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a b s t r a c t

High-temperature proton exchange membranes (HT-PEMs) possess excellent thermal and outstanding

electrochemical stability, providing an avenue to realize high-temperature proton exchange membranes

fuel cells (HT-PEMFCs) with both superior power density and long-term durability. Unfortunately, poly-

benzimidazole (PBI), a typical material for conventional HT-PEMs, fails to compromise the high non-

aqueous proton conductivity and high mechanical properties, thus hindering their practical applications.

Achieving efficient nonaqueous proton conduction is crucial for HT-PEMFC, and many insightful research

works have been done in this area. However, there still lacks a report that integrates the host-guest in-

teractions of phosphoric acid doping and the structural stability of polymers to systematically illustrate

modification strategies. Here, we summarize recent advancements in enhancing the nonaqueous proton

conduction of HT-PEMs. Various polymer structure modification strategies, including main chain and side

group modification, cross-linking, blocking, and branching, are reviewed. Composite approaches of poly-

mer, including compounding with organic porous polymers, filling the inorganic components and mod-

ifying with ionic liquids, etc., are also covered in this work. These strategies endow the HT-PEMs with

more free volume, nanophase-separated structure, and multi-stage proton transfer channels, which can

facilitate the proton transportation and improve their performance. Finally, current challenges and future

directions for further enhancements are also outlined.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Proton exchange membrane fuel cell (PEMFC) is one of the most

ideal alternatives to the internal combustion engine due to its high

efficiency, low emission, compact cell design, and no pollution to

the environment [1–4]. One of the most important parts of PEMFC

is the proton exchange membrane, which acts as the solid elec-

trolyte of the battery to prevent the cross-mixing of fuel and ox-

idizer and to allow proton transfer between the cathode and an-

ode [5–8]. At low temperatures (<100 °C), the current commercial-

ized proton exchange membrane is Nafion for its superior mechan-
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ical properties, high proton transfer efficiency, and excellent chem-

ical inertness below 80 °C. However, it also has fatal disadvantages,

such as high dependence on water in proton conduction, resulting

in difficulties in heat and water management, high methanol pen-

etration, and high cost, which limit its large-scale application [9–

14]. Compared to traditional PEMFC at low temperatures (<100 °C),
the HT-PEMFC which is running under the condition of high tem-

peratures (100–200 °C) and low humidity has aroused people’s

great interest because of the impressive features, such as reduced

possibility of carbon monoxide poisoning of the anode catalyst,

greater catalytic activity, streamlined management of H2O/heat and

enhanced compatibility to H2 contaminants [15–19]. Moreover, HT-

PEMFCs can use high energy density liquid fuels such as methanol

to produce hydrogen, which can reduce the weight of the fuel

cell system by 37.5%, endowing the HT-PEMFCs with extensive ap-
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plication prospects. However, there are no mature, commercially

available HT-PEMs [20,21]. Therefore, the development of an inex-

pensive material that can be utilized at HT-PEMFC is imminent,

which requires game-changing technology from PEM research for

HT-PEMFCs.

There are many candidates for HT-PEM materials, such as

metal-organic frameworks (MOFs), covalent organic frameworks

(COFs), polymers and inorganic materials, among which polyben-

zimidazole (PBI) is the most promising. Thanks to the rich pro-

ton conduction sites of nitrogen-containing heterocycles and the

rigid backbone, PBI has the following advantages: exceptional me-

chanical strength, excellent thermodynamic and chemical stability

[22,23]. PBI has a unique alkaline heterocyclic structure, which can

uptake a substantial quantities of phosphoric acid (PA), and still

maintain superior mechanical properties and powerful ability to

isolate hydrogen gas after adsorption of phosphoric acid [24]. There

are two main methods for preparing phosphoric acid doped PBI

membranes, one is to polymerize the monomer in polyphosphoric

acid and directly prepare phosphoric acid doped PBI membranes

using the phosphoric acid generated by hydrolysis [25]. The other

is to prepare the PBI membrane first, and then phosphoric acid ab-

sorption is followed [26]. Although the process of the polyphos-

phoric acid method is relatively simple, the purity requirement for

monomer is high, the large amount of phosphoric acid generated

by hydrolysis poses a challenge to the regulation of the film for-

mation process, and the mechanical properties of the PBI film ob-

tained by this method are poor. Since a variety of PBIs with good

solubility in organic solvents have been prepared, the method of

film formation followed by phosphoric acid adsorption is more

suitable. The proton transportation ability of membrane acts as a

crucial factor in determining the final performance of the fuel cell.

Therefore, how to improve the proton transmission efficiency of

the membrane has always been a core topic in the field of novel

PBI-based membranes. For the PA-PBI architecture under high tem-

perature and water-free operating circumstances, the proton con-

duction mainly follows the Grotthuss mechanism, and the proton

mainly jumps and conducts in the hydrogen bond network of PA

[27]. The nonaqueous proton conduction of the PA-doped PBI ar-

chitecture is primarily affected by the PA doping level (ADL). How-

ever, most of the reported PBI-based PEMs, due to the plasticiza-

tion of PA molecules will lead to poor mechanical properties, espe-

cially at high ADL, thus, it cannot meet the requirements of practi-

cal applications [28]. Therefore, how to realize efficient proton con-

duction while maintaining the mechanical strength of PBI remains

a challenge.

So far, reviews on high-temperature proton exchange mem-

branes have focused on summarizing structural modifications

of polymers [18,22,29,30], inorganic particle doping [9,31–33],

and ionic liquid modifications [5,34–36], respectively, and to our

knowledge, there is no report that integrates the host-guest in-

teractions of phosphoric acid doping and the structural stability

of polymers to systematically illustrate modification strategies. Im-

proving the anhydrous proton conductivity of HT-PEMs requires a

case-by-case breakthrough from the influencing factors that affect

membrane proton conductivity. Generally speaking, there are three

main influencing factors. The number of PA doping sites decided

the efficiency of proton conduction, while the long-term retention

rate after phosphoric acid doping affects the stability of proton

conduction [37]. It is worth noting that the balance and restriction

relationship between proton conductivity and mechanical proper-

ties usually make a big difference [38].

As shown in Fig. 1a [39–44], this paper delivers a detailed sum-

mary of commonly used strategies in the direction of enhancing

the free volume, nanophase-separated structure, and multi-stage

proton transfer channels of PBI membranes. The main strategies in

polymer molecular structure optimization are polymer main chain

and side group modification, cross-linking, blocking and branch-

ing, etc. The strategies for compounding with other materials are

compounding with organic porous polymers, inorganic component

filling, and ionic liquid modification, etc. In addition, structural

optimization and compounding synergistic modification strategies

are more expected. The preparation of highly anhydrous proton-

conducting membranes by the above strategies is of great theoret-

ical research and industrial value. Moreover, this paper also pro-

poses some future directions based on the above common strate-

gies.

2. Factors influencing nonaqueous proton conduction

As shown in Fig. 1b [45], the hydrogen was oxidized into a pro-

ton and electron at the anode, and then the proton travels through

the PEM to allow the reaction to occur with oxygen and electron,

finally, the water was generated. Based on those working princi-

ples, PEM functioned as a solid electrolyte to determine the diffu-

sion kinetics of the proton. Grotthus mechanism is the main proton

transportation mechanism in PA-doped polymers [30,36,46]. There-

fore, from the polymer membranes perspective, the factors influ-

encing polymer structure and physicochemical properties exhibit a

vital influence on the nonaqueous proton conduction, which can be

categorized into the following three aspects: the number of phos-

phoric acids doping sites, the long-term retention rate after phos-

phoric acid doping, the balance and relationship between proton

conductivity and mechanical properties [45–47].

The detailed factors influencing nonaqueous proton conduction

can be found in Supporting information (S2.1–S2.3).

3. Strategies

3.1. Increasing free volume for more PA doping sites

The gap of the polymer molecular chain, which is defined as

free volume (FV), plays a crucial role in phosphoric acid dop-

ing level [28,48,49]. There are several strategies for enriching the

free volume of the PBI, for example, optimizing physicochemical

properties and introducing the pendant groups, manipulating the

branched structure, filling the inorganic component, and combin-

ing with the porous organic polymers.

3.1.1. Optimizing physicochemical properties and introducing the

pendant groups

The optimizing physicochemical properties can be found in

Supporting information (S3.1.1).

Graft modification of the molecular structure of PBI is also an

effective method to improve proton conductivity [50], including

hydroxylation [51], fluoridation [26], aromatic etherification [15],

pyridine bridging oxygen connection [52], etc. For example, flu-

oridation could enhance chemical stability and increase solubil-

ity [26]. Introducing asymmetric bulky functional pendent groups,

such as phenyl and methylphenyl could hold large free volumes,

thus increasing the proton conductivity [53]. Furthermore, to of-

fer the bonding sites with the crosslinker, it usually grafts the PBI

with hydroxyl groups [51,54]. In this way, the proton conductiv-

ity could be maintained or improved indirectly. The processabil-

ity and solubility of PBI could be enhanced by aromatic etheri-

fication [15]. In addition, As shown in Figs. 2a–c, the pyridine-

bridged-oxypolybenzimidazole (PyOPBI) was concentrated to mit-

igate dissolution in 85% phosphoric acid. Tushar Jana has demon-

strated that it was entirely steady in 85% PA [52]. Introducing the

bipyridine group into the PBI membranes also showed improved

nonaqueous proton conduction and fuel cell performance for that

the bipyridine group could afford extra basic sites to loading more

PA [55].
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Fig. 1. (a) Schematic illustration of the main points of this review. Inorganic component filling. Reproduced with permission [39]. Copyright 2015, Wiley Publishing Group.

Branching structure. Reproduced with permission [40]. Copyright 2020, Elsevier. Blocking structure. Reproduced with permission [41]. Copyright 2014, American Chemical

Society. Cross-linking structure. Reproduced with permission [42]. Copyright 2020, American Chemical Society. Ionic liquid modification. Reproduced with permission [43].

Copyright 2018, Elsevier. Compounding with polymers. Reproduced with permission [44]. Copyright 2021, Royal Society of Chemistry. (b) A schematic explanation of the

working principle. Reproduced with permission [45]. Copyright 2021, Springer Nature Limited.

Fig. 2. Synthesis of (a) PyOPBI, (b) BrPPO, and (c) formation of the cross-linked polymer (CrL-PyOPBI) through the alkylation reaction between PyOPBI and BrPPO. Reproduced

with permission [52]. Copyright 2020, American Chemical Society. (d) Models for molecular dynamics of PA doped oxypolybenzimidazole (OPBI). (e) The molecular chain

stacking structure and hydrogen bond network of PA doped OPBI and grafted OPBI membranes. Reproduced with permission [58]. Copyright 2021, Elsevier.
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Fig. 3. (a) Synthetic routes and chemical structures of the different branched OPBIs. Reproduced with permission [71]. Copyright 2018, Elsevier. (b) Preparation of the

SC-B-OPBI membrane. Reproduced with permission [72]. Copyright 2018, Elsevier.

Recent progress has suggested that introducing asymmetric

bulky pendants is of paramount importance in increasing the FV

[56,57]. Liu et al. proposed a novel method to graft the phenyl

and methylphenyl to the molecular chain of the PBI [53]. Com-

bined with the flexible ether linkages, the generated composite

membrane holds large FV, and thus, enhanced proton transporta-

tion. The molecular simulation indicates that the larger FV orig-

inates from the looser molecular chain accumulation induced by

the random and flexible framework of the PBI, and the larger

steric-hinerance effect of phenyl and methylphenyl.

Furthermore, as shown in Fig. 2d, molecular dynamics (MD)

simulation is an efficient theoretical tool for studying PA-doped

membranes. As can be seen from Fig. 2e, MD simulation indicates

that compared with the original OPBI membrane, the additional

benzimidazole groups introduced into OPBI increases the free vol-

ume and promotes the uptake of PA, increasing the number of hy-

drogen bonds between PA and OPBI and thus enhancing the proton

conductivity from 0.031 S/cm to 0.101 S/cm at 160 °C [58]. More-

over, there are many strategies to tailor the molecular structure of

the noncommercial PBIs, such as incorporation nitrogen contain-

ing heterocycles [59–62], sulfonate [63–66], hydroxyl [60,67], and

amino groups [68–70].

3.1.2. Establishing branched structure

Regarding the strategy used for the function of PBI’s structure

to increase the FV, the abundant tunable molecular structure could

be harvested in the manner of establishing a branched structure.

Using the function of attenuating the strong interactions between

mainchains of PBI, increasing the solubility, and enhancing the FV,

establishing a branched structure is beneficial for modulating the

ADL and proton transportation. In this approach, Wang et al. have

made many successful attempts, they investigated the influence of

different branch structures and the degree of branch structure on

the properties of PBI [71]. In general, as shown in Fig. 3a, three

branching agents were used to clarify the relationship between the

branching structure and the proton conductivity. Under the condi-

tion of the same degree of branching (DB), the OPBI-R2 affords the

largest content of FV, and thus, the highest value of acid doping

level (8.94), and the highest deformation ratio (1.5%), so the proton

conductivity could be 0.053 S/cm under 180 °C without humidifica-

tion. These excellent properties could be attributed to the effect of

the rigid framework of the R2 which possesses a large volume. The

detailed comparison of overall characteristics can be seen in Table

S1 (Supporting information). Moreover, with the DB increasing, the

density of the composite membranes decreased, and thus, the FV

would be improved, so the proton transfer would be facilitated sig-

nificantly due to the largely enhanced ADL. Regarding this aspect,

establishing a branched structure is an ingenious approach to add

the FV, and the characteristics of the branched PEMs could be ma-

nipulated controllably by altering the branching agents and the DB.

Furthermore, the branched structure could also improve the anti-

oxidation capability and durability.

On the other hand, the drawback of introducing the branched

structure would damage the mechanical strength to some ex-

tent. To solve the problem, the strategy of the combination of

crosslinking and mediating branched structure would afford sig-

nificant advancements. From this approach, as shown in Fig. 3b,

Wang’s group synthesized the poly[2,2′-(p-oxydiphenylene)-5,5′-
benzimidazole] (B-OPBI) membrane which possessed the branch-

ing structure with a branching degree of 6%, and then the γ -

(2,3-epoxypropoxy)propyltrimethoxysilane (KH560) was used as

the crosslinker. Such a composite membrane holds the merits of

crosslinking and branching structure [72].

The crosslinking endows the membrane with an applicable ten-

sile strength (78.4MPa), while the branching structure contributes

to a superior proton conductivity (0.044 S/cm, 180 °C, 0%RH). In ad-

dition, the synergistic effect of crosslinking and branching struc-

ture gives rise to a fair-sized mitigation of PA leaching. Because

of the enhanced proton transfer, these modified PBI-based mem-

branes exhibited vastly improved overall performance of the fuel

cell.

The synergy of multiple modification strategies is crucial within

composite membranes based on branched PBI. Wang et al. incorpo-

rated the proton conductor UiO-66 and the plasticizer ionic liquid

(IL) ([BMIM][TFSI]) into branched CBOPBI. Despite the strong inter-

facial modification effect of IL, the tensile strength was retained at

40MPa even when the content of UiO-66 was increased to 50%.

This approach yielded a proton conductivity of 0.135 S/cm and a

power density of 736mW/cm2 at 160 °C and 0%RH, along with es-

tablishing high-density proton transfer pathways [73].

3.1.3. Compounding with organic porous polymers

Another effective method to increase the free volume is to

combine the crystalline porous materials with polymer. In addi-

tion to metal–organic frameworks (MOFs) and covalent organic

frameworks (COFs), coordination polymers and polyoxometalates

are also better candidates (Fig. S1a in Supporting information) [74–
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79]. Each of these materials has the feasibility to be compounded

with polymers and the structure can be designed precisely.

The detailed explanation of compounding with MOFs and COFs

(Figs. S1b–e) can be found in Supporting information (S3.1.3-1).

In addition to traditional composite methods, such as physical

blending and mechanical doping, the strategy of constructing inte-

grated polymer have harvested extensive applications because they

can eliminate the utilization of additional fillers or bonding agents

that mainly cause unexpected material agglomeration and interface

separation. The hybridization form of the membranes plays a crit-

ical function in deciding the efficiency of the proton conduction,

as an integrated structure usually establishes multi-stage proton

transfer channels [80].

Furthermore, Wang et al. adopted a soft-rigid synergistic strat-

egy for in situ grafting of a rigid structure of COF-316 containing

cyano groups onto a soft OPBI substrate. The resulting composite

membrane contained multi-stage proton transfer channels while

retaining a tensile strength of 12.1MPa and delaying the dissolu-

tion of PA. Consequently, the membrane exhibited high proton con-

ductivity (0.178 S/cm) and power density (774.7mW/cm2) at 160 °C
without humidification [17].

In particular, when polymers are combined with crystalline

porous polymers, more attention is paid and optimized to the sta-

bility of the composite film in the absence of water or at high tem-

peratures and to the processability of the film formation.

The detailed explanation of incorporation with polymers of in-

trinsic microporosity (Fig. S2) can be found in Supporting informa-

tion (S3.1.3–2).

In addition to compounding with organic porous polymers. Of

particular note is manipulating polymer with intrinsic microporos-

ity for building more free volume to enhance PA retention. As

shown in Figs. 4a and b, by using Tröger’s base-derived polymers

synthesized with an average radius of 3.3 Å intrinsic ultramicro-

pore, the siphoning effect of the intrinsic ultramicropore and the

acid-base interaction between the polymers and phosphoric acid

can greatly enhance the PA doping level and retention rate, guaran-

teeing the efficient proton conductivity at −20–200 °C and enabling

the fuel cell to operate in this wide temperature range [48,81].

And the 3D observation of the DMBP-TB modeled structure in a

non-crystalline cell is shown in Fig. 4c. Benefiting from the in-

trinsic ultramicropore, the unique membrane exhibited high pro-

ton conductivity of 0.159 S/cm at 180 °C and a peak power density

of 815mW/cm2 at 160 °C.
The achievement of PEMFC electric cars has led to a strong

interest in efficient proton conduction in proton exchange mem-

branes over a wide temperature range (40–200 °C) [82,83].

An elaborately modularized abundant hydrogen-bonded three-

dimensional crosslinked porous network polyacrylamide (PAM) hy-

drogels layers were imported into OPBI [44]. As a result, the ra-

tional modulation of double-layer composite film to mitigate the

poor strength and high dimensional swelling of PAM and enhance

absorption of PA and water represents efficient proton conduction

between 40 °C and 180 °C. Proton transportation pathways in PA-

doped composite membranes are shown in Fig. 4d, at low temper-

atures (<80 °C), water mainly serves as a medium for continuous

proton conduction, while at high temperatures (>160 °C), the hy-

drogen bonding network between imidazole groups of OPBI, poly-

acrylamide, and phosphoric acid contributes to efficient nonaque-

ous proton conduction. As shown in Figs. 4e and f, the membrane

of OPBI-0.8AM affords the proton conductivity of 0.0159 S/cm at

40 °C and 0.104 S/cm at 180 °C with water-free condition and ex-

hibits a peak power density of 560mW/cm2 at 160 °C and 0%RH.

3.1.4. Inorganic component filling

The detailed explanation of inorganic components filling (Fig.

S3) can be found in Supporting information (S3.1.4).

3.2. Establishing nanophase-separated structure for more PA doping

sites

Establishing a nanophase-separated structure is a very fantas-

tic method to facilitate proton transportation and largely augment

the performance of fuel cells. In general, the three-dimensional

penetrating proton transfer roadway provided by the nanophase-

separated structure allows for more intense reaction kinetics. As

shown in Fig. S4 (Supporting information), considering the design

principle of “couple hardness with softness”, constructing the block

copolymer PBI membranes using two distinct polymers contain-

ing the inflexibility (diamine-terminated polybenzimidazole) and

soft backbones (acid-terminated polybenzimidazole) [49]. In this

way, nanophase-separated membranes were successfully synthe-

sized. It represents a proton conductivity of 0.1 S/cm at 180 °C
and a maximum power density of 360mW/cm2 at 160 °C with-

out humidification due to regulated continuous proton nanochan-

nels and optimized mechanical properties. Moreover, there are

many block copolymers, for example, para-polybenzimidazole (p-

PBI) combined with meta-polybenzimidazole [41], sulfonated PBI-

block-pPBI [84], poly(arylene ether sulfone) coupled with polyben-

zimidazole [85].

3.3. Composite methods for improving the long-term retention rate

after phosphoric acid doping

Equally important as a high ADL in improving the proton trans-

fer efficiency of composite films is the long-term retention rate af-

ter phosphoric acid doping, so reducing the loss rate after phos-

phoric acid doping is also of high strategic importance, which is

also a great challenge.

A well-established strategy is to introduce various nitrogen-

containing functional groups into the PBI structure [42,58,86–

89]. Considering the synthesis condition is also crucial for

manipulating alkaline functional groups for the goal of en-

vironmental friendliness. A quaternized poly(4,4′-diphenylether-
5,5′-bibenzimidazole) (OPBI) was synthesized using quaternary

ammonium-functionalized epoxy with OPBI which avoids using the

toxic agents and preserving the PBI structure (Fig. 5a). The quater-

nary ammonium moieties in OPBI’s structure could largely enhance

the ADL and attenuate the leakage of PA through strong acid-base

interaction [90]. A proton conductivity of 0.085 S/cm at 160 °C can

be obtained. Moreover, it possesses fantastic stability even running

after 100h. In addition, through an innovative approach, Wang et

al. employed acid-etched UIO-66-NH2 as a self-sacrificing reagent

to construct additional carboxylated proton transport pathways.

Combined with cross-linking and branched structures, these path-

ways substantially improved PA retention and enabled stable cy-

cling for 387h [91].

Another effective strategy is the composite method. Ionic liq-

uids are a promising class of non-aqueous proton carriers in the

field of proton exchange membrane, but they are difficult to so-

lidify in membranes, so while improving non-aqueous proton con-

ductivity, they also pose the problem of ionic liquids and doped

phosphoric acid leakage [35,92,93]. Protic ionic liquids which are

mainly based on ammonium and imidazolium are effective agents

to improve nonaqueous proton conduction [5]. Similar to ionic liq-

uids, the stability of PBI at high temperatures and the probability

to design the molecular structure accurately have attracted many

researchers. The combination of protonated ionic liquids and PBI

offers unlimited possibilities for the construction of highly anhy-

drous proton-conducting membranes.

As shown in Fig. 5b, a composite membrane consisting of

polybenzimidazole containing hydroxyl groups and 1–butyl–3-

methylimidazolium dihydrogen phosphate was manipulated. It is

evident that the incorporation of a cage-like cross-linked structure

5
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Fig. 4. Chemical structures and properties of TB polymers. (a) Structures of four different TB polymers. (b) Pore-size distributions obtained via CONTIN analysis from PALS. (c)

3D view of DMBP-TB modeled structure in an amorphous cell (308 K). (Cell size: 25.2 × 25.2 × 25.2 Å3; density of ∼1.031 g/cm3. Gray, van de Waals surface; blue, Connolly

surface with pore radius of 1.0 Å.) Reproduced with permission [48]. Copyright 2022, Springer Nature Limited. (d) Schematic representation of proton conduction pathways

in PA-doped OPBI-AM membranes. The proton conductivity of the membranes at (e) low temperature and (f) high temperature. Reproduced with permission [44]. Copyright

2021, Royal Society of Chemistry.

which is enabled by the addition of 3-(triethoxysilyl)propyl iso-

cyanate (IPTS) could largely relieve the leakage of ionic liquids and

PA. Beside, it brings up some gratifying merits. The combination of

a unique cage-like structure and imidazole rings enriched ionic liq-

uid constructs multi-stage proton transfer channels, which greatly

enhances proton conductivity (0.133 S/cm at 160 °C) and stability

[43]. It is noteworthy that the protons in the protonated poly ionic

liquid are present on the anion through a two-step ion exchange

interaction.

The poly ionic liquids derivates from the free radical polymer-

ization of ionic liquid afford cross-linked structure with the nor-

bornene monomer of NbPBI and they exhibited various chain pack-

ing tightness due to the different functional groups (Fig. 5c). Dif-

ferent from traditional ionic liquids, Wang et al. proposed three

novel double bond ionic liquids that simultaneously act as cross-

linker and proton carriers as shown in Figs. 5d and e [94]. As a re-

sult, those composite membranes show improved PA retention rate

(87.2% under 160 °C for 400h) and enhanced proton conductivity

6
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Fig. 5. (a) Synthetic process of quaternized PBI using the alkali-free approach. Reproduced with permission [90]. Copyright 2022, Elsevier. (b) Proton transporting path

of cPBI-IL X membranes. Reproduced with permission [43]. Copyright 2018, Elsevier. (c) WAXD spectra of PBI, NbPBI and NbPBI-PIL membranes, (d) the polymer chains

simulation of PBI and NbPBI, (e) the chemical structure of VBIm, MPIm and TPAm. Reproduced with permission [94]. Copyright 2018, Elsevier.

(0.074 S/cm at 170 °C). A power density of 385mW/cm2 at 160 °C
can be achieved for fuel cells with NbPBI-TPAm membrane. Fur-

thermore, the durability test at 300mA/cm2 shows that the com-

posite membrane has excellent stability over 200h of operation.

3.4. Cross-linking strategies for compromising between proton

conductivity and mechanical strengths

The mechanical strengths of the PEM will suffer great damage

when the ADL is very high owning to the plasticizing effect of

PA. For another, the PA leaching would be severe. Thereafter, the

balance between proton conductivity and mechanical strengths re-

mains a challenge [38]. Electrostatic spinning and crosslinking are

effective strategies for providing the composite membranes with

robust mechanical properties and preventing PA leaching [95–97].

The porous structure formed by electrostatic spinning can increase

the doping level of phosphoric acid and improve proton conductiv-

ity. However, the method has a limited improvement in mechanical

properties and the membrane is less flexible, which is difficult to

improve the overall performance of the membrane [98,99].

The crosslinking consists of ionically crosslinking and covalently

crosslinking [100]. Covalent cross-linking usually endows compos-

ite films with high mechanical strength and excellent chemical sta-

bility [26]. Ionic cross-linking facilitates the construction of nano-

phase separated structures which can enhance proton conduction

[101]. In general, the ionically crosslinking is not beneficial for

thermal stability, while covalently crosslinking exhibited low elon-

gation at break when using the small-molecular crosslinkers [102].

3.4.1. Ionic cross-linking strategies

The detailed explanation of ionic cross-linking strategies (Fig.

S5) can be found in Supporting information (S3.4.1).

3.4.2. Covalent cross-linking strategies

As a typical case, as shown in Fig. S6 (Supporting information),

the crosslinking reaction between F6-PBI and chloromethylated

polysulfone was explored to acquire polymer crosslinked CrL-F6-

PBI membranes. The excellent merits of these crosslinking mem-

branes permit higher ADL, and thus improved the proton conduc-

tion as well as robust tensile strength [26].

Therefore, regulation of the original crosslinker would boost

the comprehensive properties of the composite crosslinking films.

Moreover, as a novel cross-linking agent for PBI, pillar arene bear-

ing multiple alkyl bromide molecules enables the establishment

of a locally highly concentrated cross-linked PBI network. This

optimization enhances the distribution state of the cross-linked

units and synergistically enhances the FV and PA absorption ca-

pacity. This approach, combined with the stacking of the loosely

packed PBI chain segments, achieved an impressive proton con-

ductivity of 0.242 S/cm and an exceptionally high power density

of 1084mW/cm2 at 180 °C [103].

4. Conclusions and prospects

4.1. Conclusions

The advantages of HT-PEMFCs in terms of higher catalyst ef-

ficiency, higher tolerance of fuel impurities, and simplified wa-

ter/heat management make them more suitable for driving heavy-

duty vehicles. The green and sustainable electrification of the auto-

motive industry has also accelerated the commercialization of HT-

PEMs. Continued research on high-temperature proton exchange

membranes has led to significant advances in anhydrous proton

conductivity, mechanical properties, and fuel cell performance.

This review summarizes several common strategies used to im-

prove the anhydrous proton conductivity of PEMs (Table S2 in

Supporting information) and suggests future directions for im-

provement. The key points of these strategies are to increase the

free volume and nano-phase separated structure and enhance the

acidic sites while maintaining good mechanical properties to en-

hance the proton conduction sites and maintain the long-period

proton transportation. However, the current optimization steps for

polymer molecular structure are tedious, and the construction

of composite membranes is difficult to achieve hybridization at

the molecular level. Therefore, the performance of polymer mem-

branes in fuel cells is not perfect, thus, hindering their practical

application.

Excessive PA uptake will sacrifice the mechanical properties of

the membrane to some extent, so it needs to be quantitatively reg-

ulated to precisely optimize the composite membranes. A more

flexible approach is to achieve high proton conductivity at low PA
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Fig. 6. (a) Steps to achieve efficient nonaqueous proton conduction and (b) prospects to achieve large-scale industrialization.

doping without loss of mechanical strength by introducing multi-

stage proton transfer channels.

Furthermore, many modification strategies are laboratory level,

and there will be many process issues to be settled when they

are scaled up for industrial engineering, therefore, the modifica-

tion strategies should be more suitable for industrial scale-up. Fig.

6a shows the comprehensive optimization steps to achieve efficient

nonaqueous proton conduction.

4.2. Prospects

Carbon emission is a global problem, and how to reduce carbon

emissions is a problem that is being addressed from the national

level to the energy industry, automotive industry, transportation

industry, and other related fields. In particular, the development

of HT-PEMFCs in heavy-duty vehicles is of strategic importance in

terms of cost reduction, efficiency, and emission reduction. Effi-

cient anhydrous proton conduction will help accelerate the devel-

opment of energy and heavy-duty transportation technologies.

In future research, optimization of the polymer structure itself

will be the priority, and subsequent optimization can be contin-

ued in combination with other strategies on this modified polymer

structure. Surface functionalization of the filled inorganic compo-

nent potentially allows effective hybridization of the composite

membrane with an inorganic component at the molecular level

and avoids the problem of particle detachment in the membrane

during long cycle runs. For organic-inorganic composite mem-

branes, two strategies can be adopted in the future to increase the

interfacial compatibility between filler and membrane substrate to

enhance the anhydrous proton conductivity under the long-cycle

operation of fuel cells. Surface modification of inorganic compo-

nents with coupling agents to build a "core-shell" structure filler

and with ionic liquids to enrich the surface with functional groups.

The construction of branching-block PBI copolymers may be a

preferred approach to improve the proton conductivity and other

comprehensive properties of PBI-based HT-PEMs because it can

increase the FV of the membrane, maintain the PA doping sites,

and build nano-phase separated structures. This modification strat-

egy can enhance the proton conductivity while maintaining the

good compromise between proton transfer efficiency and mechan-

ical strengths. The establishment of branch-block PBI copolymers

still has a large scope for research and enhancement.

Using advanced characterization techniques such as quasi-

elastic neutron scattering and solid-state Nuclear Magnetic Res-

onance, combined with density functional theory to detect the

mechanism of proton conduction, which in turn feeds into the

structural design of the material to optimize the proton transport

paths.

New cross-linking agents will effectively avoid the reaction and

consumption of N-H sites (acid doping sites) and endow the com-

posite membrane with less organic dissolution, outstanding anti-

oxidant ability, enhanced mechanical properties, and higher acid

doping levels.

Among the IL modification strategies, it is expected to solve the

problem of ionic liquid leaching in membranes and to focus on the

construction of multi-stage proton transfer channels.

Compounding with organic porous polymers can significantly

enhance the proton conduction of the PEM, but more attempts

should be made to modulate the polymer itself into a structure

with abundant micropores, which can increase the free volume,

and at the same time, taking advantage of the siphon effect of the

micropores and acid-base interactions to improve the doping level

and long-term retention rate of phosphoric acid, while taking care

not to lose the mechanical properties of the membrane.

More than anything else, it requires a combination of the above

strategies and ensures that the proton conductivity is enhanced

without losing other excellent overall performance.

The organic combination of the above strategies has a tremen-

dously positive effect on enhancing the behavior of HT-PEMFCs,

which will also attract more attention to the research and indus-

trialization of its related technologies to land, solve the bottlenecks

of today’s applications, and accelerate the large-scale applications

in the near future.

Finally, the high cost of PBI and its analogs is the fatal draw-

back that hinders its large-scale industrialization, while the new

structure of PBI analogs also has the bottleneck of high process-

ing difficulty because of the solubility problem. Therefore, the fu-

ture should be developed from two aspects, one is to reduce the

production cost of PBI while looking for cheap substitutes for PBI,

and more importantly, to develop cheap biodegradable HT-PEMs,

for example, polyvinyl alcohol and polyvinylpyrrolidone (Fig. 6b).
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