems [3,4]. High-temperature 
proton exchange membrane fuel cells (HT-PEMFCs), which operate 
above 100 ◦C, offer significant advantages such as accelerated electrode 
reaction kinetics, enhanced tolerance to CO poisoning, and simplified 
water and thermal management [4,5]. At the core of HT-PEMFCs lies the 
high temperature proton exchange membrane (HT-PEM), which differs 
fundamentally from conventional perfluorosulfonic acid (PFSA) based 
membranes such as Nafion. PFSA membranes rely on 
hydration-mediated proton transport and thus perform poorly at 

elevated temperatures under low humidity conditions [6].
To meet the demanding requirements of HT-PEMFCs, most HT-PEMs 

incorporate basic polymers doped with low-volatility inorganic acids 
and must simultaneously exhibit high proton conductivity and sufficient 
mechanical strength [5,7,8]. Among these, phosphoric acid (PA) doped 
polybenzimidazole (PBI) remains the benchmark material, owing to its 
excellent thermal, chemical, and mechanical stability [8–10]. Various 
strategies including grafting, branching, blending and copolymerization 
have been developed to further enhance its performance [11–14]. For 
instance, grafting polyurethane side chains onto PBI has been shown to 
improve both acid retention and mechanical strength [15]. In another 
approach, blending poly(4,4′-diphenylether-5,5′-bibenzimidazole) 
(OPBI) with sterically hindered polyimidazolium ionomers stabilized 
dihydrogen phosphate species and facilitated PA dissociation, thereby 
improving proton conductivity [16]. Despite these advances, the use of 
toxic monomers such as 3,3′,4,4′-tetraaminobiphenyl and the complex 
synthesis procedures required for PBI derivatives limit their broader 
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applicability [8]. Therefore, the development of new HT-PEMs with 
improved overall performance and simpler synthesis remains a critical 
research goal.

Recently, arylene-ether based polymers functionalized with quater
nary ammonium (QA) or imidazolium groups have emerged as viable 
alternatives to PBI, offering efficient proton transport via hydrogen- 
bond networks with PA molecules [17–19]. However, traditional syn
thesis of these materials often relies on halogenated reagents, involves 
multistep procedures, and suffers from limited chemical stability due to 
the presence of benzyl linkages and aryl-ether bonds [20]. Alternatively, 
the direct incorporation of basic functional groups, such as imidazole 
[16,21,22], piperidine [23,24], pyridine [25–29] and quinolone [30,31] 
into the polymer backbone has proven effective in enhancing chemical 
stability and facilitating proton conduction.

Among these, imidazole-containing HT-PEMs have attracted partic
ular attention due to their strong interaction with PA and ability to form 
extended hydrogen-bond networks that support Grotthuss-type proton 
hopping [8,11,32,33]. In our previous work, we synthesized ether-free 
aromatic polymers containing imidazole units via Friedel-Crafts 
hydroxyalkylation between terphenyl and five different 
imidazole-substituted aldehydes/ketones, systematically investigating 
how the molecular structure of imidazole affected polymerization 
behavior and membrane properties [34]. In related studies, Li et al. 
synthesized poly(isatin-co-p-terphenyl-imidazole) derivatives and 
introduced imidazolium groups along aliphatic side chains, which 
significantly improved mechanical strength, oxidation resistance, and 
thermal stability compared to unmodified analogs [21]. Meanwhile, 
Zhang et al. employed biphenyl and imidazole-2-formaldehyde to 
construct a high-density alkaline network membrane, achieving a peak 
H2–O2 fuel cell power density of 850 mW cm− 2 at 200 ◦C [22].

Building on our previous work on poly(p-terphenylene methyl
imidazole) [34–36], we report here a new HT-PEM based on a copol
ymer synthesized using the more cost-effective and highly reactive 
monomer 1-ethyl-1H-imidazole-2-formaldehyde (EIm), in place of the 
commonly used 1-methyl-2-imidazolecarboxaldehyde. In addition, a 
π-conjugated dibenzothiophene (DBT) moiety was introduced alongside 
p-terphenyl (TP) as a co-monomer. The incorporation of DBT serves 
multiple purposes: it reduces main-chain rotational freedom, extended 
conjugation plane, increases free volume [37], and meanwhile provides 
additional hydrogen-bonding sites via the sulfur atom’s lone electron 
pairs. While DBT units have shown promise for enhancing ion transport 
in anion exchange membranes [37–39], their use in HT-PEMs remains 
largely unexplored. By systematically varying the ratio of hydrophobic 
terphenyl and hydrophilic DBT units in the copolymer series P 
(TPx-DBT1-x-EIm), we investigated the resulting structure-property re
lationships, aiming to optimize the balance between proton conductivity 
and mechanical performance. The feasibility of these PA doped mem
branes for use in HT-PEMFCs was subsequently demonstrated through 
membrane characterization and fuel cell testing.

2. Experimental

2.1. Materials

TP, DBT, EIm, dichloromethane (DCM), methanesulfonic acid 
(MSA), and trifluoromethanesulfonic acid (TFSA) were purchased from 
Adamas Reagent Ltd. Additional reagents including N,N-dimethylace
tamide (DMAC), phosphoric acid (85 wt%) and sodium bicarbonate 
(NaHCO3) were obtained from Sinopharm Chemical Reagent Co. Ltd. All 
chemicals were used as received without further purification.

2.2. Synthesis of P(TPx-DBT1-x-EIm) polymers

Homopolymers P(TP-EIm) and P(DBT-EIm) via Friedel-Crafts 
hydroxyalkylation polycondensation. TP (8.8 mmol) and EIm (9.5 
mmol) were dissolved in 7 mL DCM in a two-neck flask under ice-bath 

stirring for 10 min. Then, 5 mL of MSA was added, followed by 7 mL 
of TFSA after 5 more minutes. The ice bath was removed, and the re
action proceeded at room temperature for 1 h, resulting in a dark green 
viscous mixture. This mixture was then precipitated in a saturated 
NaHCO3 solution to yield a white fibrous polymer, denoted as P(TP- 
EIm). Under identical conditions, DBT (8.8 mmol) was used in place 
of TP to synthesize P(DBT-EIm). To prepare copolymers P(TPx-DBT1-x- 
EIm), EIm (9.5 mmol) was kept constant while the total molar amount of 
TP and DBT was fixed at 8.8 mmol, with molar ratios of TP:DBT = 9:1, 
8:2, and 7:3. The resulting polymers are denoted as P(TPx-DBT1-x-EIm), 
where x = 0.9, 0.8 and 0.7, respectively. The synthetic routes and 
chemical structures are illustrated in Fig. 1.

2.3. Membrane fabrication and acid doping

Each polymer was dissolved in DMAC to form a homogeneous so
lution, cast into petri dishes, and dried at 80 ◦C to obtain transparent, 
uniform membranes. These membranes were then immersed in either 
85 wt% or 75 wt% PA solutions at 30 ◦C until a constant weight was 
achieved. After removing residual surface acid, the membranes were 
dried under vacuum at 80 ◦C for 6 h. Then the membrane weight and 
dimensions were recorded again. The acid doping content (ADC%), area 
swelling (S%), and volume swelling (V%) were calculated using the 
following equations: 

ADC
/

% =
M − M0

M0
× 100% (1) 

S
/

% =
S − S0

S0
× 100% (2) 

V
/

% =
V − V0

V0
× 100% (3) 

where M and M0 are the membrane masses after and before PA doping, 
respectively; S and S0 denote membrane area, and V and V0 represent 
membrane volume after and before doping.

2.4. Characterization

The inherent viscosities of the polymers were measured using an 
Ubbelohde viscometer in DMAC (100 mg dL− 1) at 25 ◦C. Each sample 
was pre-rinsed into the viscometer, and three consecutive measurements 
were averaged. Viscosity was calculated using: 

η= ln
(

t
t0

)/

c (4) 

where t0 and t are the flow times of the solvent and polymer solution, 
respectively, and c is the solution concentration.

1H NMR spectra were collected using a Bruker AVANCE-600 MHz 
spectrometer in DMSO‑d6 with tetramethylsilane (TMS) as the internal 
standard. FTIR spectra were obtained via attenuated total reflectance 
(ATR) using a Bruker VERTEX70 FTIR spectrometer. Surface 
morphology was characterized by scanning electron microscopy (SEM, 
Hitachi SU8010), and elemental composition was analyzed via X-ray 
photoelectron spectroscopy (XPS, Shimadzu AXIS Supra+). Microphase 
separation morphology was investigated using tapping-mode atomic 
force microscopy (AFM, Bruker Dimension Icon) with a silicon N-type 
cantilever.

Chemical stability was evaluated in a Fenton reagent (3 wt% H2O2 
with 4 ppm Fe2+) at 68 ◦C. Membranes were rinsed, dried, and weighed 
at predetermined intervals. Fresh Fenton reagent was used for each 
measurement cycle [19,25]. Thermal stability was assessed using ther
mogravimetric analysis (TGA) on a NETZSCH analyzer under nitrogen 
from 50 ◦C to 600 ◦C at a heating rate of 10 ◦C min− 1.

To test PA retention under humid conditions, acid doped membranes 
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were placed in an oven at 80 ◦C and 40 % relative humidity. Their 
weight was monitored over time to determine PA loss [9].

The proton conductivity of PA doped membranes was measured via 
the four-probe method. Samples were dried at 100 ◦C for 1 h before 
testing. Resistance (R) was recorded at various temperatures from 
100 ◦C to 180 ◦C, and conductivity (σ) was calculated as: 

σ =
L

RS
(5) 

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

Mechanical properties were measured using a CMT2000 tensile 
tester (SHIJIN, China) at room temperature. Membrane specimens were 
cut into dumbbell-shaped strips with a length of 25 mm and width of 4 
mm. The test was conducted at a pulling speed of 5 mm min− 1. The 
tensile strength and modulus were calculated from the stress-strain 
curves.

2.5. Fuel cell performance

Gas diffusion electrodes (GDEs) were fabricated following a previ
ously reported method [40]. Each GDE was prepared with 1.0 mg cm− 2 

loading of Pt/C catalyst using PBI as a binder. A membrane-electrode 
assembly (MEA) was assembled by hot-pressing two GDEs (active 
area: 1 cm2) onto both sides of the acid-doped membrane at 150 ◦C and 
65 kg cm− 2 for 3 min. The MEA was evaluated under non-humidified 
H2/O2 conditions without backpressure. Flow rates were 120 mL 
min− 1 for H2 and 60 mL min− 1 for O2. The polarization curves of the 
single cell was performed on an electrochemical workstation (BioLogic 
SP-300).

3. Results and discussions

3.1. Synthesis of polymers and chemical structures

As illustrated in Fig. 1, DBT, EIm, and TP monomers were subjected 
to a Friedel-Crafts hydroxyalkylation reaction in the presence of TFSA, 
yielding copolymers containing EIm and DBT segments. Owing to the 
high reactivity of the three monomers, the polymerization proceeded 
efficiently within 1 h at room temperature under ambient conditions. 
The ethylimidazole units promote PA uptake and form proton con
ducting pathways, while the DBT moieties contribute additional 
hydrogen-bonding sites and enlarge the free volume. Computational 

simulations based on P(TP-EIm) and P(DBT-EIm) molecular models 
were conducted as shown in Fig. 2e and f. The P(TP-EIm) exhibits free 
volume ratio (22.05 %), while the P(DBT-EIm) had a higher value of 
24.78 %, indicating increased accessible 3D surface area and free vol
ume of P(DBT-EIm) comparing to P(TP-EIm). The inherent viscosities of 
the five synthesized polymers, i.e., P(TP-EIm), P(TP0.9-DBT0.1-EIm), P 
(TP0.8-DBT0.2-EIm), P(TP0.7-DBT0.3-EIm) and P(DBT-EIm), were 0.97 dL 
g− 1, 1.11 dL g− 1, 0.65 dL g− 1, 0.56 dL g− 1 and 3.33 dL g− 1, respectively, 
indicating sufficient molecular weights for membrane fabrication. In 
addition, the quite high viscosity of P(DBT-EIm) is mainly due to the 
high reaction activity of DBT monomer as previously reported [37,41].

The chemical structures of P(TPx-DBT1-x-EIm) copolymers are 
confirmed via 1H NMR, FT-IR, and XPS analyses (Fig. 2a–d). In the 1H 
NMR spectrum of P(DBT-EIm), the signals at 6.97 ppm (He) and 7.23 
ppm (Hf) correspond to the ethylimidazole ring, while the peaks at 3.91 
ppm (Hg) and 1.02 ppm (Hh) arise from the ethyl side chain. The 
methine proton (–CH–) of the main chain appears at 6.18 ppm (Hd), and 
the thiophene ring protons resonate from 7.37 ppm to 8.25 ppm (Ha-c) 
[38,42]. For P(TP-EIm), the ethylimidazole peaks appear at 1.15 ppm 
(H8), 3.99 ppm (H7), 6.97 ppm (H5) and 7.23 ppm (H6), while the 
main-chain methine proton is observed at 5.85 ppm (H4) [34,35]; the 
aromatic TP protons span from 7.44 ppm to 7.71 ppm (H1-3). The P 
(TP0.8-DBT0.2-EIm) copolymer shows its methine proton at 5.81 ppm 
(H4’), imidazole signals at 6.92 ppm and 7.18 ppm (H5’,6’), and aromatic 
peaks in the range of 7.34–7.82 ppm (H1’-3’, a’-c’). These shifts, slightly 
lower than in P(DBT-EIm) and slightly higher than in P(TP-EIm), reflect 
different electron distributions in the TP and DBT aromatic units. 
Furthermore, as shown in Fig. S1 (Supporting information), integration 
of the aromatic region in the NMR spectrum indicates that the actual 
DBT content is approximately 18.8 %, closely matching the targeted 20 
%, confirming successful copolymerization.

Infrared spectroscopy (Fig. 2b) further corroborated successful 
polymer synthesis. The bands at 3022 cm− 1 are attributed to aromatic 
C–H stretching, while those at 2920 cm− 1 and 2850 cm− 1 correspond to 
the C–H stretches of the ethyl groups [35]. The imidazole ring’s 
–C–N–C– deformation appears at 1110 cm− 1, consistent with reported in 
literature [43,44]. Slight shifts arise due to the ethyl group’s position in 
EIm and the polymer backbone. The characteristic C–S stretching vi
bration of the thiophene ring is seen at 1155 cm− 1, aligning with pre
vious thiophene IR data [38,39], although slightly shifted due to the 
benzene rings in DBT. Additionally, XPS spectra of P(TP-EIm), P 
(TP0.8-DBT0.2-EIm) and P(DBT-EIm) confirmed sulfur incorporation, as 
shown in Fig. 2c and d. Two characteristic peaks at ~164 eV correspond 

Fig. 1. Synthesis and chemical structures of P(TPx-DBT1-x-EIm) copolymers.
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to S 2p1/2 and 2p3/2 orbitals, consistent with previous reports [45,46]. 
These results confirm the successful incorporation of DBT into the 
copolymer backbone.

3.2. Fabrication of membranes and morphology

Five P(TPx-DBT1-x-EIm) membranes were fabricated via a simple 
solution-casting method. As shown in Fig. 3a, all membranes appeared 
light yellow, smooth, and flexible without cracks or folding. Surface and 
cross-sectional SEM images (Fig. 3b and c) revealed dense, homoge
neous morphologies without visible pores, suggesting good gas barrier 
properties [7,40]. All membranes exhibited comparable thicknesses, 
minimizing structural variability during performance comparisons. 
Furthermore, AFM phase images (Fig. 3d) show that, compared with P 
(TP-EIm), the P(TPx-DBT1-x-EIm) and P(DBT-EIm) membranes exhibit 
more distinct light and dark contrast, indicating better-developed 
microphase separation. Fig. S2 shows the binding energies between 
TP/DBT monomers and water molecules. The binding energy was − 3.9 
kcal mol− 1 between the sulfur atom in DBT and water molecule, while 
the binding energy between TP and water was not available due to the 

absence of water-binding sites in TP. These findings revealed the hy
drophobic nature of TP and the hydrophilic character of DBT. Thus, the 
incorporation of hydrophilic DBT in copolymer membranes likely pro
motes phase separation when combined with hydrophobic TP segments. 
This phase-separated morphology can facilitate the formation of 
continuous proton-conducting channels, thereby enhancing proton 
transport [37,39].

3.3. Thermal and chemical stabilities

Thermal stability is a critical parameter for ensuring the long-term 
durability of HT-PEMs operating under elevated temperatures [4,5]. 
The thermal degradation profiles and derivative thermogravimetric 
(DTG) curves of P(TP-EIm), P(TPx-DBT1-x-EIm) and P(DBT-EIm) mem
branes are depicted in Fig. 4a and b. All membranes exhibited negligible 
weight loss below 190 ◦C. A slight mass loss (<5 %) was observed be
tween 190 ◦C and 260 ◦C in all membranes except P(DBT-EIm), which 
may be attributed to residual water or unreacted end groups, as the mass 
loss is much smaller than the proportion of any single component. 
Notably, P(DBT-EIm), which lacks the terphenyl segment, displayed the 

Fig. 2. (a) 1H NMR, (b) FT-IR, (c) XPS and (d) S 2p spectra of various polymers; (e, f) computational simulation structures of P(TP-EIm) and P(DBT-EIm) with 
accessible areas represented in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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onset of decomposition at around 400 ◦C. The other membranes also 
began to degrade above 400 ◦C, likely due to the breakdown of their 
polymer backbones [34,36]. Overall, the thermal stability of P(TP-EIm) 
and P(TPx-DBT1-x-EIm) membranes meets the requirements for 

HT-PEMFC operation below 180 ◦C [7,8].
To assess chemical durability, a Fenton test was performed using 3 wt 

% H2O2 solution containing 4 ppm Fe2+ at 68 ◦C, a protocol method for 
evaluating oxidative stability in HT-PEMs [8,40]. As illustrated in 

Fig. 3. (a) Photographic, (b) surface SEM, (c) cross-section SEM and (d) AFM images of various membranes including P(TP-EIm) (a-1, b-1, c-1, d-1), P(TP0.9-DBT0.1- 
EIm) (a-2, b-2, c-2, d-2), P(TP0.8-DBT0.2-EIm) (a-3, b-3, c-3, d-3), P(TP0.7-DBT0.3-EIm) (a-4, b-4, c-4, d-4) and P(DBT-EIm) (a-5, b-5, c-5, d-5).

Fig. 4. (a) TGA and (b) DTG curves in N2, (c) chemical stability via Fenton test (3 wt% H2O2 with 4 ppm Fe2+ at 68 ◦C) of various P(TPx-DBT1-x-EIm) membranes; (d) 
LUMO and HOMO energy levels of polymer model unit and hydroxyl radical.
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Fig. 4c, all membranes exhibited a slight initial weight loss, followed by 
minimal changes from 10 h to 312 h, maintaining over 88 % of their 
original mass. Notably, the P(TP-EIm) membrane retained more than 92 
% of its mass throughout the test duration. However, the P 
(TP0.8-DBT0.2-EIm) and P(TP0.7-DBT0.3-EIm) membranes fractured after 
approximately 165 h, which may be attributed to their lower viscosities. 
This lower molecular weight can lead to increased swelling in the Fenton 
solution, thereby accelerating oxidative degradation due to enhanced 
radical penetration. In contrast, the other membranes with higher vis
cosities retained their structural integrity for the entire 312-h test 
period, suggesting better resistance to radical-induced damage.

To further elucidate the structure-property relationship governing 
oxidative resistance, density functional theory (DFT) calculations were 
conducted on model units representing P(TP-EIm) and P(DBT-EIm). As 
shown in Fig. 4d, the oxidation process is driven by electron transfer 
from the highest occupied molecular orbital (HOMO) of the hydroxyl 
radical (⋅OH) to the lowest unoccupied molecular orbital (LUMO) of the 
polymer unit. The energy gap between these orbitals reflects the poly
mer’s resistance to radical attack, a larger gap indicates stronger 
oxidative stability. The calculated LUMO energy levels for P(DBT-EIm) 
and P(TP-EIm) were − 1.414 eV and − 1.431 eV, respectively, while 
the HOMO of ⋅OH was − 8.845 eV. These similar HOMO-LUMO gaps 
indicate that both polymer structures exhibit comparable resistance to 
radical oxidation, which aligns well with the Fenton test results.

3.4. Acid doping, swelling and PA retention

The absorbed PA plays a pivotal role in determining both the proton 
conductivity and mechanical robustness of HT-PEMs [5,8,31]. As shown 
in Fig. 5a and b, the ADC% and dimensional swelling behaviors of the 
membranes were assessed after immersion in 75 wt% and 85 wt% PA 
solutions at 30 ◦C. Owing to the pendant and freely rotating ethyl
imidazole (EIm) groups, the P(TP-EIm) membrane exhibited substantial 
ADC values of 144 % and 198 % in 75 wt% and 85 wt% PA, respectively. 
These high doping levels can be attributed to strong acid-base 

interactions and hydrogen bonding between the imidazole units and PA 
molecules [34,36]. Furthermore, the P(TPx-DBT1-x-EIm) copolymer 
membranes showed a progressive increase in ADC with rising dibenzo
thiophene content. Specifically, the ADC increased markedly from 215 
% to 326 % as the DBT molar fraction increased from 10 % to 30 %. This 
enhancement is likely due to the disruption of polymer chain packing 
and the introduction of additional free volume caused by the π-conju
gated DBT segments [37,38]. Remarkably, the P(DBT-EIm) homopoly
mer exhibited extremely high ADC values, i.e., 1069 % and 1670 % in 
75 wt% and 85 wt% PA, respectively. However, the high PA uptake 
significantly compromised the mechanical integrity of the membrane, 
rendering it too soft and fragile for practical handling. To address this, 
rigid p-terphenyl units were incorporated into the copolymer backbone 
to enhance mechanical stability and suppress excessive swelling. As seen 
in Fig. 5b, increasing the TP content in the copolymer effectively 
reduced dimensional swelling, primarily due to decreased PA uptake. 
For instance, the P(TP0.9-DBT0.1-EIm)/215 %PA membrane exhibited 
significantly lower area and volume swellings (66 % and 150 %, 
respectively) compared to the more PA doped counterpart P 
(TP0.7-DBT0.3-EIm)/326 %PA (103 % and 232 %).

To gain deeper insight into the molecular-level interactions between 
PA and different polymer backbones, theoretical calculations were 
performed to evaluate the binding energies between PA molecules and 
the repeat units. Geometry optimizations were conducted at the B3LYP/ 
6-31G(d) level, with convergence criteria set to energy changes smaller 
than 1 × 10− 6 Hartree. Single-point energy calculations were carried out 
on the optimized structures using the same functional and basis set. 
Model structures of P(TP-EIm) and P(DBT-EIm) with hydrogen- 
terminated repeating units were employed for simulations. All calcula
tions were performed in vacuum without solvent effects or dispersion 
corrections [41]. These results provide fundamental understanding of 
how heteroatoms (e.g., nitrogen and sulfur) and polymer chain confor
mations influence PA affinity. As illustrated in Fig. 5c, the nitrogen atom 
in the EIm unit of P(TP-EIm) binds to a PA molecule with a calculated 
binding energy of − 17.20 kcal mol− 1. In P(DBT-EIm), two distinct 

Fig. 5. (a) ADC%, (b) dimensional swellings of various membranes doping in 75 wt% and 85 wt% PA solutions at 30 ◦C; (c) binding energies between the red-color 
group in P(DBT-EIm)/P(TP-EIm) repeat unit and PA molecules; (d) PA retention ratio of different PA doped membranes at 80 ◦C and 40 % RH. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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binding sites exist: the nitrogen in EIm and the sulfur in the DBT unit, 
with binding energies of − 18.30 and − 9.48 kcal mol− 1, respectively. 
When two PA molecules simultaneously bind to both the nitrogen and 
sulfur sites, the total binding energy is − 23.43 kcal mol− 1, which was 
lower than the sum of the two isolated interactions (− 27.78 kcal mol− 1). 
Nonetheless, the presence of DBT clearly enhances PA affinity by 
introducing additional hydrogen-bonding sites, which could in turn 
facilitate improved proton conduction.

Since PA molecules are the primary proton carriers in HT-PEMs, their 
retention within the membrane matrix is crucial for long-term durability 
and consistent fuel cell performance [7,47]. The PA retention behavior 
of the membranes was evaluated over 160 h at 80 ◦C and 40 % relative 
humidity (Fig. 5d). Most of the PA loss occurred within the first 4 h, 
likely due to desorption of loosely bound surface acid. Thereafter, the PA 
content gradually stabilized. Among the tested samples, the P 
(TP0.9-DBT0.1-EIm)/215 %PA membrane with DBT segments retained 
96.5 % of its initial PA content after 160 h, outperforming the P 
(TP-EIm)/198 %PA membrane under identical conditions. This 
improvement is attributed to the enhanced hydrogen-bonding in
teractions enabled by DBT, which restrict PA mobility and mitigate 
leaching. However, at higher DBT contents, such as in P 
(TP0.8-DBT0.2-EIm) and P(TP0.7-DBT0.3-EIm), PA retention decreased, 
likely due to excessive PA doping contents, where excess free PA mol
ecules might be more prone to evaporation or diffusion [47]. Therefore, 
optimizing the DBT-to-TP ratio in the copolymers is key to achieving a 
desirable balance between high PA uptake, dimensional stability and PA 
retention.

3.5. Proton conductivity and mechanical properties

Proton conductivity is a critical parameter for evaluating the per
formance of HT-PEMs in fuel cells [8,36]. As shown in Fig. 6a, all 

membranes exhibited increasing proton conductivity from 100 ◦C to 
180 ◦C under anhydrous conditions, primarily due to enhanced proton 
mobility and thermally assisted diffusion at elevated temperatures [5,
34]. For instance, the proton conductivity of the P(TP-EIm)/198 %PA 
membrane rose from 0.042 S cm− 1 at 100 ◦C to 0.079 S cm− 1 at 180 ◦C. 
In comparison, the PA-doped P(TPx-DBT1-x-EIm) membranes demon
strated even higher conductivities, attributable to the presence of 
dibenzothiophene units, which significantly enhanced PA uptake. In 
general, higher PA doping levels promote stronger hydrogen-bonding 
networks. As shown in Fig. S3, the Ea values of various PA doped 
membranes ranged from 7.14 to 15.67 kJ mol− 1, supporting proton 
conduction via the Grotthuss mechanism [5,7]. Moreover, the 
sulfur-containing DBT segments further facilitate proton transfer by 
introducing secondary hydrogen-bonding sites, as schematically illus
trated in Fig. 6c. Among all tested membranes, the P 
(TP0.7-DBT0.3-EIm)/326 %PA membrane exhibited the highest conduc
tivity of 0.159 S cm− 1 at 180 ◦C, significantly surpassing that of the P 
(TP-EIm)/198 %PA membrane. Notably, this value is comparable to or 
even higher than other HT-PEMs reported in literature. For example, the 
CPyOPBI–OH–20/331 %PA membrane showed a conductivity of 95 mS 
cm− 1 at 180 ◦C [10]; the AG-100/433 %PA membrane exhibited a 
conductivity of 82 mS cm− 1 at 160 ◦C [12]; and the PBI-p-2.72/344 %PA 
membrane displayed a conductivity of 90 mS cm− 1 at 160 ◦C [33].

In addition to proton conductivity, mechanical strength is equally 
vital to ensure membrane durability during long-term fuel cell operation 
[8,40]. As shown in Fig. 6b, membranes with lower acid doping content 
generally exhibited superior mechanical performance, since phosphoric 
acid acts as a plasticizer and compromises membrane rigidity at high 
contents [7,34]. For instance, although the P(TP0.7-DBT0.3-EIm)/326 % 
PA membrane achieved the highest conductivity, its tensile strength at 
room temperature was only 1.94 MPa due to severe plasticization. By 
contrast, the P(TP0.9-DBT0.1-EIm) membranes, with ADC% of 159 % and 

Fig. 6. (a) Proton conductivities as functions of temperature, (b) mechanical stress-strain curves of various PA doped membranes; (c) schematic illustration of 
possible proton transfer mechanism in the P(DBT-EIm)/PA membrane.
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215 %, achieved much higher tensile strengths of 15.6 MPa and 13.3 
MPa, respectively. Interestingly, the P(TP0.9-DBT0.1-EIm)/215 %PA 
membrane exhibited better mechanical strength than other samples 
with even lower ADC values, such as P(TP0.8-DBT0.2-EIm)/179 %PA, P 
(TP-EIm)/198 %PA, and P(TP-EIm)/144 %PA. This enhancement likely 
stems from the higher viscosity and molecular weight of P 
(TP0.9-DBT0.1-EIm), implying a higher degree of polymerization and 
stronger interchain interactions, which reinforce structural integrity. 
Furthermore, the mechanical performance of P(TP0.9-DBT0.1-EIm)/215 
%PA rivals or even surpasses that of other HT-PEMs. For instance, the 
PA-doped BOPBI-PIL-10 % membrane (ADC% = 227 %) exhibited a 
tensile strength of 6.94 MPa at room temperature [9]; the 
Q-SCT-NPAEK-80 %/314 %PA membrane reached a tensile strength of 
14.1 MPa [17]; while the PTP-10cPIM/149 %PA showed a tensile 
strength of 13.03 MPa [24].

3.6. Fuel cell performance

Based on a comprehensive evaluation of proton conductivity and 
mechanical properties, the P(TP0.9-DBT0.1-EIm)/215 %PA membrane 
with a thickness of 60 μm was selected for single-cell fuel cell perfor
mance testing. Polarization curve measurements were performed under 
non-humidified H2/O2 conditions at temperatures ranging from 120 ◦C 
to 160 ◦C. As shown in Fig. 7a, the membrane displayed excellent open 
circuit voltage (OCV) values between 1.00 V and 0.98 V over the tested 
temperature range. These values significantly exceed the typical OCVs of 
conventional HT-PEMFCs (0.90–0.95 V), indicating low gas crossover 
and minimal hydrogen/oxygen mixing, which helps reduce electrode 
polarization losses [23]. The peak power density exhibited a strong 
temperature dependence: 420 mW cm− 2 at 120 ◦C, 678 mW cm− 2 at 
140 ◦C, and reaching 869 mW cm− 2 at 160 ◦C. This enhancement is 
attributed to two primary factors: (1) improved electrode kinetics: 
higher operating temperatures reducing the activation energy for both 
the oxygen reduction reaction (ORR) and the hydrogen oxidation reac
tion (HOR), thereby accelerating charge transfer processes [2,4]; (2) 
enhanced proton transport: elevated temperatures facilitating the 
Grotthuss-type hopping mechanism in PA-doped membranes, which 
significantly boosting proton mobility [5,7]. Furthermore, the superior 
performance of the P(TP0.9-DBT0.1-EIm)/215 %PA membrane is largely 
due to the presence of DBT moieties, which promote the formation of 
extensive hydrogen-bonding networks and enable efficient 
ion-conducting channels, thereby improving both conductivity and 
membrane stability. To evaluate acid retention, the P 
(TP0.9-DBT0.1-EIm)/215 % membrane was tested under fuel cell oper
ating conditions (160 ◦C, 200 mA cm− 2). As presented in Fig. S3, the cell 
voltage showed nearly constant values over 50 h, suggesting negligible 
PA loss. Nonetheless, extended durability measurements remain neces
sary to fully establish the long-term stability of the membrane. Previous 
studies have estimated an average acid loss rate of 2–4 mg H3PO4 cm− 2 

10000 h of continuous operation for PA-doped PBI membranes [7]. 
Evaporation is considered the dominant acid loss pathway, strongly 
affected by parameters such as vapor pressure, reactant gas flow, and 
cell temperature [47].

To further highlight the advantages of the developed membrane, 
Fig. 7b compares the peak power densities of various reported HT-PEMs 
under H2/O2 conditions at 160 ◦C. For instance, a PA-doped poly
urethane-grafted PBI reached 405 mW cm− 2 [15]. Other notable ex
amples include, a three-dimensional polyaniline-crosslinked OPBI 
membrane: 474 mW cm− 2 [48]; a semi-flexible PBI membrane 
(PBI-QP-20): 507 mW cm− 2 [49]; OPBI/polyimidazolium dihydrogen 
phosphate composite: 568 mW cm− 2 [16]; benzimidazole functionalized 
branched poly(terphenyl trifluroacetophenone piperidine) with dual 
proton conductors: 621 mW cm− 2 [50]; PTP membrane incorporating 
twisted cPIM for low-PA doping: 694 mW cm− 2 [24]; hydrox
ylated/crosslinked OPBI membrane: 710 mW cm− 2 [10]; Ionic 
liquid-incorporated PBI membrane: 717 mW cm− 2 [33]. In comparison, 
the newly developed P(TP0.9-DBT0.1-EIm)/215 %PA membrane 
demonstrated a remarkable peak power density of 869 mW cm− 2, 
underscoring its superior performance. In addition, as previously re
ported by Chen et al., the HT-PEMFC performance depends on multiple 
operational and structural parameters, including MEA fabrication 
techniques, gas purity, catalyst types, and the optimization of the 
three-phase interface [51–53]. Despite these complex influencing fac
tors, the results presented here confirm the great promise of the 
hydrogen-bond-network-rich P(TP0.9-DBT0.1-EIm)/PA membrane as a 
next-generation candidate for high-performance HT-PEMFC 
applications.

4. Conclusions

In summary, we developed a series of poly(terphenyl-co-dibenzo
thiophene ethylimidazole) (P(TPx-DBT1-x-EIm)) membranes via a one- 
step superacid-catalyzed polycondensation strategy. The incorporation 
of π-conjugated DBT units increased the free volume and introduced 
additional hydrogen-bonding sites through the lone pairs on sulfur 
atoms. This structural modification led to enhanced PA doping contents, 
improved microphase separation, and the formation of efficient proton 
transport channels, thereby boosting proton conductivity. The chemical 
structure of the copolymers was confirmed by 1H NMR, FT-IR, and XPS 
spectroscopy. SEM imags revealed dense and homogeneous morphol
ogies in both surface and cross-sectional sections, while AFM phase 
images further supported the development of well-defined microphase- 
separated domains. All membranes exhibited favorable oxidative and 
thermal stability. Among the tested samples, the P(TP0.9-DBT0.1-EIm) 
membrane demonstrated an optimal combination of properties, 
including a high inherent viscosity (1.11 dL g− 1), robust mechanical 
strength (13.3 MPa), excellent acid doping content (215 %), and a high 
proton conductivity (0.109 S cm− 1 at 180 ◦C). Notably, a single HT- 

Fig. 7. (a) Polarization curve and power density based on the P(TP0.9-DBT0.1-EIm)/215 % membrane at 120–160 ◦C under H2–O2 conditions without humidification 
and back pressure; (b) Comparison of H2–O2 peak power densities of different HT-PEMs at 160 ◦C.
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PEMFC assembled with the P(TP0.9-DBT0.1-EIm)/215 %PA membrane 
achieved a peak power density of 869 mW cm− 2 at 160 ◦C under dry, 
non-pressurized H2/O2 conditions. In conclusion, the introduction of 
π-conjugated dibenzothiophene into the poly(arylene ethylimidazole) 
backbone effectively strengthened the hydrogen-bonding network, 
promoted favorable phase morphology, and facilitated proton transport, 
offering a promising strategy for advancing high-performance HT- 
PEMFC membranes.
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