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Significant efforts have been dedicated to this area, resulting in the development of
innovative material systems. Membranes employing phosphoric acid (PA) as the
proton conductor currently dominate the field of high-temperature proton exchange
membranes operating in the temperature range of 100~200 °C. This paper aims to
provide a concise overview of high-temperature proton exchange membranes (HT-
PEMs) to aid researchers in obtaining essential information efficiently. The proton
conduction and fundamental principles, recent research efforts and limitations, as
well as the challenges and promising directions for future advancements of PA-
dependent HT-PEMs are summarized.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have garnered considerable attention for fuel-cell vehicles
owing to their high efficiency, fast start-up and low environmental impact. Compared with emerging alternative
technologies, PEMFCs present distinct advantages in high-temperature tolerance, fuel flexibility and long-duration
energy supply. However, performance and durability issues remain critical for large-scale commercialization,
highlighting the significance of continuous research in this field [1-4]. The core component of a PEMFC is known
as the membrane electrode assembly (MEA), which is comprised of the central proton exchange membrane,
flanked by the catalyst layers and gas diffusion layers on both the anode and cathode sides. The perfluorinated
sulfonic acid (PFSA) membrane, notably represented by the DuPont Nafion series, currently dominates the
landscape of proton exchange membranes in both research and commercial applications. Nonetheless, the proton
conduction of perfluorinated sulfonic acid membranes is reliant on water, restricting their application to temperatures
below 80 °C, hindering the enhancement of electrode reaction kinetics and power density outputs [5—8]. In recent
years, there has been a growing interest in high-temperature proton exchange membrane fuel cells (HT-PEMFCs)
utilizing phosphoric acid (PA) as the proton conductor. Phosphoric acid exhibits low volatility, and undergoes
self-ionization at elevated temperatures and anhydrous conditions, enabling the operation of such proton exchange
membranes in an anhydrous environment within the temperature range of 100~200 °C [9-12]. It is noted that the
term “HT-PEMFCs” is used in relation to low-temperature proton exchange membrane fuel cells (LT-PEMFCs)
operating below 80 °C, in comparison, HT-PEMFCs afford the following advantages: (i) Facilitated gas transport
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and electrocatalytic reactivity; (ii) Enhanced tolerance of the catalyst to CO (the adsorption of CO on Pt is
negligible at 140 °C); (iii) Simplified humidity system and cooling system [13-17].

Phosphoric acid-doped polybenzimidazole (PA/PBIs) represents a benchmark for high-temperature proton
exchange membranes (HT-PEMs). PBI exhibits outstanding heat resistance, high mechanical performance, and
chemical stability. In HT-PEMFCs operating at 160 °C without additional humidification, PA/PBIs enables a
service life exceeding 10,000 h [18]. A number of literatures revolve around the modification of
polybenzimidazole-based HT-PEM. Several PBI structures reported in the literature are depicted in Figure 1.
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Figure 1. Summary of most commonly reported PBI backbones.

Polybenzimidazole acts as a strong Bronsted base with respect to neat phosphoric acid, benzimidazole’s
nitrogen can be fully protonated, leading to the formation of “strongly bound PA”. Simultaneously, phosphoric
acid molecules can form extensive “loosely bound” PA or “free PA” through hydrogen bonding interactions with
the polymer and other phosphoric acid molecules [19,20]. For descriptions of phosphoric acid content in HT-PEM,
one can calculate the molecular ratio of PA to polybenzimidazole repeat unit (Equation (1)), or the percentage of
phosphoric acid mass adsorbed on the dry membrane mass (Equation (2)).

ADL Mw — b
= 1
Mp, X (mp/Mpg)) M
my, —Mp
PA uptake(%) = — X 100% )
D

where my, and mp are the masses of the PA-doped and PA-undoped membranes, respectively, Mp, and Mpg;
are the molecular weights of PA and PBI repeating unit, respectively.

Within PA/PBI, the rapid proton conduction is resulted from a frustrated hydrogen-bond network, protons
hop through the stretching vibrations of hydrogen-bond from one proton carrier to an adjacent proton carrier,
allowing the former to accept protons again, thereby establishing a dynamic and continuous transfer of protons.
This mechanism is known as the Grotthuss mechanism [11,21-23]. Figure 2 illustrates the schematic depiction of
the proton transfer mechanism in PA-doped PBI electrolyte membranes. Ma et al. [23] have proposed that the
exchange rate of protons among different molecules is as follows: PA—water > PA-PA > imidazole-PA >
imidazole—water > imidazole—imidazole. The proton exchange rate between protonated imidazole and dihydrogen
phosphate is relatively low, therefore, the diffusion and conduction of protons are predominantly reliant on the
hydrogen bonding network of free PA [19,23].

Literature reports often involve a significant doping of phosphoric acid, this is contributed to the presence of
free acid. The amount of free acid not only significantly impacts the volume swelling, but also dictates the proton
conductivity [24-26]. However, elevated acid doping levels can cause significant dimensional expansion and
compromise mechanical integrity. Hence, an extensive scholarly discourse is dedicated to the optimization of
overall performance of PEMs. As a fundamental principle in the construction of PA-dependent HT-PEMs, alkaline
moieties such as benzimidazoles, pyridines, triazoles, imides, amides, and quaternary ammonium are introduced
via covalently bonding or doping/blending techniques into the polymer matrix. This approach endows the
membranes with processability and phosphoric acid adsorption capacity. This review aims to offer a concise yet
comprehensive overview of the advancements in understanding and design considerations of PA-doped
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membranes in recent years. We will categorize HT-PEMs into single-component polymer membranes and
composite membranes, as illustrated in Figure 3.
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Figure 2. Primary proton conducting pathways in PA/PBI membranes: (a) PA—water proton transfer; (b) PA-PA
proton transfer; (¢) benzimidazole—PA proton transfer [27], Copyright 2014, John Wiley and Sons.
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Figure 3. Schematic illustration of formation technique of HT-PEMs.

2. Single-Component Polymer Membranes

From a structural design perspective, the single-component polymer membrane is categorized into four
segments—strong acid-base interactions, polymers with high free volume, cross-linked polymers, and
phosphonated polymers—for detailed examination, some representative well-designed structures and the
corresponding key performance parameters are summarized in Table 1.
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Table 1. Key performance parameters of some homogenous high-temperature proton exchange membranes.

PA Uptake Proton Fracture Peak Power
Membrane (O/p) Conductivity Stress (MPa) Density* Chemical structure
’ (mS ecm™) (mW cm™)
0
@%@%@Oﬁ@%

TDAP-PSU-88 [28] 186 <50 ~2.0 453 (150 °C)
g-PBI-20 [29] ADL=22.1 212(200°C) 6.5 443
QPAF-4 [30] 150 52 10.3 683
DMBP-TB/PA [31] 425 144 / 815

OPBI-R2-9 [32]
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PA Uptake Proton Fracture Peak Power
Membrane %) Conductivity Stress (MPa) Density* Chemical structure
(% (mS ecm™) (mW cm™)
O N n N H CF3
BrpPBI-h-F6-PBI [33] ADL=17.5 150 2.9 713 DA 4 Q—@Hﬁ,@—@—g;@%
@,
PBI
H
N.
ﬂ:*@“@%'
QOPBI-15 [34] 167 49 27.0 260 (Ha/air)
PBI
Q N n CF3 O /\%
C10F6-R2-6 [35] 230 73 14.0 690 D r@—g;@% Hio-cH, HieT-cH,
H
O N O N O
@ o @ o
Br
PBI Cross-linker é
H
N N
OPBI-CL-Pillar-7% [36] 316 116 14.6 1084 (180 °C) ﬂr@*—@{
P/PITP-20 [37] 90 99 ~14.0 812 . ()

* Ha/O2 fuel cell performances (160 °C).
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2.1. Strong Acid-Base Interactions

High-temperature proton exchange membranes are essentially acid-base composite membranes. By
increasing the equivalent of basic groups, the affinity of matrix to acid molecules can be enhanced, thus elevating the
phosphoric acid doping content and retention ability; introducing strong alkaline functional groups can promote the
dissociation of phosphoric acid, forming strong ion pairs and thereby immobilizing the phosphoric acid [38—40].

Zhang et al. [28] grafted 2,4,6-tri(dimethylaminomethyl)-phenol (TDAP) with three tertiary amine groups
onto polysulfone (PSU), increasing the number of basic groups on side chains and the interactions between PA
molecules and the membranes. The TDAP-PSU membrane with 88% grafting degree achieved a PA uptake of
186%, single cell based on this membrane reached a peak power density of 453 mW ¢cm 2 at 150 °C. The stability
of the PA-doped TDAP-PSU-88 membrane was evaluated at a constant voltage of 0.6 V without additional
humidification. The cell remained stable with no performance decay during continuous operation at 150 °C for
more than 70 h. Liu et al. [29] grafted benzimidazole onto an arylether-type polybenzimidazole by N-substitution
reaction, the introduction of additional benzimidazole moieties greatly increased the PA doping level per unit
volume. With a grafting degree of 20% and an ADL of 22.1, the g-PBI-20 membrane exhibited a proton
conductivity of 212 mS cm™" at 200 °C and a peak power density of 443 mW cm2 at 160 °C.

Yang et al. synthesized a series of pyridine-containing poly(triphenyl-co-dibenzo-18-crown-6 pyridine)
copolymers P(TPyy,_co-CEys,) via a facile superacid-catalyzed Friedel-Crafts reaction. Owing to pyridine/crown ether
units and microphase separation, the P(TPy;¢-c0-CEgy,) membrane showed a 205% PA doping level and 0.138 S cm™!
conductivity at 180 °C. The corresponding H»-O; cell delivered a peak power density of nearly 1200 mW c¢m 2 under
non-humidified and non-backpressure conditions, showing great potential for high-performance HT-PEMFCs [41].
They also fabricated a series of imidazole-containing conjugated copolymers P(BFyy-TPyy-Im) via a simple
polymerization route, as illustrated in Figure 4a. Benefiting from imidazole units and dibenzofuran-derived
structures, the copolymer membrane showed efficient PA doping and proton conduction. As shown in Figure 4 b—d,
the optimized membrane exhibited peak power densities of 1085 and 539 mW c¢m 2 in H»~O, and Hy—air fuel cells
at 180 °C, and exhibited outstanding long-term stability with a low voltage decay rate of 4.3 uV h™! over 720 h [42].
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Figure 4. (a) Synthesis of P(BFx%-TPy%-Im) copolymers; (b) durability of the Ho—air cell with P(BF20%-TPso%-Im)/
202%PA under 400 mA cm 2 at 160 and 180 °C; P(BF20%-TPso%-Im)/202%PA operating with H2-Oz (¢), and
Ha—air (d) under ambient pressure [42], Copyright 2025, American Chemical Society.

In recent studies, quaternary ammonium (QA) polymers have been investigated as high-temperature proton
exchange membranes to improve phosphoric acid retention. QA hydroxides exhibit relatively strong alkalinity,
enabling complete deprotonation of PA to form strong QA*-H,POj ion pairs, which interact much more strongly
than the interaction between PA and water. This effectively prevents PA loss caused by water. Lee et al. [43]
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proposed a class of polyphenylene-based high-temperature proton exchange membranes based on QA-biphosphate
ion-pair-coordinate (PA-doped QAPOH). The assembled fuel cells demonstrated stable performance at
temperatures ranging from 80 to 160 °C. After 44 h of testing under conditions of 80 °C and 40% RH, the PA
retention rate remained as high as 93%. Moreover, the rate of through-plane proton conductivity decay at 80 °C
and 150 mA cm 2 was more than three orders of magnitude lower than that of PA/PBI membranes. Under 120 °C
Ha/air for 500 h, the QAPOH MEA shows no performance degradation. In accelerated thermal cycling (80—-160 °C),
the PA/PBI MEA fails within 70 cycles, while QAPOH exhibits stable performance with a voltage decay of
—0.39 mV/cycle at 160 °C and retains 60% of its PA doping after 500 cycles.

Chen et al. [44] prepared the long alkyl side chains with quaternary ammonium groups grafted
polybenzimidazole membranes (PBI-Sc-X). Due to the strong ion-pair interaction between quaternary ammonium
groups and biphosphate, the PA doping level and PA retention were remarkably improved, Compared to PBI, PBI-
Sc-35 exhibited an increase in proton conductivity from 65 mS cm ™! to 104 mS cm ™! at 170 °C. After operating for
12 h at 150 °C, the retention rate of proton conductivity for PBI-Sc-35 remained 80%, while PBI only maintains about
60%. Besides, PBI-Sc-5 membrane held the highest power density of 411.7 mW cm2 at 160 °C and 1000 mA c¢m 2.

In a parallel pursuit, Jiang et al. [30] employed a copolymer, QPAF-4, featuring quaternary ammonium group
modification at the terminal end of the side chain for the high-temperature proton exchange membrane. Due to the
intrinsic micro-phase separation structure of QPAF-4 matrix and strong interaction of QA and PA, the PA-doped
membranes possessed high proton conductivity and eminent PA retention. Notably, the QPAF-4-150%PA membrane
achieved a maximum power density of 683 mW cm2 at 160 °C under anhydrous condition. Furthermore, the
corresponding single fuel cell shows excellent stability, operating steadily for more than 60 h at 140 °C.

2.2. Polymers with High Free Volume

For high-temperature proton exchange membranes using PA as proton carrier, acid doping level is a key
determinant of membrane conductivity. Increasing the free volume within the membrane is an effective strategy
to enhance the adsorption and retention of phosphoric acid molecules [45—47]. This can be accomplished by
incorporating rigid or voluminous groups to mitigate the tight packing of molecular chains. Branched polymers
with distinctive three-dimensional dendritic structure afford the membrane with accessible and interconnected
cavities, these cavities function to increase the free volume within the membrane.

Polymers of intrinsic microporosity (PIMs) are characterized by abundance of twisted rigid sites in main-
chain structure, resulting in the formation of inherent micropores (pore size <2 nm). Tang and Geng [31], presented
PA-doped intrinsically ultra-microporous membranes constructed from rigid, high free volume, Troger’s base-
derived polymers. Membranes with an average ultramicropore radius of 3.3 A showed a siphoning effect with
phosphoric acid molecules, and upheld a high PA retention rate even under conditions of elevated humidity. The
proton conductivity retention rate surpassed that of PA/PBI membranes by more than three orders of magnitude.
Remarkably, DMBP-TB/PA boasted a peak power density of 815 mW c¢cm ™2 at 160 °C, which was twice that of m-
PBI/PA. Moreover, the substantially advanced properties of DMBP-TB/PA enabled the MEA to operate within a
broad temperature range from —20 °C to 200 °C. DMBP-TB/PA MEAs showed exceptional stability in low-
temperature accelerated stress tests (AST), enduring over 150 cycles at 40 °C and 15 °C and retaining 95% peak
power density and 86% ADL after 150 cycles at 15 °C, while m-PBI/PA MEAs fail after only 2 cycles at 40 °C,
and high-temperature durability is not evaluated in this work.

Compared with linear polymers, the microstructure formed by branched polymers endows a larger free
volume to accommodate more PA molecules without sacrificing dimensional stability, rendering them propitious for
PA retention. Wang et al. [32] synthesized PBIs with different degree of branching, where the branched PBI exhibited
higher ADL and proton conductivity. Among them, the membrane with the highest degree of branching, OPBIR2-9,
showed the highest proton conductivity (53 mS cm™! at 180 °C) and the best antioxidant stability. Additionally, the
peak power density of OPBI-R2-9 (222 mW cm™2) was almost double that of linear OPBI (125 mW cm™2) at 160 °C
under anhydrous conditions. However, the higher degree of branching resulted in inferior mechanical properties
of the branched PBI.

Wang’s group [48] designed a series of highly branched PBIs with 1,3,5-tri(4-carboxyphenoxy)benzene as a
branching agent. The ADL for the branched polybenzimidazole with a 9% degree of branching characterized an
ADL of 10.5, which was notably higher than that of p-PBI (4.6) and OPBI (5.6). Wang et al. [33] also reported a
branched PBI core block with another derived PBI structure, the starshaped polymer backbone provided dual
advantages of increased free volume and microscopic phase separation, endowing the membranes with high PA
doping capacity and efficient proton transport. The ADL of BrpPBI-6-F6-PBI reached 17.5, achieving a high
proton conductivity of 150 mS ¢m™! and a power density of 713 mW cm 2 at 160 °C without humidification.
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2.3. Cross-Linked Polymers

Cross-linking entails the covalent bonding of linear or branched polymer chains, leading to the formation of
a network or bulk polymer structure. Compared with linear and branched structure polymers, cross-linked
polymers exhibit higher hardness and brittleness, which could reduce the substantial softening of PA-doped
membranes. At comparable or even higher levels of phosphoric acid doping, crosslinked membranes can sustain
reduced dimensional swelling, thus enhancing membrane mechanical properties without compromising proton
conductivity [49-52]. Crosslinking structures are also widely recognized for their ability to restrict the loss of
phosphoric acid [53-56].

Hu et al. [34] synthesized a series of cross-linked polybenzimidazole membranes by using a hyperbranched
cross-linker with quaternary ammonium. The resulting QOPBI-15 manifested an elevated tensile strength of 27.0
MPa, greatly surpassing the value of 18.5 MPa exhibited by PBI. The introduction of rigid networks compressed
the molecular chains and reduced the uptake of PA, yet the proton conductivity remained unaffected due to the
incorporation of QA groups.

Based on the branched F6PBI, Wang et al. [35] prepared crosslinked membrane using polybis(3-phenyl-3,4-
dihydro-2H-1,3-benzoxazinyl) (p(BA-a)) as a macromolecular crosslinker. The increase in free volume and
phosphoric acid adsorption capacity led to an enhancement in proton conductivity of the membrane. The
mechanical properties and antioxidant stability of these membrane had been simultaneously improved along with
the crosslinking. The H»/O, fuel cell assembled with C10F6-R2-6 membrane reached a peak power density of
690 mW cm 2 at 160 °C. At 160 °C and 200 mA cm 2, the PA-doped C10F6-R2-6 membrane-based single cell
exhibited stable OCV and low internal resistance over a 200h durability test. The cell maintained a high and nearly
constant voltage, demonstrating excellent stability and proton conductivity for high-temperature PEMFC operation.

As shown in Figure 5a, in a recent work of Wang et al. [36], a locally high-density cross-linked network of
PBI was synthesized using pillar[5]arene featuring multiple alkyl bromide moieties, and the residual unreacted
halides were transformed into ammonium salts to introduce additional acidophilic sites for PA absorption and
proton transportation. As illustrated in Figure 5b,c, the locally concentrated distribution of cross-linking sites,
coupled with loosely packed PBI segments between adjacent cross-linkers, facilitated the increased retention of
PA molecules within the cross-linked network. The OPBI-CL-Pillar-7% membrane characterized by a high gel
content of 90.7% demonstrated a noteworthy conductivity of 116.8 mS c¢cm™ at 160 °C alongside excellent
mechanical strength, measuring at 14 MPa. Besides, it exhibited a remarkable power density of 1084 mW c¢cm ™2 at
180 °C. OPBI-CL-Pillar-7% membrane exhibits a low voltage decay rate of 0.0395 mV h™! during 200 h fuel cell
testing at 160 °C and 200 mA cm 2, superior to other PA-PBI membranes.
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Figure 5. (a) Chemical reactions associated with pillar[5]arene-cross-linked network. Molecular structures and feature
of (b) pillar[S]arene-based and (c¢) conventional cross-linked network [36], Copyright 2022, John Wiley and Sons.
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2.4. Phosphonated Polymers

Phosphonated polymers have been a focus of researchers’ efforts, as the covalent immobilization of acid
groups ensure no leakage even in the presence of water vapor or even liquid water. However, due to the restrictions
of lower dissociation constant and ion mobility, their proton conductivity tends to be lower and shows a reliance
on water, making ‘free’ phosphonic acids indispensable [57—59]. Moreover, phosphonated polymers suffer from
mechanical fragility at high ion exchange capacity (IEC), thereby constraining their application. Kerres research
group[60] grafted poly(pentafluorostyrene) (PFS) on a preirradiated ethylene-tetra-fluoro-ethylene (ETFE) film,
followed by a post-phosphonation or post-sulfonation of the PFS grafting chains. The PFS grafted ETFE with
phosphonation and sulfonation degree of 50% and 70% (IEC = 1 and 1.5 mequiv g!) exhibited conductivities of
90 and 170 mS cm™" at 120 °C and 90% RH, respectively. Abouzari-Lotf et al. [61] synthesized highly phosphonated
copolyimide ionomers with IEC of 2.4~4.6 mequiv g, a proton conductivity value of only 2.5 mS cm™ was
measured in dry condition at 120 °C, which was 2-3 order of magnitude lower than in saturated water), showed a
high dependence on humidity.

Song and Li et al. [62] demonstrated the synthesis of polysiloxanes grafted with both tetrazole and
phosphonic acid groups, the prepared membranes were then doped with free PA. Protons can be efficiently
transferred between adjacent nitrogen atoms, grafted acid groups, and free phosphoric acid. The membrane
achieved ~190 mW cm 2 at low free PA doping (5.2 wt.%) and low humidity (120 °C, 1.2% RH). The conductivity
and cell performance at elevated temperatures were not studied here, but it shows the advantages of reasonable
structural designation of phosphonated polymers, and also, their development converges on a synergy with free
phosphoric acid. In a recent work, Hao et al. [37] investigated bifunctional poly (p-terphenyl-co-isatin
piperidinium) (P/PTIP-x) copolymer with tethered phosphonic acid and tertiary amine base groups as HT-PEMs,
with low PA uptake (<100%), the copolymers displayed a conductivity of 99 mS cm™ and a peak power density
of 812 mW cm™? at 160 °C. At 140 °C, the 70%PA@P/PTIP-40 membrane displays a much lower voltage
degradation rate of 0.08 mV h™! over 100 h at 150 mA c¢m 2, compared with 0.45 mV h™! for 90%PA@P/PTIP-20.
It also exhibits higher voltage and peak power density retention, resulting from stronger hydrogen-bond
interactions and higher PA retention.

3. Composite Membranes

In recent years, there have been significant advancements in the development of composite HT-PEMs.
Composite membranes obtained through blending or doping with two or more materials synergize the merits of
individual components to collectively enhance the overall performance. Additionally, targeted modifications
effectively address various challenges in PEM applications.

3.1. Organic-Organic Composite Membranes

Organic-organic hybridization involves combining alkaline polymers with organic components featuring
specific structures or unique properties, such as acid-functionalized polymers, hydrophobic polymers, polymers
of intrinsic microporosity, ionic liquids, porous organic networks, etc. The incorporation of these organic
components not only strengthens the mechanical properties of the hybrid electrolyte membrane, but also plays a
role in the distribution of PA and the facilitation of protonic conduction [63—68]. Table 2 provides a summary of
some representative organic-organic composite membranes and the corresponding key performance parameters.

The blending of polymers is an efficacious method to elevate the singular polymer material’s strength,
toughness, and thermal resilience. Acid-functioned polymers, exemplified by sulfonated polymers and
phosphonated polymers, engage in interactions with basic polymer matrix, contributing to the formation of acid-
base composite membranes—as called ionic crosslinked membranes. Due to the enhancement of intermolecular
forces, ionic crosslinking can effectively improve the mechanical properties and antioxidant stabilities of PBI-
based high-temperature proton exchange membranes [69—71]. Furthermore, Suzuki et al. [72] reported that PA-
doped sulfonated polyimide (SPI) and PBI composite membranes formed a new proton transport pathway between
H;PO4/H,PO, and SO, and protons could be efficiently transported under conditions of low humidity and even
anhydrous state. Liu et al. [73] also unveiled the additional proton transport channels within the phosphoric acid-
doped poly(arylethersulfone) (SPAES) and polybenzimidazole (PBI) composite membranes. Bai et al. [69]
incorporated sulfonated poly (fluorenyl ether ketone) (SPFEK) into the OPBI membrane, resulting in composite
membranes with notably enhanced mechanical properties. OPBI-SPFEK 10% with 216% PA uptake demonstrated
a tensile strength of 24.7 MPa and achieved a maximum power density of 727 mW c¢m 2 at 160 °C, marking a 26%
and 21% increase over pristine OPBI, respectively. As illustrated in Figure 6, Hao et al. [74] proposed partially
replacing free PA with immobilized PA based on phosphonated phenol-formaldehyde (PPF) to construct long-
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range proton transport channels in the PPF/PBI composite membranes. SOPPF/PBI membrane with PA uptake of
165% reached a peak power density of 607 mW cm2 at 160 °C. At 140 °C and 125 mA cm? for 50 h, the
S0PPF/PBI MEA shows a voltage attenuation rate of only 12%, demonstrating excellent durability owing to its

superior PA retention.
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Figure 6. The synthetic route to the PPF/PBI membrane [74], Copyright 2022, Royal Society of Chemistry.

Table 2. Key performance parameters of some organic-organic and organic-inorganic composite high-temperature

proton exchange membranes.

Inorganic Proton Fracture Peak Power
Membrane Filler Content PA Uptake (%) Conductivity Stress Density
(wt.%) (mS em™) (MPa) (mW cm™)
SOPPF/PBI [74] / / 165 62 (140 °C) 13.1 607
OPBI-SPFEK 10% [69] / / 216 50 24.7 727
PVDE-PVP80 [75] / / ~250 67 (150 °C) ~2.0 530 (180 °C)
6FPBI-cPIL 20 [76] / / ADL =27.8 106 (170 °C) 29 /
OPBI/L-10 [77] / / ADL =18.7 257 8.9 438
PBI/30%-SNW-1 [78] / / 175 114 ~4.0 590
30%-CTFs-OPBI [79] / / 167 71 7.7 534
PBI/SNP-PBI-10 [80] PBI-SiO, 10 385 50 (160 °C) / 650 (150 °C)
PBI-sTP2 [81] s-TiO, 2 386 96 (150 °C) / 621 (150 °C)
Py-PBI/1.5%PGO [82] PGO 1.5 ADL =9.9 76 (140 °C) 4.65 359 (120 °C)
rGO-PBI-1 [83] reduced GO 1 ADL =8.9 126 (170 °C) / 743 (170 °C)
PBI/MWCNT-Nafion [84] MWCNT-Nafion 0.2 ADL = 11.5 50 (160 °C) / 700 (150 °C)
PBI/1Mus [85] muscovite 1 434 42 (150 °C) 7.5 586 (150 °C)
ABPBI/a-ZrP [86] a-ZrP 10 ADL =6.5 46 (180 °C) 36.0 400 (160 °C)
PSC; [87] SrCeO; 8 190 105 (180 °C) / ~700 (180 °C)
SPAEK-SPOSS-1% [88] SPOSS 1 193.2 126 (200 °C) 18.7 300
PBI@ ZIF-mix [89] ZIF-mix 5 157 91 (200 °C) / /
40%UI0-66@OPBI [90] UI0-66 40 73 92 (160 °C) 27.02 583

* Ha/O; fuel cell performances (160 °C).

Mixing hydrophobic polymers without acidic functional groups with PBI can provide mechanical strength to
the substrate, thereby enhancing the level of phosphoric acid doping or enabling the preparation of thinner
membranes, thus improving the overall efficiency of fuel cells. Jana et al. [91] elucidated that blending PBI
polymer with polyvinylidene fluoride (PVDF) in a certain proportion substantially increased the phosphoric acid
doping level of the membrane. Polyvinylpyrrolidone (PVP), characterized by basic nitrogen heterocycles yet
water-soluble, cannot independently serve as high-temperature proton exchange membranes, researchers blended
PVP with other polymers, such as polyether sulfone (PES) and PVDF, to enhance the mechanical strength [75,92,93].
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Jiang et al. reported that the 20 wt.% PVDF-80 wt.% PVP membrane (H3PO4 doping level 2.7) achieved a proton
conductivity of 0.093 S cm™! at 200 °C under anhydrous conditions, comparable to state-of-the-art PBI/PA
membranes; its PA-doped PVDF-PVP80 membrane exhibited high power density (530 mW c¢cm™ at 180 °C in
H»/0O,), negligible current decay over 240 h at 150/160 °C under 0.5 V, and no PA leaching for 10 days [75].

From another perspective, Wang et al. [77] incorporated polymers of intrinsic microporosity into OPBI
matrix, the authors contended the addition of PIMs can bring a large free volume into the alloy membranes, which
enhanced the ADLs and proton conductivity. A notable proton conductivity of 313 mS cm™ was attained at an
operating temperature of 200 °C, accompanied by a peak power density reaching 438 mW c¢cm 2 at 160 °C.

In addition to the aforementioned polymer blends, some organic small molecules, and emerging porous
organic networks, have also been employed in blends with PBI and other polymer materials. Some attempts with
organic fillers proved suboptimal, for instance, Schecheter and Savinell [94] observed that the inclusion of imidazole
(IM) or 1-amyl imidazole (Me-IM) in PA/PBI membranes resulted in a decrease in proton conductivity, attributed to
imidazole’s binding to free phosphoric acid, thereby reducing the concentration of proton charge carriers.

Ionic liquids (ILs) refer to organic salt comprising organic cations and inorganic/ organic anions. They are
liquid at room temperature, exhibiting high thermal stability and possess a wide electrochemical window, making
them suitable for use as a proton conductor [95-97]. ILs have been utilized in the fabrication of HT-PEMs and
MEAs. However, their performance is often unsatisfactory. To fulfill the demands for proton conduction, ILs are
frequently loaded at excessively high levels, posing significant obstacles to electrode catalyst efficiency and
leading to considerable IL leakage concerns. Some recent work replaced ILs with polyprotic ILs (PILs), e.g., Liu
et al. [76] mixed PIL containing imidazole to provide continuous pathways for proton transport in 6FPBI, and
introduced a cross-linked structure through the hydrolysis of KH-560. The proton conductivity of the resulting
composite membrane was 106 mS cm™ at 170 °C, nearly double that of 6FPBI, while the assessments of fuel cell
performance were absent.

Porous organic networks are newly emerged filler materials for polyelectrolytes in energy conversion field.
Our group [78] synthesized a Schiff-base type porous polymeric network (SNW-1) with abundant N-H sites and
blended with OPBI. At a doping level of 30%, the PA uptake of PBI/30%-SNW-1 membrane decreased to 175.0%,
while the proton conductivity significantly increased to 114.0 mS cm™' at 160 °C. The pristine PBI had a PA uptake
of 270.0% and a proton conductivity of 67.3 mS cm™, respectively. The peak power density of the PBI/30%-
SNW-1 composite membrane reached 590 mW c¢m™ at 140 °C, higher than that of PBI at 450 mW cm™.
Additionally, the PBI/30%-SNW-1 composite membrane showed enhanced proton conduction stability, which
experienced only an 8.47% decline in proton conductivity after a 30-h evaluation at 140 °C, compared to 12.84%
for pristine PBI. Peng et al. [79] conducted in-situ synthesis of covalent triazine-based frameworks (CTFs) within
polybenzimidazole under mild trifluoromethanesulfonic acid (TFA) catalysis. The membrane containing 30%
CTFs exhibited high conductivity of 74.8 mS cm™! under low PA doping level of 167.1%. The peak power density
of the single cell assembled with the 30%-CTFs-OPBI composite membrane reached 534.4 mW c¢m 2, significantly
suppressed that of OPBI under the same phosphoric acid doping level and testing conditions (325.2 mW c¢m?),
which was also higher than that of directly blended B30%-CTFs-OPBI. This indicates that constructing stable
continuous proton transport channels can achieve efficient proton conduction at relatively low levels of phosphoric
acid doping. At 160 °C and 200 mA cm™2 for 250 h, the 30%-CTFs-OPBI membrane exhibits stable voltage,
showing low H, permeability and high stability.

3.2. Organic-Inorganic Composite Membranes

Inorganic nanofillers always demonstrate robust rigidity, their incorporation into HT-PEMs is promising to
augmenting the mechanical-dimensional stability of composite membrane. An inorganic component may also
assist in improving the thermal stability, acid retention, reactant crossover resistance, conductivity and other
properties of the polymer membranes [98—101]. A host of inorganic materials have been used for preparation of
nanocomposite membranes, some representative examples are summarized in Table 2, they can be classified into
the following five categories: (I) hygroscopic metal oxides, such as SiO,, TiO,, ZrO,, etc.; (II) active carbon
materials, such as graphene oxide, carbon nanotubes, etc.; (III) nanoclays; (IV) proton conductor, such as metal
phosphates, acceptor-doped perovskite-type oxides, polyhedral oligomeric silsesquioxane (POSS), etc.; (V) metal
organic frameworks (MOFs).

Functional hygroscopic metal oxides demonstrate the capability to trap phosphoric acid in the corresponding
composite membranes, thereby increasing the proton conductivity of the membranes. Suryani et al. [80] synthesized
PBI-functionalized silica nanoparticles (SNPs) for incorporation into PBI composite membranes. The PBI/SNP-PBI
composite membrane containing 10 wt.% SNP-PBI demonstrated a 25% higher conductivity than pristine PBI
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at 160 °C. Moreover, the PBI/SNP-PBI membrane exhibited a maximum power density of 650 mW cm 2, surpassing
the 530 mW cm 2 value of the pristine PBI membrane. Lee et al. [81] synthesized sulfonated TiO, nanoparticles
(s-TiOy) as a filler for m-PBI, and the composite membrane containing 2 wt.% s-TiO, obtained up to an ADL of
12.1 and a peak power density of 621 mW cm2 at 150 °C, an ascent of 30% over pure PBI membrane.

Graphene oxide (GO) possesses a substantial specific surface area, excellent mechanical properties, and
abundant hydrophilic oxygen-containing groups, which endow it with the ability to conduct protons and enhance
mechanical strength. Abouzari-Lotf et al. [82] used phosphonated graphene oxide (PGO) as the filler of 2,6-
Pyridine functionalized polybenzimidazole (Py-PBI), which notably improved the tensile strength, proton
conductivity and single cell power density of Py-PBI. The Py-PBI/1.5% PGO membranes (ADL = 9.93) exhibited
a proton conductivity of 76.4 mS cm™" at 140 °C and maximum power density of 359 mW c¢m™2 at 120 °C. The
retention rate of proton conductivity was also significantly improved. Ko et al. [102] employed GO and poly(2,5-
benzimidazole)-grafted graphene oxide (ABPBI-GO) as fillers for sulfonated poly(arylene ether sulfone) (SPAES)
composite membranes. SPAES/ABPBI-GO demonstrated enhanced dimensional stability, increased Young’s
modulus, and elongation at break values compared to SPAES/GO, attributed to acid-base interactions. Besides,
the SPAES/ABPBI-GO composite membranes exhibited superior conductivity relative to both pristine SPAES and
SPAES/GO composite membranes. Ghosh et al. [83] reported PBI composite membranes with reduced GO (rGO).
The optimum loading of 1wt.% rGO improved the value of proton conductivity up to 126 mS cm™! and generated
a higher maximum power density at 170 °C, reaching 743 mW cm 2, approximately twice that of the pristine
PBI (368 mW cm2). tGO-PBI-1 also exhibited the highest tensile strain, phosphoric acid retention rate, and
chemical stability.

Suryani et al. [84] synthesized Nafion- and PBI-functionalized multiwalled carbon nanotubes (MWCNT-Nafion
and MWCNT-PBI) as additives in composite membranes. The addition of functionalized MWCNTSs enhanced the
mechanical properties of PA-undoped membranes. The PA-doped nanocomposite membranes containing 0.2 wt.%
of MWCNT-Nafion (N-0.2) and MWCNT-PBI (P-0.2) demonstrated conductivities of 0.05 S cm ™' and 0.08 S cm!
at 160 °C, maximum power densities of 700 mW c¢cm 2 and 600 mW c¢m 2 at 150 °C, which were superior to the
pristine PBI membrane (530 mW cm 2).

The incorporation of clay minerals into membranes has attracted interests because of their hygroscopicity, high
surface area and low cost. Clay—based materials such as montmorillonite [103], sepiolite [104,105], and vermiculite
[106] were explored as the membrane additives in HT-PEMFC applications. In a work of Guo et al. [85], muscovite
(Mus) was incorporated into PBI matrix as an inorganic filler. The membrane with 1 wt.% Mus showed the highest
mechanical strength and lowest dimensional swelling, and the highest power density of 586 mW c¢cm™2 at 150 °C
without humidification, which was 24% higher than the pure PBI membrane (474 mW cm2). Under accelerated
stress testing (AST), the composite membrane exhibited significantly enhanced durability, because the Mus—PA
crosslinks could improve the acid retention ability of PBI/Mus composite membranes to alleviate catalyst
degradation. Compared with the pristine PBI membrane, the composite membranes exhibited significantly
enhanced durability under accelerated stress test (AST). Among them, PA/PBI/2Mus shows the lowest voltage
decay rates (0.226 mV h™' at OCV, 1.042 mV h™!' at 0.6 A cm ™2, 1.298 mV h™! at 1.0 A cm™?), much lower than
the pure PBI membrane, owing to effectively suppressed PA leaching.

Metal phosphates, such as zirconium phosphates (ZrP) and boron phosphates, can provide additional proton
conduction pathways for PEM, besides the potential reinforcement effects. Rao et al. [86] reported the fabrication
of nanocomposite membranes based on ABPBIl/a-ZrP. The composite membrane containing 10 wt.% hydrophilic
a-ZrP showed an increase in ADL from 3.6 to 6.5 compared to the original ABPBI membrane, with the proton
conductivity at 180 °C increasing from 27 mS cm ! to 46 mS ¢cm™!. The proton transport pathways in the composite
membrane are depicted in Figure 7a. More remarkably, the thermo-mechanical properties and oxidative stability
were improved simultaneously. Stress-strain profiles of the undoped and doped membranes are shown in Figure 7b,c.
The nanocomposite membrane with 10 wt.% of a-ZrP showed an excellent tensile strength of 36.0 MPa, besides,
the single-cell showed a peak power density of about 400 mW cm 2 at 160 °C. Under start-up/shut-down mode at
200 mA cm 2, the 100 W stack delivered stable voltage with a decay rate of 0.84 uV h™! over 730 h. Acceptor-
doped perovskite-type oxides are also recognized as high-temperature proton conductors, holding promise for
applications in devices like fuel cells. In a work of Shabanikia et al. [87], perovskite-type SrCeOs nanoparticles
were used for improving the properties of PBI membranes. Improved PA uptake and proton conductivity were
observed in the composite membranes. By incorporating 8wt.% SrCeO; into the composite membrane, PSCs
exhibited the highest phosphoric acid uptake at 190% and conductivity of 0.105 S cm™ at 180 °C. During fuel cell
testing, it achieved a power density of 440 mW cm 2 at 0.5 V. Yang et al. [88] incorporated polyhedral-
oligosilsesquioxane nanoparticles bearing sulfuric acid groups (SPOSS) into a phenylated arylether-type PBI (Ph-
PBI), these hybrid membranes exhibited enhanced ADLs, acid retention ability and attractive mechanical-
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dimensional stability. The proton conductivity of SPAEK-SPOSS-1% with 193% PA reached 126 mS ecm™! at 200 °C,
and a peak power density of 300 mW cm 2 at 160 °C. Especially, the membrane exhibited a tensile strength of up
to 18.7 MPa.
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Figure 7. (a) Schematic of proton conducting channels in PA-doped ABPBI-a-ZrP nanocomposite membrane.
Stress-strain profiles of (b) undoped and (¢) doped ABPBI membranes as a function of a-ZrP loading [86],
Copyright 2019, American Chemical Society.

Metal-organic frameworks (MOFs) possess qualities of high specific surface area, substantial porosity, and
high designability. In recent years, MOFs have attracted contemporary explorations in field of high-temperature
proton exchange membranes. Escorihuela et al. [89] incorporated zeolitic imidazolate framework, including ZIF-
8, ZIF-67, and their binary mixture, to build a series of PBI composite membranes. The proton conductivities of
these membranes were higher than that of pure PBI and pure ZIFs. PBI@ZIF-8, PBI@ZIF-67 and PBI@ZIF-mix
composite membranes containing 5 wt.% ZIFs exhibited proton conductivities of 3.1 mS cm™!, 41 mS cm™!, and
92 mS cm™! at 200 °C and anhydrous conditions, respectively. Chen et al. [90] infused a Zr-based metal-organic
framework (UIO-66) into the OPBI matrix, the composite membranes exhibited long-range continuous proton
transport channels, which endowed a conductivity of 92 mS cm™ at a PA uptake of only 73%. At 160 °C and
200 mA cm2 for 500 h, the 40%UIO-66@OPBI membrane exhibits a voltage decay rate of 0.15 mV h™!. After
12 restart cycles up to 160 °C, it maintains a peak power density of 500 mW cm™? with stable resistance, whereas
the 0%UIO-66@OPBI membrane shows decreased power and increased resistance.

3.3. Nanofiber Reinforced Membranes

Recently, electrospun polymer nanofibers have gained prominence in energy applications [107-109]. The
flexible and porous nanofiber mat offers a three-dimensional support for polymer electrolyte membranes [110—113].
In contrast to inorganic nanoparticles, nanofibers easily and naturally weave themselves into the PEM matrix, their
three-dimensional structure can effectively constrain the deformation issues of phosphoric acid-doped membranes,
enhancing the mechanical properties of the membrane.
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Li et al. [114] utilized a polytetrafluoroethylene (PTFE) porous membrane as the substrate to prepare a
PTFE/PBI composite membrane. The PTFE matrix provided excellent mechanical properties, after doped with
phosphoric acid, the composite membrane also showed good proton conductivity and relatively stable durability.
At 150 °C and 0.7 A cm™2 for 50 h under atmospheric air, the PTFE/PBI/H3PO4 composite membrane shows only
a slight performance decay, demonstrating good interim stability. Lu et al. [115] synthesized PTFE porous
membrane reinforced PVP-PES composite membrane, which significantly enhanced the tensile strength and
Young’s modulus of the PA-doped membranes. The PES-PVP/PTFE composite membranes with optimized
impregnating degree exhibited a proton conductivity of 0.26 S cm™! and a maximum power density of 607 mW cm 2
at 180 °C.

Our research group have explored polypyrrolone (PPy) as the polymeric material for HT-PEMs [116], the
composite membrane comprised of PPy-impregnated polyimide nanofiber mat (PI@PPy) demonstrated improved
dimensional stability, with notable reduction in PA swelling ratio, which was 51% in area and 25% in volume.
PI@PPy exhibited 62% higher yield strength, superior peak power density of 634 mW cm 2 at 160 °C, and less cell
voltage reduction in durability tests, highlighting the trade-off between proton conductivity and PA retention ability.

Nanofibers modified with specific functional groups can interact better with polymer electrolytes to
effectively improve the performance of PEM. in a work of Lu et al. [117], carbon fiber (CF) were oxidized and
reduced to introduce hydroxyl, carboxyl and amino groups, allowing the in situ polymerization of PBI on the
surface of the CF. The flexural strength and tensile strength of the resultant CF/PBI composite membranes were
significantly improved.

3.4. Multi-Layer Structure

Constructing spongy porous HT-PEM is an effective strategy to increase the ADL, however, porous
structures cause cross penetration of fuel gas, PA leakage, and low mechanical strength. A promising solution is
covering both sides of a porous membrane with a dense skin layer, yet the preparation of the three-layer membrane
has always been a problem.

Cai et al. [118] synthesized sulfonated graphene oxide (RGO) with high ion exchange capacity and coated
porous PBI membrane with PBI-RGO on both sides via the layer-by-layer method. The phosphoric acid doping
level of multilayer membranes increased with the mass fraction of porous PPBI layers. PBI-RGO/PPBI-80/PBI-
RGO adsorbed 500 wt.% of phosphoric acid, achieving a proton conductivity of 0.113 S cm™ at 170 °C under
non-humidified conditions, with a high tensile strength of 22.7 MPa. After testing at 180 °C for up to 10,000 h,
the three-layered membrane cells show much lower voltage decay rates (2.3 and 4.1 mV h™!) than single-layered
ones (14 and 11 mV h™").

Wang et al. [119] developed a novel membrane-making process for the preparation of asymmetric three-layer
membrane, its structure is shown in Figure 8a. The thin skin layer and porous layer were prepared by using the
nonsolvent induced phase separation (NIPS) method on the preprepared thick skin layer. A high level of PA doping
was achieved due to this structure, and the as-prepared three-layer HT-PEM exhibited a peak power density of
713 mW cm 2. Furthermore, the durability of the three-layer HT-PEM fuel cell was significantly enhanced by
introducing a cross-linking agent KH-560, with only 0.064 mV h™! load voltage decay observed after 200 h, as
shown in Figure 8b.

Li et al. [120] prepared dense double skin layers on porous PBI membrane by crosslinking with amino tris
(methylene phosphonic acid) (ATMP), as depicted in Figure 8c. As a proton conductor, ATMP also participated
in the formation of hydrogen bonding network, creating more continuous proton transfer pathways. Consequently,
excellent proton conductivity of 0.112 S cm ™! and H,-O, fuel cell peak power density of 980 mW cm 2 at 160 °C
were achieved. In durability tests, the voltage decay rate of p-OPBI-ATMP/PA was only 5.46 uV h™!, far superior
to the unmodified porous OPBI membrane (Figure 8d).

For the three-layered membrane designed by Kannan et al.,[121] the central PBI membrane layer was directly
casted from PA and acted as an acid reservoir, the outer layers were post-doped with PA and served as barriers to
limit acid transport out of the central layer. During the period of 10000 h constant current operation at 200 mA cm >
and 180 °C, the cells with three-layered membranes showed voltage decay rates of 2.3 and 4.1 wV h™!, in construct
to 14 and 11 pV h™! for cells with single-layered membranes. Besides, the acid loss rates assessed by acid collection
at the fuel cell exhaust were rather comparable with the durability results, convincing the PA barrier capacity of
the protect layer.
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Figure 8. (a) Schematic diagrams of the leaf-like porous membranes and (b) their corresponding single-cells
stabilities at 0.2 A cm 2 and 160 °C [119], Copyright 2022, John Wiley and Sons. (¢) Schematic diagrams of p-
OPBI-ATMP membrane and (d) their corresponding single-cells stabilities at 0.4 A cm™2 and 160 °C [120],
Copyright 2021, Royal Society of Chemistry.

4. Challenges for HT-PEMs

Although the durability of PA/PBI membranes has exceeded 10,000 h, further improvement is still feasible, and
durability remains the most critical performance indicator for HT-PEMFCs toward large-scale commercialization,
which has attracted increasing research attention in recent years.

Mechanical degradation in FC operation, such as pinholes, perforations, cracks and tears, can originate from
inherent membrane defects or inappropriate MEA fabrication. Local regions (e.g., MEA sealing edges) under
excessive or non-uniform mechanical stress are susceptible to small perforations or tears [122]. Moreover, the
membrane suffers in-plane tension and compression under varying load conditions [122,123]. Employing creep-
resistant or mechanically robust crosslinked membranes can effectively enhance membrane durability [124—-127].
Mechanical defects such as local pinholes and perforations promote reactant gas cross-permeation, ultimately
triggering membrane chemical degradation. Hydrogen peroxide generated at the fuel cell electrodes decomposes
into reactive HO- and HO," radicals, which attack the polymer backbone. Trace metal ions including Fe?* and Cu?*
catalyze peroxide decomposition and further accelerate membrane degradation [128]. Therefore, the Fenton test
is widely adopted as an ex situ accelerated method to evaluate the oxidative stability of proton exchange
membranes. The membrane is immersed in 3% H>O» solution containing 4 ppm Fe?", with its residual weight and
chemical structure evolution monitored. Nevertheless, these tests are generally performed without phosphoric acid
(PA), and both PA doping and fuel cell operation may alter polymer stability, indicating that more in-depth
interpretation is required when applying the Fenton test to high-temperature proton exchange membranes.

In addition, PA loss constitutes another factor influencing long-term durability. It is widely recognized that
phosphoric acid loss is mainly caused by water vapor and liquid water at the cathode [129-131]. Since the
interaction energy between phosphoric acid and water is similar to that between phosphoric acid and the polymer,
the large amount of water produced at the cathode during PEMFC operation can leach phosphoric acid from the
membrane. Notably, numerous strategies for improving phosphoric acid retention capacity have also been reported
in the preceding context. However, Benicewicz et al. [18] conducted steady-state durability testing on PA/PBI
membranes for over ten thousand hours and found that phosphoric acid loss did not significantly contribute to the
performance degradation over extended operation. In steady-state fuel cell durability tests within a temperature
range of 80 to 160 °C, the rate of phosphoric acid loss from the membrane was less than 10 ng cm™ h™!, and after
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40,000 h of operation, the total phosphoric acid loss was only about 2.6% of the initial amount in the MEA. The
authors also performed dynamic durability testing and found that high temperatures and high loads accelerate the
loss of phosphoric acid in the MEA, yet in all cases, the amount of phosphoric acid lost was relatively small
compared to the total phosphoric acid present in the membrane. Besides, the impact of phosphoric acid loss should
be evaluated from the perspective of the whole MEA. Holmes et al. [85] found that phosphoric acid leached from
the membrane can migrate into the anode and cathode catalyst layers, forming a three-phase boundary at the
membrane—catalyst interface that lowers internal resistance and benefits durability. Oono et al. [132] observed that
phosphoric acid redistribution within the catalyst layers initially causes a slow voltage decay, while severe
phosphoric acid depletion leads to catalyst agglomeration, reduced active surface area, and rapid voltage decline,
revealing that phosphoric acid distribution strongly affects cell stability. Overall, phosphoric acid loss may not be
the most decisive factor, and improving the high-temperature mechanical stability of the membrane appears to be
more critical for long-term durability.

5. Conclusions and Perspectives

Significant progress has been made in high-temperature proton exchange membranes research. High-
temperature proton exchange membranes employing phosphoric acid as the proton conductor exhibit favorable
attributes including satisfactory proton conductivity, outstanding heat resistance and chemical stability, positioning
them as the leading candidates for HT-PEMFCs. Polybenzimidazole stands out as one of the extensively
researched polymer materials in this domain, and the proton transfer mechanism in polybenzimidazole membranes
doped with phosphoric acid can provide insights into the fundamental principles of constructing HT-PEMs. The
review summarizes various strategies to build high-efficiency and durable HT-PEMs, dividing the discussion into
two sections comprised of single-component polymer membrane membranes and composite membranes.

While notable advancements have been made, challenges remain in further enhancing HT-PEM performance
and durability for practical applications. To achieve reliable and long-term operation in real fuel cell systems,
future research should focus on the following specific, solution-oriented directions:

(1) Although microphase separation is widely accepted to enhance proton conductivity, the nanoscale
morphology and dynamic evolution of phosphoric acid-doped membranes remain largely unexplored. The
distribution and migration of phosphoric acid govern not only proton conductivity but also swelling behavior
and mechanical strength, which require direct nanoscale characterization and quantitative analysis.

(2) Standardized and realistic lifetime evaluation protocols for membranes under actual fuel cell operating
conditions are still lacking. Moreover, the quantitative correlation between component-level degradation (e.g.,
membrane deterioration) and overall cell performance decay remains unclear, which hinders the rational
design of durable HT-PEMFCs.

(3) Future research should adopt a holistic MEA-centered design strategy rather than optimizing individual materials
separately. This includes targeted structure optimization of HT-PEMs, synergistic integration with catalyst layers,
and coordinated design of key components. In particular, fundamental insights into interfacial interactions,
interface stability, and intercomponent degradation mechanisms need to be systematically established.

Overall, advancing these key aspects will effectively bridge the gap between material design and real-world
performance, ultimately promoting the practical deployment of high-temperature PEM fuel cells.
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