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Sufficient access to clean energy sources is one of the ongoing key challenges for global development that directly

impacts industrial development, economic growth, and human well-being. Historically, the energy sector is widely

dominated based on fossil fuels (such as petroleum fuels, natural gas, coal, etc.), which are the primary sources of

carbon dioxide (CO2) and other greenhouse gases emissions in the environment. 
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1. Introduction

Sufficient access to clean energy sources is one of the ongoing key challenges for global development that directly

impacts industrial development, economic growth, and human well-being. Historically, the energy sector is widely

dominated based on fossil fuels (such as petroleum fuels, natural gas, coal, etc.), which are the primary sources of

carbon dioxide (CO ) and other greenhouse gases emissions in the environment. This has fundamentally driven a

global climate change that has been accelerated over the past few decades and hence needs significant and

immediate actions in order to alter both the energy sources and energy conversion techniques. There is a growing

movement by the research and manufacturing communities to alleviate the impact of the petroleum-based

economy by developing clean energy sources for implementing an alternative hydrogen-based economy .

Developing new clean energy supplies requires abundant access to sustainable energy sources. Thus, the energy

storage systems such as lithium-ion batteries, redox flow batteries, and other fuel-cell-based power-to-gas

technologies should be well integrated side by side, while developing the new capabilities of renewable energy

sources. The lithium-ion battery is one of the most promising energy storage candidates in the portable and

auxiliary device markets due to its high power density, environmental friendliness, and long service life . By

contrast, redox flow (cell) batteries can be used for large-scale energy storage applications. Their unique design

leads to a higher power-to-capacity ratio from about 1:10 to 1:4. However, their toxicity, corrosivity, and high costs

of the electrolyte solutions as well as low charge/discharge rate (1–10 h) and relatively low energy density have

limited their applications . Given the current environmental challenges associated with fossil fuels, fuel cell

technology has been introduced as a promising, cleaner, high energy density, and more efficient power generation

system . The first fuel cell to operate with hydrogen and oxygen was developed about 150 years ago by Sir

William Grove and was then further studied by developing many other sorts of fuel cells within the 19th century 

. Lately, polymer electrolyte membrane (PEM) fuel cells, which directly convert the chemical energy of hydrogen

into electrical energy, were predominantly developed as the most common commercial fuel cell . Hydrogen
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gas (as a fuel with the highest energy density) and oxygen (usually taken from the air) are being used in a PEM

fuel cells over the surface of electrodes to produce water through a few electrochemical reactions that are

associated with the electrical power generation . Structurally, a PEM fuel cell is comprised of an electrolyte layer

at the middle integrated with anode and cathode electrodes over that, along with a current collector layer on top of

each side of the cell. The polymer electrolyte membrane is a protonic conductor and electronic insulator

sandwiched between a pair of electrodes . The PEM fuel cells are classified into two important types, including

low-temperature PEM (LT-PEM) and high-temperature PEM (HT-PEM) fuel cells . Direct ethanol fuel cells 

and direct methanol fuel cells  are the subset of PEM fuel cells. Figure 1 summarizes the trend of the total

publication records (yearly and cumulative) in “HT-PEM fuel cell” according to the “Web of Science” indexing

database till September 2020. This histogram shows gradual growth of the number of publications starting in 2003

and reaches about 1100 papers in 2015, followed by an almost linear decline in the past few years.

Figure 1. The number of yearly and total publications on HT-PEM fuel cell research field from the WoS indexing

database.

VOSviewer application  (a social network analysis software) was used to qualitatively analyse the network of

the published records in the HT-PEM subject within the last couple of decades. The main keywords that have

received at least ten occurrences were identified and used to map a connection network model represented in

Figure 2. This map reveals the main keywords and categorises them in accordance with their co-occurrence. The

size of each node represents the relative importance of a keyword in the literature, and the distance among

keywords implies the probability of co-occurrence and relatedness. According to this figure, the most frequent

keywords regarding HT-PEMFCs are related to their performance, conductivity, polybenzimidazole (PBI)

membranes, acid, composite/nanocomposite membranes, and cell degradation/durability. Many researchers have

focused on the performance of cell performance and improving cell conductivity. PBI does not have proton
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conductivity without acid doping; acid-doped PBI membranes showed the promising electrochemical performance

to be used in high-temperature applications . Another practical approach for improving cell performance is the

fabrication of polymer composite/nanocomposite membranes which can improve proton conductivity, water

uptake/retention, thermal/chemical durability, mechanical strength, etc. .

Figure 2. The overview of main keyword clusters in HT-PEM fuel cell research field, representing the main

subfield.

2. Desirable Properties of PEMs

The PEM is the heart of the membrane electrode assemblies (MEAs), which are used for the fabrication of the

PEM fuel cell stacks . The PEM has a vital role in a fuel cell assembly by performing various functions such as

being a carrier path for proton transport from the anode to the cathode side, a dense separation layer to block the

mixing of the reactants, and an electric insulation layer between the anode and cathode. Many studies in the past

few years have reported the enhancement of various functions of PEMs . One of the key objectives

for the PEMs’ development is to reduce the cells’ total fabrication cost and improve their electrochemical

performance and durability . A desirable cost-effective PEM should exhibit an acceptable thermochemical and

thermomechanical stability, low permeability to fuel and oxidants, high proton conductivity, high compatibility with

the electrodes in an MEA, long durability, and a low electro-osmotic drag coefficient .

3. Improving Proton Conductivity of the Membranes

3.1. Effects of Dopants and Additives

[21]

[22][23][24]

[25]

[26][27][28][29][30]

[31][32]

[33][34]



High-Temperature Polymer Electrolyte Membranes | Encyclopedia.pub

https://encyclopedia.pub/entry/14012 4/15

Several dopants have been used to improve the proton conductivity of PEMs, especially PBI. The proton

conductivity of PBI is very low, and it requires the incorporation of dopants, additives, etc. . Full or partial

protonation or deprotonation of the polymers happens depending on the concentration and chemical nature of the

dopant . PBI is an amphoteric compound and has both proton acceptor and proton donor sites . A wide

variety of acids and bases, such as H SO  , H PO  , HBr , NaOH , KOH , etc., have been used as

dopants. Compared to the low-temperature cells, HT-PEMs require high-boiling dopants which can operate at

elevated operational temperatures . Dopant concentration is a key parameter in improving proton conductivity,

however, up to a certain amount. Excessive doping may deteriorate the conductivity. For example, acid doping with

a high concentration (>11 mol.L ) decreases the proton conductivity .

Sulfuric acid is an excellent dopant for PEMs; however, its high vapour pressure is a major drawback .

Phosphoric acid (PA) has been known to be the most promising additive/dopant for improving the proton

conductivity of PBI because of its high thermal stability, high proton conductivity, low vapour pressure, and very low

water content . Although PA is an excellent proton conductor at high temperatures, which is about 0.8 S.cm

at 200 °C, its conductivity decreases after incorporating in a polymer matrix . The main drawbacks associated

with PA are membrane degradation and catalyst poisoning due to the harsh operating conditions and unfavourable

electrochemical reactions as well as acid leaching. Thereby, the highest performance can be achieved by

optimising the acid-doping level (ADL) or other strategies such as covalent crosslinking or making composite PEMs

. Depending on the ADL, PA can be classified into two general groups: “bonded acid” and “free acid”. When the

acid concentration increases from 2 to 11 M, the H  hopping between the N-H site and the 

anions results in proton migration . In this case, the “bonded acid” remains almost constant, but the amount of

“free acid” increases and consequently leads to higher proton conductivities. Therefore, the key parameter in

determining the proton conductivity of PA-doped membranes is the presence of “free acid” . Mader et al. 

fabricated PA-doped PBI membranes with high proton conductivity (>10  S.cm  at above 100 °C) and excellent

mechanical strength. The PA loading level was about 22–55 PA/PBI, and the final solid content was about 3.5–4.0

wt.% and IV’s > 1.0 dL.g . Li et al.  also investigated the effect of PA doping on the performance of HT-PEMs.

In order to overcome the deterioration of mechanical properties caused by the “plasticizing effect” of the acid

doping, they fabricated a highly acidophilic imidazole-rich crosslinked network with “A B -type” structure and an

excellent “antiplasticizing” effect. The high reactivity of this structure enabled higher ADL, proton conductivity,

mechanical/dimensional stability, and cell performance. Proton conductivity and peak power density of the PBI with

a 30% degree of crosslinking were 2.53 × 10  S.cm  at 200 °C and 533 mW.cm  at 160 °C.

Doping the PBI matrix with the alkali cations can also increase the ionic conductivity of the resulting membrane.

The ionic conductivity of the alkali-doped PBI membranes depends on the basicity of the resulting compounds. For

example, the ionic conductivity of PBI/LiOH and PBI/KOH has been reported to be about 4 × 10  S.cm  and 6.5 ×

10  S.cm , respectively . Compared to the basic compounds, solid inorganic proton-conducting molecules

such as heteropolyacids (HPAs) showed higher proton conductivity. HPAs, such as H PMo O . H O

(PMo .30H O), are highly hygroscopic materials with high proton conductivity (9.1 × 10  S.cm  for

PMo .30H O) and excellent thermal stability . High proton conductivity of about 10  and 10  S.cm  at 25 and

100 °C, respectively, has been reported by Zaidi et al.  for the HPA-SPEEK composite membranes. Solid acids
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such as zirconium hydrogen phosphate, phosphotungstic (PWA), and silicotungstic (SiWA) acids have also been

investigated for their high proton conductivity. It has been reported that the proton conductivity of heteropolyacids

such as PWA and SiWA increases with increasing RH. However, because not all the protons are available at

elevated temperatures, their proton conductivity is generally low .

Inorganic compounds have also been used as dopants in PEMs . Park et al.  investigated the effect of the

Si and Zr cations on the performance of Nafion membranes. They reported that the water uptake of Si-doped

membrane was lower than the recast Nafion and commercial Nafion 112, while the water uptake of Zr-doped

Nafion reached about 39%. The proton conductivity of the Zr-doped sample at 80 °C and RH = 90% was about

10  S.cm , which was higher than those of recast Nafion, Nafion 112, and Si-doped membrane (~7 × 10

S.cm ). They also compared the proton conductivity of the membranes at 120 °C and RH = 50% and found that

the proton conductivity of the recast Nafion and commercial Nafion 112 was about 1.75 × 10  S.cm . The proton

conductivity of Si-doped, Zr-doped, and (Si/Zr) dual-doped membranes (with Si to Zr ration of 2) was about 2.4 ×

10 , 2.6 × 10 , and 3 × 10  S.cm , respectively.

In general, PEMs have low proton conductivity, and in order to improve their cell performance, dopants addition is a

practical approach. ADL is a critical issue that has a significant effect on cell performance. Optimized doping can

improve proton conductivity; however, excessive doping can deteriorate cell performance as well as its lifetime and

mechanical properties.

3.2. Effect of Molecular Weight

Asensio et al.  reported that molecular weight (MW) has a vital role in improving mechanical strength. In order to

prepare a highly conductive membrane, the polymer matrix with a comparably higher molecular weight should be

applied. However, such an approach may not have a significant impact on the resulting proton conductivity of

PEMs. Berber et al.  synthesized polybenzimidazole (ph-PBI) polymers with different MWs and reported that the

high MW membrane (119 KDa) exhibited the most increased chemical stability, mechanical strength, and cell

performance. In another attempt, Berber  fabricated ABPBI membranes with different MWs (20–113 KDa) and

investigated the physicochemical properties, acid loading level, dopant retention capabilities, chemical stability,

proton conductivity, and IEC of them. They reported that the high MW ABPBI showed the highest acid retention

capability because of the chain entanglement, which resulted in trapping more PA molecules. High MW ABPBI

showed higher chemical stability (9 wt.% weight loss after seven days in the Fenton reagent at 65 °C). The

mechanism of proton conductivity was found to follow the “Grotthuss” mechanism, and the high MW sample

possessed the highest proton conductivity among the samples (about 8 × 10  S.cm  at 140 °C). The IEC value of

the high MW ABPBI was found to be increased by order of magnitude compared to the low MW one. Similar

observations were reported by other researchers .

3.3. Polymer Composites

An effective approach to improving the proton conductivity of PEMs is to incorporate some additional components.

Composite membranes showed promising potential to be used as HT-PEMFCs. Composite materials consist of two
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or more constituents with different chemical, mechanical, or physical properties . Composite membranes have

widely been used in PEMFCs such as PTFE/Nafion , metal-oxide-recast/Nafion , copper phthalocyanine

tetrasulfonic acid tetrasodium salt (CuTSPc)/Nafion , calcium titanate/PBI , PBI-SiO  , Nafion /SiO  ,

polyvinylidene fluoride (PVDF)/Nafion , Nafion/polyaniline , PBI/graphene oxide , etc. Fillers can provide

additional chemical resistance, mechanical strength, and proton conductivity. Hydrophilic fillers improve membrane

water uptake, and thereby, they can be used in low RH environments . Inorganic fillers have high mechanical

strength, thermal stability, and water-absorbing capacity and can be used in low RH and/or at elevated

temperatures. The change in H  crossover and proton conductivity at different operating conditions with/without

filler in Nafion is illustrated in Figure 3. As shown in Figure 3a, the channels within the membrane are fully

saturated with water and the mechanisms for proton conduction can be either “Grotthus” or diffusion. In this case,

open-circuit voltage (OCV) can be reduced due to the molecular H  passing through the membrane (H  crossover).

At higher temperatures (Figure 3b), water begins evaporation and results in the shrinkage of the channels and

decreasing proton conductivity. On the other hand, H  crossover improves at elevated temperatures. Adding filler to

the composite (Figure 3c) can decrease H  crossover and increase H  path to migrate from anode to cathode .
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Figure 3. Proton and H  transport at (a) 80 °C, (b) at elevated temperatures, and (c) in Nafion composite at high

temperatures. Reproduced from , MDPI: 2020.

Different types of fillers have been used for improving the PEMs performance. Ceria is a filler that can diminish

membrane degradation by acting as a regenerative free-radical scavenger . Hydrophilic fillers can absorb a

large quantity of water and improve proton conductivity and alleviate the unfavourable effect of high temperatures

. Although silica nanoparticles are hydrophobic, it has been reported that they do not have any negative effect

on membrane water uptake . Dispersion of sulphonated zirconia in the Nafion matrix can also improve the

proton conductivity by functionalizing the Zr with sulphonic groups. Proton conductivity of about 3 × 10  S.cm  at

120 °C and under anhydrous conditions has been reported for this PEM composite . Although increasing water

uptake is favourable, excessive water uptake may negatively affect performance . Graphene oxide is a

hydrophilic material with lots of oxygen-containing functional groups and has recently been used as fillers in

PEMFCs . It has been reported that graphene oxide (GO) composite membranes can extend the operating

temperature because they can retain more water and increase the proton conductivity .

Mixed-matrix membranes (MMMs) are a class of membranes comprised of a solid phase uniformly distributed in a

polymer matrix. MMMs benefit from the advantages of the polymer membrane (high flexibility and ion exchange

capacity) and inorganic constituents (high thermal and mechanical properties, water uptake, and proton

conductivity) . Among the inorganic materials, metal-organic frameworks such as Fe, Cr, Al, and Zr have high

specific surface areas and offer higher proton conductivity. These MOFs can improve proton conductivity by defect

engineering, postsynthetic modification, and impregnation with acidic molecules . Amongst various forms of the

applied MOFs, chromium terephthalate such as MIL-101(Cr) (MIL stands for Materials of Institute Lavoisier) with

the chemical formula of {Cr F(H O) O(BDC) .nH O} (n~25; 1,4-benzenedicarboxylate (BDC) showed higher

conductivity than the other types. This material can easily be functionalized with excellent chemical/hydrothermal

stability and is strongly resistant against moisture and organic molecules . High proton conductivity of about 4.1

× 10  S.c006D  at 160 °C and RH = 0% has been reported by Anahidzade et al. , who fabricated MIL-101 (Cr)

by hydrothermal method followed by functionalizing it via the postgrafting route. However, restricted proton

transportation caused by the grain boundary of MOFs resulted in decreasing the proton conductivity . To

overcome this issue, MOFs hybridization with other polymers can alleviate the low proton conductivity . UiO-

series (UiO stands for the University of Oslo) MOFs are another class of MOFs that has attracted considerable

interest because of their high energy conversion rate and low operating temperatures. These materials mainly

contain Zr and have excellent chemical and thermal stability due to the highly oxyphilic Zr (IV) atoms . In this

context, Rao et al.  fabricated Nafion/GO@UiO-66-SO H composites with a high conductivity of about 3.03 ×

10  S.cm  at 90 °C and RH = 95%. They reported that consecutive proton transfer channels were constructed

within the PEM composite due to the suitable interconnection of MOF grains and the tethering effect of GO

surfaces. It has been reported that UiO-66 possesses a very poor proton conductivity of about 7 × 10 . However,

sulphonated UiO-66 (UiO-66-SO H) has super protonic conductivity (four orders of magnitude greater than the

UiO-66) . The synergic effect between UiO-66-SO H and Uio-66-NH  was found to have a great effect on

the proton conductivity of the composite . Other types of MOFs such as zeolite imidazolate frameworks (ZIFs)

, a chiral 2-D MOF named “MOF 1” , which combined protic ionic liquids (PILs) with porous MOFs , etc.,
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have also been investigated. Overall, MOFs-modified PEMFCs have shown promising electrochemical

performance at high temperatures and anhydrous conditions. MIL class can promote proton conductivity using the

abundant hydroxyl groups. The UiO class possesses a high-density spatial structure with strong chemical stability.

Selecting the appropriate composite, suitable dispersion condition, and the MOF concentration is the most critical

factor affecting the composites’ conductivity and physiochemical/thermal stability.
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