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The decreasing abundance of conventional energy resources of nature, such as

crude oil, natural gas, and coal, is putting forward the issues of energy

shortcoming for the future. With a sentiment of this, most researchers are

now directing either on non-conventional resources that already prevail or

invent it. The most promising non-conventional energy resource is the

hydrogen energy, which can be used in fuel cell to get electricity. Therefore,

a number of researchers are putting a light on developing themost efficient and

affordable fuel cell. This review is mainly focused on the developments of

proton exchange membranes (PEMs) in two parts as low and high temperature

PEMs for proton exchangemembrane fuel cell (PEMFC) and based on that some

outperformed PEMs are mentioned in the respective tables. Most of the energy

and automobile industries are concentrating to apply PEMFCs for power

generation and to apply in vehicles. The cost of PEMFCs is higher due to the

manufacturing cost of PEM. Therefore, research works in PEMs are now in trend

to reduce the cost, to improve efficiency, and to withstand particular operating

conditions. In this review article, recent developments in PEM by number of

researchers and the importance of it in near future have been elicited.
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Introduction

Energy is the essential need in this modern world. Every sector requires energy to get

growth rapidly. There are several energy sources available today. Energy sources are

classified into two main categories such as renewable and non-renewable. The renewable

energy source consists solar energy, wind energy, hydrothermal energy, geothermal

energy, and hydrogen energy, and the non-renewable energy resources are from coal,

oil, natural gas, and nuclear. In this day and age, most of the sectors prefer renewable

energy sources to meet the world’s requirements due to uncertain quantity of non-

renewable energy sources. Currently, hydrogen energy is in trend because of its zero

emission rate, higher efficiency, more flexibility, less noise, and compact structure. The

history of today’s all types of fuel cells has come a long way, which is about two centuries,

starting from the 18th century with Alessandro Volta’s Voltaic Pile to Francis Thomas

Bacon’s Alkaline Fuel Cell (Nicholsan and Cruickshank, 1800; Williams, 1994). During
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that time and then, a number of other renowned scientists also

had contributed such as Sir William Grove, Ludwig Mond, Carl

Langer, Charles Wright, C. Thompson, Friedrich Wilhelm

Ostwald, William W. Jacques, E. Baur, H. Ehrenberg,

J. Broers, and J. Ketelaar (Grove, 1839; Grove, 1842; Grove,

1874; Appleby, 1990; Hoogers, 2003; Andujar and Segura, 2009;

Kragh, 2015). Oil shortage in near future for transportation can

be possibly dealt in two ways. The first one is by changing

conventional fuel to regenerative fuel or by enhancing the

efficiency of conventional fuel; the second way is by boosting

current engine technology (Alaswad et al., 2016). Today, all kinds

of fuel cells are available with the features of different power

capacity, compactness, higher durability, etc. There are many fuel

cells available such as solid oxide fuel cell (SOFC), phosphoric

acid fuel cell (PAFC), alkaline fuel cell (AFC), molten carbonate

fuel cell (MCFC), microbial fuel cell (MFC), and proton exchange

membrane fuel cell (PEMFC). Among all of these, PEMFC is the

most attractive fuel cell because of its enhancing developments in

recent years as shown in Figure 1. In addition to this, strong

points of this fuel cell are lightweight, high efficiency (>60%), low

operating temperature (80°C), zero-emission of greenhouse gases

(CO or CO2), the byproduct of the reaction is environmentally

free (H2O or water), and it is suitable for both heavy- and light-

duty operations. As shown in Figure 2, PEMFC is mainly

composed of end plates, current collectors, bipolar plates (BP),

gaskets, gas diffusion layers (GDL), catalyst, and membrane. End

plates establish the strength to maintain the structure of fuel cell

and prevent leakage of gases to the environment; it is constructed

with unique flow channels such as single serpentine, double

serpentine, and four serpentine (Boddu et al., 2009). Current

collector collects the electricity and transmits from the fuel cell to

the outer side. Bipolar plate enables to connect one membrane

electrode assembly (MEA) to another to increase voltage, and it

discharges water. Gaskets are generally made of rubbery material,

and it is used to avoid leakage of reactant gases within the fuel

FIGURE 1
Yearly fuel cell’s production (1000 units) by type (E4tech,
2019).

FIGURE 2
Simple schematic diagram of PEMFC.
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cell. MEA is the major component of PEMFC, and the fabrication

is challenging.

For MEA, there are ample of fabrication methods that are

available such as catalyst-coated membrane (CCM), catalyst-

coated substrate (CCS), and catalyst-coated electrode (CCE).

From these methods, CCE is the most effective and efficient

method compared to others as per recent the article by Bhosale

et al. (2020). However, Shahgaldi et al. (2018) performed an

experiment on every MEA manufacturing method and showed

that the CCM method is showing high performance. In addition,

CCM is the overall best method, which is supported by many

researchers as per a review byHuah et al. (2020).MEA is divided in

three parts. First, the gas diffusion layer mainly made of carbon

paper, which is covered with polytetra fluoro ethylene (PTFE);

both reactant gases diffuse on its pores, and then they flow to

catalyst layer. In addition to this, it also maintains water retention

and water release to maintain membrane working efficiently.

Second, fine nano particles of platinum (Pt) catalyst are

uniformly dispersed on both the anode and cathode sides of

either membrane or GDL; catalyst ionizes hydrogen ion (H+)

from hydrogen gas and oxygen ion (O2-) from oxygen gas. Last,

membrane is the heart and costliest part of the fuel cell. The

protons (H+) which are generated by the catalyst layer flow

through this membrane from one side to another and form

water as a byproduct and as a product that produces electricity

through the outer circuit. Therefore, it is a passage for these ions.

As the interest of people in fuel cell increases, the research,

development, and market size also increase. According to the

international newsletter, the market value of the fuel cell industries

will be $24.8 billion by 2025 (Degnan, 2018). Today, several firms

such as Bloom Energy, Ballard Power, Posco Energy, Plug Power,

SFC Energy, Hydrogenics, and FuelCell Energy are manufacturing

different types of fuel cells for power plants, commercialization,

and automobile applications. Automobile companies such as

General Motors, Toyota, Tesla, Honda, Ford, Mazda, Hyundai,

Fiat, and Mercedes are manufacturing fuel cell cars, trucks, and

buses for transportation (Sharaf andOrhan, 2014); the world’s first

fuel-cell car Electrovan was developed by General Motors for the

United States president John F. Kennedy in 1966 (Barret, 2016).

Several pieces of research and review articles have been

published in the past few years. Song et al. (E4tech Ltd, 2019)

published a review on developments of materials, fabrication,

and applications of PEMFC in the past few years along with a

comparison with each other. Devanathan (2008) elicited the

developments in the proton exchange membrane in recent

years with its thorough chemistry. Polymer type membrane is

installed in the fuel cell as an electrolyte. There are some

limitations for PEMFC, first it cannot work efficiently above

80°C because high operating temperature creates over

humidification and it condenses inside the fuel cell; second,

CO tolerance reduces as the operating temperature decreases

(Zhang, 2012); third, the cost of the whole assembly is higher

than the other fuel cells as the PEM is the costliest part; fourth,

PEMFC engine start-up under cold condition such as −20°C to

-5°C can result in power degradation (Lin et al., 2019). It can be

avoided using antifreezing agent such as methanol, but residual

methanol in the stack can result in performance degradation

(Knorr et al., 2019). Mostly, the Nafion membrane is used, which

was made by DuPont, and it is costly. Therefore, many

researchers are focusing on the development of PEMFC and

reduction of cost of PEM by modifying it.

Based on the current scenario of carbon dioxide emission

from vehicles, several countries’ governments have prioritized

the initiatives to develop a carbon-free environment by giving

preference to fuel cell electric vehicles (FCEVs). This list of

countries includes European countries, United States, Canada,

Japan, South Korea, and China. These countries are the major

manufacturers of the fuel cells for stationary use, transportation,

and power plants. Most of the fuel cell manufacturers are

FIGURE 3
Yearly fuel cell’s production (1000 units) by application
(E4tech, 2019).

FIGURE 4
Yearly power generation in megawatts (MW) by application
(E4tech, 2019).
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focusing on developing PEMFC for vehicles such as Ballard

Power System, Nuvera Fuel Cells, SFC Energy, Altergy

Systems, Ceres Power, and Doosan. However, the cost of

manufacturing PEMFC is extravagant due to its proton

exchange membrane’s cost, and it directly impacts the cost of

its applications. Every fuel cell’s developers are focusing on to

modify the existing PEM or invent a new one to reduce the price.

According to a report of the Department of Energy (DOE),

United States set targets for fuel cell developments for the future

to apply at automotive applications. The mission of this

organization is to meet the requirements of the United States

for innovation in vehicles and energy alternatives. Here, some of

the targets and current status of the fuel cell characteristics are

described in Table 1 (Drive, 2013).

Based on the fuel cell industry review 2019 by E4tech Ltd (Song,

2019), the usage of fuel cells is dominating in stationary category and

gradually increasing in the transportation field year by year as shown

in Figure 3. Apart from the usage of fuel cell in the transportationfield,

the power generation capacity in it is also steeply increasing as shown

in Figure 4. Themost increasing fact in it is the production and power

generation capacity of PEMFC are the highest. Because of these

reasons, PEMFC has broad scope in the future.

U.S. DRIVE fuel cell tech team’s goal is to make a direct

hydrogen fuel cell power system for the application of

transportation with 8000 h durability and mass production at

cost of $35/kW by 2025 (Trabia et al., 2016). On the other hand,

the fuel cell stack developed by Imperial college of London

declared their cost would be $26/kW (Costamagna and

Srinivasan, 2001).

Recent developments in proton
exchange membranes

The most common proton exchange membrane for fuel cells

is the perfluoro sulfonic acid (PFSA) membrane, and it is mainly

TABLE 1 Targets and current status of fuel cell characteristics as per DOE, United States (Drive U, 2013).

Characteristic Unit Current status 2025 target

Technical targets for automotive scale (80 kW net fuel cell system operating on hydrogen)

Peak energy efficiency % 60 65

Specific power W/kg 659 900

Cost $/kW 45 35

Cold start-up time to 50% rated power

At -20°C ambient temperature Sec 20 30

At +20°C ambient temperature Sec <10 5

Durability in automotive load cycle Hours 4130 8000

Unassisted start from ⁰C -30 -30

Technical guidelines for fuel cell stack

Stack specific power W/kg 2000 2700

Heat rejection kW/C 1.9 1.45

Cost $/kW 19.1 17.5

Durability with cycling Hours 4100 8000

MEA cost $/kW 11.8 10

Technical targets for membranes

Maximum operating temperature ⁰C 120 120

Maximum oxygen crossover mA/cm2 0.6 2

Maximum hydrogen crossover mA/cm2 1.9 2

Minimum electrical resistance Ohm cm2 1635 1000

Cost $/m2 15.9 17.5

Technical targets for bipolar plates

Plate cost $/kW 5.40 2

Plate weight kg/kW <0.4 0.18

Corrosion anode μA/cm2 No active peak <1 or no active peak

Corrosion cathode μA/cm2 <0.1 <1
Electrical conductivity S/cm >100 >100
Area specific resistance Ohm cm2 0.006 <0.01
Flexural strength MPa >34 >40
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TABLE 2 Comparison of low-temperature PEMs based on thickness, water uptake, IEC, proton conductivity, and power density.

Sr
No

Membrane Operating condition Thickness
(µm)

Water
uptake
(%)

IEC (ion
exchange
capacity)
(meq/g)
(*mmol/
gm)

Conductivity
(mS/cm)

Power
density
(mW/
cm2)

Reference

Pressure
(atm)
(*MPa)

Temperature
(◦C)

Relative
humidity
(RH)
(%)

1 Nafion 1 25 -- 183 33 0.93 35 126.04 Sigwadi et al. (2019)

2 BPSH–BPS -- 80 -- -- 60 1.28 95 -- Roy et al. (2008)

3 BisAF–BPSH -- 80 -- 150 71 1.6 130 -- Roy et al. (2006)

4 Nafion 117–Ce (doped with
cerium)

-- 60 70 -- 26.4 0.89* -- 433 Yurova et al. (2021)

5 Nafion (doped with CeO2) 1 90 100 35 -- -- 88.3 -- Baker et al. (2014)

6 Nafion (doped with CeO2) 1 70 100 160 25.9 0.84* 176 120 Velayutham et al.
(2017)

7 SPEEK 1 25 -- 300 600 1.95 10 -- Zaidi et al. (2000)

8 SPEEK/BPO4 1 25 100 200 116 -- 6.1 -- Mikhailenko et al.
(2001)

9 SPEEK -- 25 100 82 120 2.3 16.8 -- Li et al. (2003)

10 SPEEK/PSSA-g-PVDF -- 65 50 50 35 -- 720 470.52 Zhou et al. (2020)

11 AP6FSPEEK -- 80 100 -- 69.3 1.65* 87 -- Guo et al. (2009)

12 SPEEK/NIM-SiO2 0.1* 60 100 110–130 52.6 1.73* 220 92.8 Geng et al. (2020)

13 C-SPAKES/Im-MOF-801–4 -- 90 100 -- 12.5 0.68* 66 15.5 Zhang et al. (2020)

14 SPAES50 1 30 45 20 27.2 1.89 112.3 -- Park et al. (2020)
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TABLE 3 Comparison of high-temperature PEMs based on thickness, water uptake, IEC, proton conductivity, and power density.

Sr
No

Membrane Operating condition Thickness
(µm)

Water
uptake
(%)

IEC (ion
exchange
capacity)
(meq/g)
(*mmol/
gm)

Proton
conductivity
(mS/cm)

Power
density
(mW/
cm2)

Reference

Pressure
(atm)
(*mg/
cm2)

Temperature
(◦C)

Relative
humidity
(RH)
(%)

1 Hyflon 2.5 75 50 15 110 -- 100 680 Arcella et al. (2005)

2 Poly(arylene ether) [sulfonated-fluorinated
multiblock]

1 25 20–100 -- 470 2.05 320 -- Ghassemi et al. (2006)

3 PVC-APIm (Polyvinyl chloride-1-(3-
aminopropyl)imidazole)

1 18 -- 120 41.1 0.97* 260 160 Liu et al. (2020a)

4 S-Am-2.0/C -- 80 100 60–110 14.60 2.09* 135 121.09 Xu et al. (2019)

5 P-PPSU -- 180 -- 121 2.9–6.6 1.41–2.75 0.3 242 Tang et al. (2020)

6 Nafion–MO2 1 120 40 -- -- 1.02–1.1 15–20 -- Jalani et al. (2005)

7 Nafion–CAW -- 25 95 64 36 -- 211 -- Pourzare et al. (2020)

8 Nafion–SiO2/PWA -- 100 70 120 38 -- 26.7 1080 Shao et al. (2004)

9 Crosslinked PBI 1* 160 -- 40 -- -- 73 690 Wang et al. (2019a)

10 Hyperbranched polyamidoamine 1 180 30 20 40–90 -- 154 433 Tao et al. (2020)

11 Sulfonated PBI/AFT-10 1.5 160 50 51 28.6 -- 84 420 Imran et al. (2020)

12 BrpPBI-b-F6-PBI -- 160 50 30–50 -- -- 150 713 Wang et al. (2020a)

13 PYFTSH-90 -- 90 -- 85 52.3 2.94 139 -- Roy et al. (2020)

14 HTM-15 -- 160 5 45 38.61 1.04 84.8 638 Zhu et al. (2019b)

15 SPPSU/CNDs 1 80 90 81 134 1.67 56.3 -- Mohamad Nor et al. (2020)

16 CS/PDA@CNTs -- 80 60 60 76.1 -- 28 -- Wang et al. (2019b)

17 sPVA/30SSA/GO -- 25 -- 147 32 1.02 1.95 -- Sanchez-Ballester et al.
(2020)
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known as Nafion, which was invented by DuPont. It is also one of

the costliest parts of membrane electrode assembly (MEA).

Therefore, many researchers are focusing on reducing their

costs and to increase efficiency.

Most common catalyst for PEM is Pt, and it is also the

costliest and rarest element on earth. Therefore, the usage of Pt

should be carried out more carefully and more efficiently. The

most important reaction in PEMFC is the oxygen reduction

reaction (ORR), and it depends on Pt catalyst. Therefore, if the Pt

loading increases then ORR rate increases and gives more power

output; if there is low loading of Pt then power output will

decrease. However, number of studies have been conducted, and

still going on to increase the ORR rate in PEMFC through low Pt

catalyst loading by either modifying Pt with other metals to make

an alloy or replacing Pt with other potential metal. Lin et al. have

illustrated the capacity of different nanostructures of Pt catalyst

such as nanopolyhedra, nanoframes and, nanowires/nanotubes

and compared them with each other with the help of advantages

and disadvantages. Scientists are also searching for better

alternative of costliest Pt. However, they are far away from

the result (Lin et al., 2018). There are other parameters that

can make a difference on performance of PEMFC such as back

pressure, relative humidity, and air stoichiometry; as they

increase the performance also increases. But, they can also

degrade performance in the long run (Zhang et al., 2016;

Wang B. et al., 2019; Lui et al., 2019). Apart from this,

development in MEA is also required, and it is briefly

described in Section 3.1. Detailed information about different

types of manufacturing processes of MEAs, membranes, GDLs,

and bipolar plates are included in the review article of Mehta and

Cooper (2003). The review of Wong et al. elaborated about the

additives, which were used in PEMs in past few years to improve

the efficiency of fuel cells. In that review, the category of additives

was divided into low temperature and high temperature proton

exchange membranes along with their results (Wong et al., 2019).

Different kinds of PEMs are categorized into low temperature

and high temperature PEMs.

Low temperature PEMs

Low temperature PEMs work below 100°C operating

temperature. They generally show high proton conductivity,

high limiting current density, and power. But, they have low

mechanical strength. The membranes generally used in low

temperature PEMFCs are fluorinated (also known as PFSA)

such as Nafion by DuPont, Aciplex by Asahi Kasei, and

Flemion by Asahi Glass and non-fluorinated such as

sulfonated poly arylene ether ketone (S-PEEK) and sulfonated

polyether sulfone (S-PES) (Bruijin et al., 2007). These low-

temperature PEMs can be modified by reinforced material to

increase the strength and durability. These membranes are called

as reinforced PFSA or fluorinated membranes. For example,

Gore-Select is the most known reinforced PFSA membrane

with PTFE coating (polytetrafluoroethylene), which was

invented by W. L. Gore (Bruijin et al., 2007). Apart from that,

sulfonated polyphenylene (SPP-QP-PE) which is made of

phenylene ionomer along with polyethylene (PE) support

layer is an example of non-fluorinated reinforced membrane

(Miyake et al., 2021). In this section, several reinforced, modified,

or innovative membrane have been discussed for LT-PEMFC.

To modify Nafion 117, Tricoli did an experiment to

overcome the issue of methanol diffusion from anode to

cathode through the polymer electrolyte membrane for

DMFC. He exchanged the hydrogen ion (H+) with cesium ion

(Cs+ from CsOH) at several degrees, and he reduced the

methanol permeability and increased the power density and

efficiency to a great extent (Tricoli, 1998). Moreover, Kim

et al. (2004) reported that biphenol sulfonated acidified

membrane’s (BPSH) methanol permeability highly depends on

morphologically closed regime. Roy et al. had proposed a novel

way to manufacture the PEM, and it was the concept of multi-

block copolymers. In this concept, the main focus was on block

length of the hydrophobic and hydrophilic regions. Based on this,

they did the experiments and measured characteristics of the

membrane such as water uptake, proton conductivity, self-

diffusion coefficient, ion exchange capacity (IEC), and water

volume fraction for DMFC. Based on the results, they

concluded that proton and water transport increased greatly

as the block length increased, and methanol permeability

increases as the IEC, water uptake, and self-diffusion

coefficient increase (Roy et al., 2006; Roy et al., 2008). The

same concept was also used by Liu D. et al. (2020),but for

PEMFC and their work show that as the hydrophilic

segment’s length increases the morphology of

hydrophilic–hydrophobic and macroscopic characteristics

escalate so does the performance of PEMFC. Sarah trabia

et al. developed a new method for the fabrication of the PFSA

membrane using 5% wt. PFSA solution also known as Nafion

solution. This method can create unique shapes of the Nafion

membrane using water dispersion bymeans of painting. First, the

dispersion is sprayed on a weighing dish and creates the first layer

then sprays the second layer and it continues without letting

them dry. When it reaches 300 microns, they cut the membrane

in the desired shape by Silhouette Cameo. After comparison with

the traditional Nafion membrane, they nearly achieved equal

results (Trabia et al., 2016).

PFSA membrane can also be modified by fillers, metals,

metal oxides, or ILs (ionic liquids). The most recommendable

is the metal oxides because they can prevent membrane

degradation to some extent and extends the durability of it.

Number of oxides have been used to get the notable

performance, one of them is the ceria (Ce) added because

Ce has the ability to possess reversible redox reaction (Yurova

et al., 2021). For instance, Velayutham et al. performed an

experiment on modifying Nafion with CeO2 for DMFC and

Frontiers in Energy Research frontiersin.org07

Parekh 10.3389/fenrg.2022.956132

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.956132


Baker et al. developed for PEMFC; both the PEMs showed

exceptional performance (Baker et al., 2014; Velayutham et al.,

2017).

For sulfonated type PEMs, degree of sulfonation and

disulfonation reaction are the primary factors to consider before

manufacturing. The disulfonation reaction for the manufacturing of

PEM was modified and optimized by M. Sankir et al. In their

modified synthesis process, they eliminated the re-crystallization

step and achieved the same quality of the product as it was in the

former process. Therefore, it is advantageous in terms of process

economics (Sankir et al., 2006). Zaidi et al. published their research on

a partially sulfonated PEEK (polyether ether ketone) membrane by

tungstophosphoric acid and molybdophosphoric acid. The

membranes are thermally and mechanically stable, and the

manufacturing process of this membrane is also cheaper (Zaidi

et al., 2000). After 1 year, the sulfonated polyether ether ketone

(SPEEK) membrane was modified with the help of BPO4 fine

powder by Mikhailenko et al. (2001) and the conductivity of pure

SPEEK is less than the modified SPEEK/BPO4. Another research on

the SPEEK membrane was published by Li et al. [45] and Zhou et al.

(2020) along with its detailed manufacturing process, testing, and

results. However, Li et al. developed the SPEEKmembrane forDMFC

to operate at 80°C and compared it with Nafion 155, but it can be

applicable for PEMFC. Further recent development in this field of

PEEK membrane was carried out by Guo et al., Trindade, L. G. et al.

and Geng et al. All research teams have made AP6FSPEEK

(aminated/sulfonated copolymer of poly(aryl ether ketone)),

SPEEK/MOF, and SPEEK/NIMs-SiO2 composite membranes,

which unveil proton conductivities, and among them SPEEK/

NIMs-SiO2 shows a highest proton conductivity of 0.22Scm−1

(Guo et al., 2009; Trindade et al., 2019; Geng et al., 2020). The

performance of PEM can be enhanced in two ways, they are

sulfonation of aromatic polymer and cross-linking of the

membrane. Based on the study, if the degree of sulfonation and

cross-linking increases then performance also increases; however, they

could also lead to deformation inmechanical properties so does affects

efficiency (Khomein et al., 2020).

Physical properties such as mechanical strength can be

improved in ferroxane type membranes by adding polyvinyl

alcohol (PVA), but proton conductivity decreases as the

relative humidity decreases (Zhang et al., 2012). To modify

the PFSA membrane, two methods are encountered mostly

and those are impregnation and casting. However, the casting

process showed better result, which was studied and compared by

Fatima et al. They dopedmembranes with different compositions

of phosphonic acid (PA) and biphosphonates (BA). The

membrane doped with two biphosphonic acid groups (BA2)

generated 87.3mScm−1 proton conductivity (Teixeira et al., 2019).

The performance of PEMFC could be decreased by adding

MgSO4 (magnesium sulfate solution). As the concentration of

Mg+2 (magnesium ion) increases the contamination and

degradation, power density decreases (Zhu J. et al., 2019). The

membrane based on metal organic frameworks (MOF) is now

modern choice. It is a mixture of organic and inorganic materials,

which show high chemical and physical stability along with high

conductivity. Imidazole@MOF-801, imidazole-MOF-801 and

UiO-66-NH2 are the examples of it (Wang L. et al., 2020;

Zhang et al., 2020). Moreover, the bio-inspired proton

exchange membrane also shows high strength and

conductivity and low weight (Cai et al., 2020). Until now,

SPAES50’s performance has been the highest in the category

of hydrocarbon-based PEM with 1069 mA/cm2 current density,

which is synthesized by 50 mol% degree of sulfonation (Park

et al., 2020).

Apart from modifying membrane methods, there are certain

methods to improve overall performance of MEA for low

temperature PEMFC such as electro-less plating of electrodes,

which can decrease the surface resistance (Chung et al., 2007). A

new type of ionic polymer-metal composite membranes (IPMC)

made of the mixture of PFSA solution and poly(vinyl alcohol-co-

ethylene), and they are also based on electro-less plating. This

method of fabrication significantly reduced the PFSA

composition by 30% and the material cost to some extent

(Hwang et al., 2015). Based on the catalyst ink spray to

complete MEA, there are three types of methods in trend for

development of PEMFC’s performance and they are (1) low

temperature decal method (LMTD), (2) catalyst-coated substrate

(CCS), and (3) catalyst-coated membrane (CCM) (Shahgaldi

et al., 2018). The method of LMTD is known for the complete

catalyst transfer from decal substrate (fluorinated ethylene

propylene) to the membrane without the skin layer of PFSA

(Shahgaldi et al., 2017). In detail, the CCM technique to improve

PEMFC performance along with experiments using Pt catalyst

ink with isopropyl alcohol on the soaked membrane of ethylene

glycol explained by Sun et al. (2008).

The Table 2 clearly shows the comparison of some low

temperature PEMs by comparing some of the characteristics.

Among these, the SPEEK/PSSA-g-PVDF membrane shows high

power density along with high proton conductivity, which is

essential for the PEMFC. However, other parameters such as

water uptake and membrane thickness are also important. Water

uptake is a function to measure the capacity of absorbance of

water by the membrane because that absorbed water can help the

membrane to deionize the protons. On the other side, thickness

of the membrane gives the strength to face the pressure of

hydrogen and oxygen gases. This membrane lacks in these

two parameters. Although, research is still going on to

improve low temperature PEMs. Based on the targets set by

DOE, still a lot of work is required in this area.

High temperature PEMs

High temperature PEMs are operating above 100°C. They

have high mechanical strength, but power output, current

density, and proton conductivity are less. As Nafion is notable
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for low temperature PEMFC then Hyflon is for high temperature

PEMFC, and it was developed by Solvay Solexis; Hyflon is

generally made of perfluoroalkoxy (PFA). Arcella et al. made

the Hyflon membrane using a copolymer of tetrafluoroethylene

(TFE) and sulfonylfluoridevinyl ether (SFVE) for the fuel cell to

operate at high temperature. They observed that the fuel cell

performance depends on the equivalent weight of Hyflon ion

polymers, and they have higher thermal stability. In addition to

this, this type of membrane showed higher conductivity, higher

ionic glass transition temperature, higher mechanical properties,

and long durability (Arcella et al., 2005). After this, Merlo et al.

conducted an experiment on Hyflon ion polymer with the fuel

cell and compared it with the Nafionmembrane. They found that

hydrogen permeability could occur below −40°C, and there was

no degradation in the range of 70–90°C. The degradation

happened due to the –OH species of H2O2 decomposition on

the anode and the cathode. They have elaborated an entire

membrane synthesis and modified MEA assembly along with

its results in their article. They also observed that the rate of

degradation in membrane increases as the humidity of reactants

decreases; however, it does not depend on operating temperature

(Merlo et al., 2007). Like Roy et al. and Liu et al., multi-block

copolymer concept is also prominent for high temperature

PEMs; work by Ghassemi et al. reported that poly(arylene

ether sulfone) multi-block PEM has higher proton

conductivity than the commercial types. In this multi-block

copolymer, as a hydrophobic segment poly(arylene ether) and

as a hydrophilic segment poly(arylene ether sulfone) are used,

and ample of experiments based on different multi-block are

described and those multi-block PEMs have proton conductivity

up to 0.32S/cm (Ghassemi et al., 2006). Several high temperature

PEM’s reactants such as polysulfone, poly(ether ketone),

poly(aryl ether ketone sulfone), poly(propylene oxide), and

poly(vinyl chloride) are renowned by reason of

straightforward fabrication. However, their proton

conductivity is less. Although, aminopropyl imidazole

functionalized high temperature PEM showed acceptable

proton conductivity at 180°C (Liu et al., 2020b; Xu et al.,

2019; Tang et al., 2020).

Ceramic types of PEMs are also in trend along with the

polymeric and composite types due to its high mechanical and

thermal tolerance. Tsui et al. (2007) had reported ceramic PEM

membrane fabricated using ferroxane and alumoxane as a

precursor for DMFC and PEMFC applications. They had

found a comparable alternative of Nafion 117 that was

ferroxane-derived ceramics, which had lower methanol

permeability, lower costs, and higher conductivity in less

humidity.

To overcome CO tolerance and water uptake of the

traditional Nafion membrane, a low volatile acid solution

could be helpful to modify it (Malhotra and Datta, 1997).

Apart from that, Nafion could also be modified by metal

oxides such as ZrO2, SiO2, TiO2, and CO3O4 using the sol–gel

method. These doped membranes showed high conductivity,

high water uptake, and high degradation temperature compared

to the traditional one (Jalani et al., 2005; Pourzare et al., 2020).

The experiments with the Nafion–ZrO2 membrane had also been

carried out by Thampan et al. (2005). Similarly, the

Nafion–SiO2–PWA (phosphotungstic acid) composite

membrane revealed higher current density at 110°C (540 mA/

cm2) than Nafion 115 (95 mA/cm2) at 70% relative humidity

(Shao et al., 2004).

Apart from novel LMTD for catalyst transfer, there are two

unique procedures applied on the polybenzimidazole membrane;

first, automatic catalyst spraying under irradiation (ACSUI)

developed by Su et al. (2013) to build gas diffusion electrodes

(GDEs). Second, branching structure of membrane is customized

using special cross-linker, which resists sacrifice of N-H sites in

the membrane (Wang J. et al., 2019) for high temperature

PEMFCs; other researchers such as Guo et al. (2020), Tao

et al. (2020), Imran et al. (2020), Wang S. et al. (2020), and

Koyilapu et al. (2020) also have worked on the

polybenzimidazole membrane to improve its performance.

Another benzimidazole group’s membrane made by

chloromethylated polysulfone (CMPSU) and zirconium

phylate (ZrPA), with a cross-linking structure for high

temperature PEM (Lv et al., 2019). As polybenzimidazole is

used for high temperature PEMFC, then polytriazoles is used

for low temperature PEMFC (Roy et al., 2020).

Xi et al. have developed high temperature proton exchange

membrane, which they named HTM-X. This membrane

synthesized from amino trimethylene phosphonic acid

(ATMP), aminopropyltriethoxysilane (APTES), and cross-

linked structure of PPO (poly(2,6-dimethyl-1,4-phenylene

oxide)). From all membranes, HTM-15 showed a significant

proton conductivity of 0.0848Scm−1 under 120°C and 5%

relative humidity. In addition, all those membranes could be

thermally stable of up to 210°C (Zhu X. et al., 2019). The

sulfonated polyphenylsulfone (SPPSU) crosslink with carbon

nanodots (CCD) can give outstanding conductivity at both

low and high relative humidity. The notable conductivity of

the membrane was 56.3mS/cm with 3% CND, and the flexibility

of membrane and reduction in membrane cracking also

improved (Mohamad Nor et al., 2020). Apart from CND,

carbon nano tubes (CNTs) have also been applied more

recently with chitosan (CS) in a simplistic way and layer-by-

layer technique in a tedious way to enhance PEM for high

temperature PEMFCs (Wang L. et al., 2019; Jia et al., 2020).

Not only in PEMFC, this concept of using CS with polymer

solution has also been applied in DMFC (Abu-saied et al., 2020).

Therefore, this renowned concept is meaningful for future

developments. As mentioned in the low temperature PEM

section, Sanchez-Ballester et al. (2020) have also performed

the research to improve physical properties along with proton

conductivity by bisulfonated poly(vinyl alcohol) with graphene

oxide as an inorganic filler. For intermediate or high temperature
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PEMFCs, the overview by Xiao et al. (2020) shows three

categories of electrolyte membrane such as perfluorosulfonic,

non-fluorinated arylene, and inorganic, which are currently in

trend and used by number of industries.

Ballard Power Company has invented a new material for

MEAs to apply in automobiles and electrochemical applications,

which is named Ballard Advanced Materials (BAMs). These

materials consist of copolymers of α,β,β-trifluorostyrene, and
they compared it with Nafion 117 and DOW membrane. From

BAMs, BAM3G01 showed a higher performance of 1300Amps/

ft2 (Wei et al., 1995). Apart from Ballard, other power companies

have also developed their own membrane material such as Gore

select of Gore & Associates, Flemion of Asahi Glass, Aquivion of

Solvay-Solexis, and Aciplex of Asahi Chemical.

High temperature membrane is unusual in usage in PEMFC

due to number of factors. First, a cost of type of membrane

requires a lot of costly materials and processes. Second, they are

not flexible with feed’s composition. Last, the membrane

thickness has become an issue for proton transportation.

However, there are some advantages of it such as more power

density, more stability, and flexibility in temperature and

pressure of the feed. High temperature PEMs show immense

performance but the overall cost is the ultimate issue. From the

comparison shown in Table 3, SiO2-doped Nafion membrane

showed high power density. However, the membrane is not

much useful for long run due to aforementioned factors.

Future scope

PEMFC technology has wide range of future aspects and

applications. Therefore, most of researchers and automobile

industries are now focusing on development of PEMFC to use

it commercially and industrially. Their center of attention is

reducing the cost and improving performance of this fuel cell as

well. They are doing this by either substituting Pt catalyst with

low cost noble catalyst or by modifying the PEM with several

methods. Until now, the Pt loading on PEM is nearly cut down to

50% in past decade, and efficiency of PEMs increased drastically

(Prykhodko et al., 2020). Due to global warming situation, whole

world is coming together to battle with it by putting strict policies

on usage of renewable resources and restrictions on conventional

fuels. America, Japan, South Korea, the United Kingdom,

Canada, China, and Germany are diverting their energy

policies toward more usage on hydrogen fuel for mainly in

automobile industry. For instance, the United Kingdom has

imposed a ban on sale of petrol and diesel vehicles after

2030 under “The Green Industrial Revolution” (HM

government, 2020). In addition, Canada is also set to adopt

“Net-Zero Emissions plan” by 2050 to eliminate carbon

monoxide emission from industries and vehicles (Kim, 2019).

By understanding the importance of green environment, there

are more footprints in PEMFC in near upcoming decades.

Because of this, more research works in this field are required

to compete with the internal combustion engines to fulfill the

requirements of government policies as mentioned. More

achievements and government policies are briefly described in

review of Ogungbemi et al. As a result, there is a wide scope of

PEMFCs in land, air, and water transportation and so does in

development of affordable and efficient PEMs (Ogungbemi et al.,

2020). Major players in the fuel cell industry such as Ballard

Power, Plug Power, Bloom Energy Corporation, FuelCell Energy,

and Nikola, are currently on projects to build carbon-free

transportation by building fuel cell truck, trains, tractors, cars,

buses, and even small jets. In upcoming years, submarines, ships,

aircrafts, spaceships, and generators will also run on hydrogen

energy by fuel cells. Some future projects are in the development

phase such as catalyst development and MEA compactness. In

near future, only electrical, solar, and hydrogen energy will

dominate to make the world a better place to live.

Conclusion

The discovery of fuel cells come a long way of two

centuries, from Volta had discovered Voltaic Pile, which

separates hydrogen and oxygen gases by giving electricity

to the reverse reaction of it to generate electricity from those

gases. Several fuel cells had been invented such as SOFC,

MCFC, DMFC, PAFC, AFC, and PEMFC, but only PEMFC

shows the potential to apply in both commercial and

transportation because of its higher efficiency, low

operating temperature, more flexibility, higher current

density, etc. On the other hand, the number of PEMs are

made to compete with the costliest Nafion series such as

Nafion 112, 115, 117, and 1110, and those are the modified

membranes such as Hyflon, multiblock polymers, PEEK,

SPEEK, AP6FSPEEK, ferroxane-derived polymer, Nafion-

SiO2/ZrO2/TiO2, Nafion-SiO2-PWA, IPMC, PA and BA

doped Nafion, HTM-X, and SPPSU-CND/CNT with

improved characteristics. This review generally classifies

PEMs in two parts with low and high temperature PEMs.

This classification is based on the application of PEM; low-

temperature PEMs are used for commercial applications such

as automobile or stationary power applications; high-

temperature PEMs are used for industrial applications.

Low-temperature PEMs have high efficiency along with

great power and current density, the only drawback is that

it could not work on high pressurized feed gas and high

working temperature. In addition, it will gradually decay in

long run. Nafion is low-temperature PEM with the power

density around 120–150 mW/cm2. Based on study, the best

alternative of the Nafion membrane is modified SPEEK

membranes, as the SPEEK membranes show great potential

with high power density, which could exceed 450 mW/cm2.

As the degree of sulfonation increases in SPEEK, the power
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density increases; however, the chemical and mechanical

instabilities also increase, which could lead to SO2

formation, and the membrane will decay drastically.

Therefore, maintaining optimum degree of sulfonation is

the primary goal for the SPEEK membrane by using

different combinations of precursors, reactants, or

treatment methods. On the other hand, high-temperature

PEMs have high strength and can withstand high pressure

of feed gases, but the energy efficiency is quite low. From the

literature study, Nafion doped with silica shows high tensile

and compression strength along with a high power density of

1080 mW/cm2. However, the process to make this membrane

is complex and it is not cost-effective. Although, research

works are going on to innovate a new membrane and develop

an existing one. In the future, all vehicles may run on fuel cells

with zero carbon monoxide emissions as mentioned in Future

Scope. Automobile companies like Tesla, Honda, Ford, and

Toyota launched their FCEV in the market to test. Therefore,

scientists and researchers are putting their efforts to achieve

the cheapest materials and parts for fuel cells to make it

commercially available and affordable.
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