
Chapter 16
Fuel Cells: Construction, Design,
and Materials

D.P. Hansora and Aniruddha Chatterjee

Abstract In this chapter, the basic information about fuel cells (FC) has been
encapsulated. The purpose is to summarize the available details about the types of
FC, their design and constructions of FC, catalysts in FC, materials and the methods
used for preparation of FC. Nonetheless, more emphasize is kept only on PEM for
FC applications by considering the theme and contents of the book.
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1 Introduction

A fuel cell (FC) is an energy conversion device which converts the chemical energy
(stored in fuels and oxidants) into electrical energy (or electricity) through elec-
trochemical reactions [1]. Christian Friedrich Schönbein, (professor of physics and
chemistry in Basel, Switzerland, observed the first FC effect indicating the gener-
ation of water and energy from a recombination of hydrogen and oxygen. William
Robert Grove (professor of physics at the London Institution) published a brief
study indicating the same effect and also designed the first FC generator of electrical
current. Grove used a gas feed of hydrogen and oxygen to the corresponding
electrodes and demonstrated the existence of a process, which was the reverse
phenomena of electrolysis, on the other hand, Schönbein’s research identified the
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invention of guncotton and for the discovery of ozone [2]. In the twenty-first
century, FC is in demand for generation of power with environmental protection,
and it has also prompted an extensive research on energy conversion technologies.
Efforts have been made toward commercialization of cost-effective hydrogen-based
FCs to reduce dependence on oil and decrease pollution. The major application of
polymer electrolyte membrane fuel cells (PEMFC) includes transportation
(lightweight vehicles, buses) because of their potential impact on the environment,
i.e., the control of emission of the greenhouse gases. Other applications include
stationary and portable power generation. Most of major motor manufacturing
companies generally use PEM-based FCs due to their high power density and
excellent dynamic characteristics as compared with other types of FCs [1–9].

2 Different Types of Fuel Cells

A FC basically directly converts the chemical energy into electrical energy, i.e.,
heat and water via a redox reaction. The basic electrochemical FC comprises of an
anode, a cathode, and an electrolyte. These FCs are generally connected in series as
well as parallel by using bipolar plates to provide the desired voltage or current
density. The fuel is oxidized at the anode, whereas the combustive (O2) is reduced
at the cathode (as an electrode). Hence, if the FC is provided with hydrogen, then
FC is known as a clean energy producing device because no volatile organic
compounds (VOCs) are emitted. However, the production, transportation, and
distribution of hydrogen gas are not considered as clean processes. FCs are clas-
sified in different ways depending upon the nature of electrolyte to be used. The
most common types of FCs are the polymer electrolyte membrane (also called the
proton exchange membrane) fuel cell (PEMFC), direct methanol fuel cell (DMFC)
(the same as PEMFC but instead of hydrogen, a methanol is used as the fuel),
alkaline fuel cell (AFC) or alkaline anion-exchange membrane fuel cell (AEMFC),
phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC) and solid
oxide fuel cell (SOFC), etc. These different types of FCs have various applications,
i.e., PAFC, MCFC, and SOFC are used for stationary power generation, while
PEMFC, DMFC, and AFC are mostly used for vehicular or portable applications.
SOFCs are the other major type cells followed by PEMFC. These cells based on
high-temperature O2− ion conducting oxides are best suited for larger scale sta-
tionary applications. Hydrogen in PEMFCs and methanol in DMFCs are oxidized
in the catalyst layer (CL) at the anode side of the FC. The resulting protons and
electrons are forced onto separate paths to the cathode, and then they recombine
with oxygen to produce water. PEMFCs have become promising alternative for
future energy required for clean environment, power source for automotive, and
power backup applications due to certain advantages. Because PEMFCs have been
benefited from the advantages such as low operating temperature, high-power
density, and zero/low emission and they do not require any fuel processing
equipment. However, further improvements in terms of performance, durability,
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and cost are necessary considerations for commercialization [1–5, 10–14]. Figure 1
illustrates different types of FCs along with their operating conditions.

Table 1 summarizes the operating and applicable properties of five main types
of FC.

Fig. 1 Different types of FC and their operating conditions (reprinted with permission of Ref. [4])

Table 1 Operating and applicable properties of different FCs

Type of
FC

Operating
Temp. (°C)

Power density
(mW/cm2)

Fuel efficiency
(Chem. to
Elec.)

Lifetime
(h)

Capital
cost ($/kW)

Area of
application

AFC 60–90 100–200 40–60 >10,000 >200 Space,
mobile

PAFC 160–220 200 55 >40,000 3000 Distributed
power

PEMFC 50–80 350 45–60 >40,000 >200 Portable,
mobile,
stationary

MCFC 600–700 100 60–65 >40,000 1000 Distributed
power
generation

SOFC 800–1000 240 55–65 >40,000 1500 Base load
power
generation

Reprinted with permission of Ref. [14]
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The lifetime of a PEMFC is a function of operating conditions, component
materials, and degradation mechanisms. Wu and Yuan et al. [15, 16] have reviewed
and summarized different degradation mechanisms and mitigation strategies,
durability tests for better performance of PEMFC [17, 18]. Costamagn et al. [9]
have nicely discussed the fundamental scientific aspects of PEMFC including their
science and technology covering the period of 40 years starting from the 1960s to
the year 2000 [9] and Zaidi et al. [11] have reported the newer research trends took
place for the development of PEMFC [11]. The use of various PEMs in water
electrolysis has been reviewed by Carmo et al. [19]. There have been some alter-
natives to proton conductive anhydrous membranes, including heterocyclic proto-
genic solvents comprising polymer electrolytes for FC applications [20–22]. Anion
exchange membranes have been reported as important classification for alkaline
FCs [23]. Degradation mechanisms and mitigation strategies of PEMFCs’ durability
have been also reviewed [15, 18], similarly test protocols [16] and stack testing [17]
and bipolar plates [24] related to PEMFC were also discussed and reviewed.

3 Construction and Design of Different FC

3.1 PEMFC

Modern PEMFCs use proton-conducting PEM for power vehicular, portable, and
small residential applications. The activation of kinetically hindered reactions such
as oxygen reduction or methanol oxidation dissipates the energy at the electrodes.
The migration of protons through the PEM and catalyst layer (CL) also dissipates
the energy because of diffusion of reactants and products as well as permeation of
liquid water.

Figure 2 depicts the reactions in a hydrogen-based PEMFC. The schematics of a
single PEMFC and as a stack with three single cells are also presented in Fig. 2.
A single PEMFC consists of an anode and a cathode (Fig. 2a) [1, 2, 4, 5, 25]. On
the anode side, hydrogen flows into the flow channel through the gas diffusion layer
(GDL) toward the CL, while in the anode CL, hydrogen splits into protons (hy-
drogen ions) and electrons. The protons pass through the membrane and flow
toward the cathode CL. However, the electrons cannot pass through the membrane,
but can easily pass to the cathode through an external circuit and hence it generates
electricity. On the cathode side, oxygen from air flows into the flow channel
through the GDL toward the CL, at the same time in cathode CL, oxygen reacts
with the protons and electrons from the anode, produces water and heat. The
protons transport across the membrane is basically due to the water concentration
and pressure differences between the anode and cathode. This allows water to pass
easily through the membrane in both directions. The reaction on the anode side
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indicates the splitting of hydrogen into protons and electrons, which is also known
as a hydrogen oxidation reaction (HOR) [1, 2, 4, 5]:

H2 ! 2Hþ þ 2e�

The reaction on the cathode side indicates that oxygen, protons, and electrons
combinedly form water, which is also known as an oxygen reduction reaction
(ORR):

0:5O2 þ 2Hþ þ 2e� ! H2O

Fig. 2 Schematics circuits of a a single PEMFC and b a PEMFC stack with three single cells
(reprinted with permission of Ref. [1])
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So, overall reaction suggests that simply hydrogen reacts with oxygen producing
water, electrical energy, and heat:

H2 þ 0:5O2 ! H2OþElectric EnergyþHeat

Generally, single cells are connected in series, which form a stack to produce
higher voltages. Three single cells are connected in series, as shown in Fig. 2b. The
supplied gases have to be distributed into the single cells through the inlet mani-
folds, and the exhaust gases have to be removed through the outlet manifolds. Due
to the differences in materials and in local operating conditions among the different
components of PEMFC, water can be present in different states with different phase.
Many researchers have attempted to understand the state of water in PEMFC,
because the state and phase change of water are observed different in membrane,
i.e., particularly CL, GDL, and flow channel. Figure 3 shows the schematics of the

Fig. 3 Schematics of a single PEMFC with the structure of each cell component illustrated
a normal operating condition; b cold start (reprinted with permission of Ref. [1])
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structure of each cell component in a single PEMFC for both the normal operating
conditions and cold start.

As shown in Fig. 3a, cell temperature generally ranges from 60 to 80 °C for
normal operating conditions, and water exists in both vapor and liquid forms in the
flow channel as well as pore regions of GDL and CL, the ionomer (polymer
electrolyte) in membrane and CL absorbs much quantities of water in liquid state or
bound to H+ (e.g., H3O

+). Due to this reason, PEMFC is oftenly used for auto-
motive applications, but it should be unavoidable for vehicles driving below the
freezing point of water in winter season, and also PEMFC must be able to suc-
cessfully start up or “cold start” from subzero temperatures. During a “cold start”
process for PEMFC, the initial cell temperature is usually equal to the surrounding
temperature (usually under 0 °C in winter), and water mostly freezes [1, 6, 9]. As
shown for PEMFC cold start (Fig. 3b), the formation of liquid water can be almost
neglected since it freezes to ice. Therefore, water exists in vapor and ice forms but
in the pore regions of GDL and CL (ice is formed if the local water vapor pressure
is higher than the local water saturation pressure) for cold start of PEMFC. Since
the ice can easily stick on the solid materials of CL and GDL and then difficult to
move, the ice formation in flow channel might be neglected. Figure 3b also illus-
trates that water in the ionomer of membrane and CL may also freeze at subzero
temperatures [1, 2, 4, 5, 9, 17].

As water is usually not desired in gas-supplying channels and pores then it
should be quickly removed as possible because presence of water in the polymer
electrolyte may serve as the proton shuttle. The water, as product, is efficiently
coupled to the polymer electrolyte so it can improve the mobility of hydrogen ions
that is required for the design of CL. In conventional PEM, polymeric side chains
terminated by acidic hydrogen sulfonate groups are randomly tethered to
hydrophobic polymeric backbones, as shown in Fig. 4 [2]. In the hydrated

Fig. 4 A typical PEM. Nafion, consists of a hydrophobic fluoropolymer backbone (red) and a
flexible side chain (blue) terminated by a hydrophilic sulfonate group (yellow). In the polymer
electrolyte, the fibrils agglomerate and randomly self-assemble into regions that are hydrophobic
(mostly red) and hydrophilic (mostly blue) (reprinted with permission of Ref. [2])
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membrane state, mobile protons (H+ ions) are formed from the dissociation of the
HSO3 groups which require a sufficient amount of water. Also water is not
immobile, so proton migration is get coupled automatically to the transport of one
or two water molecules in a phenomena called electro-osmotic drag.

This drag alongside the proton flux shuffles water molecules toward the cathode
CL. A backward flux of water molecules toward the anode CL occurs from dif-
fusion or pressure-driven flow that opposes the water shuffling toward the cathode.
It was reported [2] that the water flux in the polymer membrane depends on its
morphology and current density. Hydrated state, of the polymer electrolyte’s parts
even under drastic variations in operating conditions, is a key parameter of working
of PEMFC. Designing PEM with reduced amount of electro-osmotic drag would be
an advantage to the water management problem. This can be accomplished by
partially immobilizing the water in the membrane without impairing its conductive
abilities. High rates of water back flux can be achieved by using thin PEM with a
higher concentration of hydrophilic regions but at the cost of less chemical stability,
higher reactant permeability, and reduced mechanical robustness [2, 4, 5].

3.2 DMFC

DMFCs, prepared using PEMs, are potential alternative FCs for future cleaner
energy requirements because these cells operated at relatively low temperatures and
do not require any fuel processing equipment, as discussed earlier. However,
limitations of DMFCs include: (i) slow kinetics of methanol oxidation at anode CL
and (ii) diffusion of methanol from anode to the cathode side, across the PEM. The
methanol does not only wastes fuel but also it can cause performance losses at the
cathode due to the consumption of oxygen and catalyst poisoning. Thus, it is
necessary to reduce the loss of methanol as fuel in PEM for improving the per-
formance of a DMFC [3, 4, 6, 7, 26]. The working principle of DMFCs is presented
in Fig. 5. New membranes with significantly reduced permeability of methanol and
water transport (by diffusion or electro-osmotic drag) are required for DMFCs along
with acceptable conductivity and stabilities. Diffusion of fuel (i.e., methanol in
DMFC) from anode to cathode sides through the PEM may lower down the voltage
efficiency and performance of FC [3, 4, 6, 7, 26].

DMFCs employing with PEM are one of the attractive power sources for dif-
ferent applications due to their stable operation at a relatively low temperatures,
high energy generation yield and energy density, and simplicity. Most DMFC
research has concentrated on PEMFCs that are fed directly with methanol.
Methanol itself is a fuel that possesses significant electro activity, and it can be
oxidized directly to generate carbon dioxide and water in a DMFC. The proton
conduction through the PEM is associated with the water transport through the
membrane. Methanol can also be transported to the cathode by an electro-osmotic
drag (methanol crossover). This is due to the physical properties of methanol, such
as its dipole moment, which consequently leads to a decrease in cell performance. It
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is necessary to reduce the loss of fuel across the cell for improvement in the
performance of a DMFC [4, 22, 26].

The work on various PEM materials for DMFC has been reviewed by
Neburchilov et al. [26]. Unlike the membranes for hydrogen fuelled PEM fuel cells,
perfluorosulfonic acid-based membranes showed complete domination, but the
membranes for DMFC have numerous variations. The membranes have been dis-
cussed according to various properties, included methanol crossover, proton con-
ductivity, thermal stability, and maximum power density. Hydrocarbon and
composite fluorinated membranes showed the most potential for low cost mem-
branes with low methanol permeability and high durability [18, 26, 27, 28].

3.3 AEMFC

To overcome draw backs of DMFCs, there has been a growing interest in devel-
oping direct methanol AEMFCs using alkaline anion-exchange membranes
(AEMs) as PEM [29, 30]. The electrochemical reactions in AEMFCs are expressed
as follows:

At anode: CH3OHþ 6OH� ! CO2 þ 5H2Oþ 6e� að Þ
At cathode: 3=2O2 þ 3H2Oþ 6e� ! 6OH� bð Þ
Overall: CH3OHþ 3=2O�

2 ! 2H2OþCO2

In AEMFCs, OH− ions, instead of protons, are transported across the membrane.
In this case, the methanol crossover and the transportation of ions are in the
opposite direction. This is expected to decrease the methanol crossover of the
membranes and correspondingly to decrease the poisoning of the electrode catalysts
by the permeated methanol, which maintains the catalytic activity of the electrode
catalysts for longer time and achieving better FC performance [29, 30].

Fig. 5 Working principle of
DMFC (reprinted with
permission of Ref. [4])
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The working principle of AEMFCs is shown in Fig. 6. The expected advantages
of AEMFCs, when compared to traditional anionic FCs (AFCs), are the possibility
of easy handling and stocking liquid fuels as well as the better control on car-
bonatation due to the solid nature of the AEMFCs [12, 29, 30]).

3.4 PAFC

In the 1960s, PAFC was preferred for the alkaline battery, where the main problem
was carbonation. The PAFC was reported as the first commercialized FC. ONSI
Corporation, in the United States, and Gaz de France sold 200 kW FC for providing
electricity to several houses. However, the high cost as well as the tendency of
phosphoric acid to solidify are major drawbacks [30].

3.5 SOFC

Like PEMFCs, SOFCs have been widely investigated, especially in the United
States, Japan and Europe. These are the most energetically efficient FCs. These are
generally used for stationary devices: water, is extremely hot when leaving the FC,
goes through turbines to drive generators to produce electricity. However, com-
ponents have to exhibit a high thermal stability [30].

Fig. 6 Operating principle of
AEMFCs (reprinted with
permission of Ref. [30])
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3.6 MCFC

MCFCs have been developed for stationary applications and considered for
promising use of reformed methane or coal gas results in low NOx emissions.
The MCFC differs from other FC as it does not require any noble metal as the
catalyst, but uses mainly stainless steel. As no platinum is used, the poisoning of
this metal by CO gas does not occur and many fuels can thus be used, such as
gasified biomass or gasified wastes. Nevertheless, the impurities contained in fuels
(H2S, HCl, HF, NH3) may enhance the corrosion of the electrodes, especially the
cathode, because of the growth of oxides with a poor electrical conductivity. This
issue has turned out to be a lock to the development of this MCFCs [30].

4 Catalysts for Different FCs

The CLs regulate the traffic and conversion of hydrogen gas in PEMFC or methanol
in DMFC at the anode and oxygen at the cathode. The water’s journey through a
FC generally starts in the cathode CL where it is produced during the reduction
reaction of the oxygen. Also oxygen reduction is a multistep process because it
requires the migration of oxygen molecules, protons, and electrons through diffu-
sion and conduction to the catalyst surface on which gas molecules adsorb and
charge transfer occurs in the presence of water. Water as a product desorbs and
diffuses away through the channels. During oxygen reduction reaction, hydrogen
peroxide is an undesired intermediate which may be formed on either the anode or
on the cathode; and being highly aggressive, hydrogen peroxide can degrade the
PEM. The detailed stoichiometric balance of all those reaction processes can affect
the overall rate of electrochemical conversion. Suitable catalysts must be stable in a
hot, oxidizing, acidic, aqueous environment, while effectively driving the produc-
tion of water and resisting deactivation caused by the poisoning effects of fuel
contaminants and atmospheric pollutants [1, 2, 4, 5, 9, 14–16, 32–35].

Precious metals and alloys have shown the best balance of catalytic properties
because catalysts should expose a large interfacial surface area so it can reduce the
irreversible voltage losses during sluggish reactions such as oxygen reduction.
Carbon has been preferred as supporting material because of its corrosion resis-
tance, high conductivity and nanostructured morphology. CLs must be incorporated
into a composite structure with a minimum of two distinct phases namely (i) the
solid phase of carbon and platinum which can conduct electrons, (ii) Water phase
filling the pore spaces in the composite which can transport protons, hydrogen and
oxygen gas, and other water molecules. These kinds of two-phase thin (100–
500 nm) composite layers work well for long because if they are too thick, the
diffusion of dissolved reactant molecules and protons will be slow. Conversely, if
they are too thin, they will be incapable to provide sufficient reaction surface. Thick
layers (5–30 lm) of catalysts are typically used in PEMFCs. Solid carbon and
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platinum transport electrons to the catalyst, whereas a second, solid subphase,
typically composed of polymer such as Nafion, provides sufficient proton con-
duction. To make the CL porous for creating the third percolation network, gases
are allowed to diffuse readily through the catalysts. Generally, water competes with
reactant gases in terms of space between the solid components and the degree to
which liquid water penetrates into the CL. The ability of CL to direct water into the
membrane material rather than the channel or to facilitate its evaporation affects the
overall water and heat management of the cell. CL at cathode generates the max-
imum power density when roughly one-third of its volume is filled with proton
conductor and the thickness is kept between 10 and 20 lm. A bimodal porous
structures, as shown in Fig. 7, with intra- and inter-agglomerate pores, can provide
the good results [2, 5, 15, 16, 33, 34]. Only 10–20% of the catalyst is utilized in
three-phase composites to optimize the balance between large active areas and the
transport of reactants. Thicker catalyst layers can provide larger areas to support
reactions, on other side they generally impedes diffusion. Many researchers,
reported proper design strives for new well-defined architectures based on
nanometer scale template electrodes—using CNTs as building blocks, which can be
used in the future by considering it as porous-electrode technology.

Nanostructured thin-based CL substrates were fabricated to incorporate organic
whiskers with high surface-to-volume ratios so that 100% of the catalysts can be
used [2, 5]. Wanga et al. [5] reported various catalysts [Pt and several of its alloys
(Pt–Co, Pt–Ni, Pt–Fe, Pt–V, Pt–Mn and Pt–Cr)] used for PEM-based FC.
Non-precious metal catalysts and self-supported electrocatalysts such as metal, metal
alloys are another important part in PEM of FC [14, 15, 32–42]. Various materials
such as thin films of tungsten selenides [42] and phosphide-based materials [43]
were used for electrocatalytic hydrogen evolution using FCs [42, 43]. The lifetime of
a PEMFC is a function of operating conditions, component materials, and degra-
dation mechanisms of electrocatalysts or CL. Wu and Yuan et al. [15, 16] reviewed

Fig. 7 Structure and composition of CL. a Carbon (gray) coated in platinum catalysts (red) based
CL in a PEMFC. b If the pores in agglomerate fill with water (blue). c Secondary pores-based
agglomerates in the course of the spontaneous aggregation of carbon particles (reprinted with
permission of Ref. [2])
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and summarized different degradation mechanisms, migration strategies, and FC
durability test protocols for cell components [16–18]. Support materials for PEMFC
and DMFC electrocatalysts [33], phosphotungstic acid doped catalysts [44], and
microstructural pore analysis of the catalyst layer in a PEMFC [37] were also
reviewed and summarized, which include different NPs such as CNTs, CNFs, gra-
phene, nanodiamonds, TiO2, TiN, TiB2, SnO2, WO3 also conducting polymers.

Sanli and Gursel et al. reported the development of graphene supported platinum
(Pt/graphene) as the electrocatalysts for PEMFC [45]. They demonstrated the
comprehensive overview on synthesis, characterization, and FC performance of
Pt/graphene electrocatalysts. These workers prepared graphene oxide
(GO) supported Pt nanoparticles for PEMFCs by several impregnation reduction
methods including ethylene glycol reflux, sodium borohydride reduction, and
ascorbic acid reduction. The single FC tests showed that GO has the best perfor-
mance compared to graphene nanoparticles and thermally reduced GO. Catalyst
coated membrane prepared by screen printing method were also used in a PEMFC
[46]. The PEMFC catalysts can be electrodeposited by the use of a hydrogen
depolarized anode [47].

5 Materials and Methods for Preparation of PEM
for Fuel Cells

Organic–inorganic nanocomposites-based PEMFCs contain inorganic building
blocks at nanoscale in organic polymer by hybridization at molecular level.
Intensive researches have been carried out to develop new PEM for DMFC
applications. The PEMs in DMFC serve as barrier for methanol and conduct pro-
tons. Various PEMs have been used in DMFC, which include perfluorinated
ionomer Nafion, polybenzimidazole/phosphoric acid blend membranes, Nafion
membrane modified with inorganic phase such as silicate and zirconium phosphate.
Due to major drawbacks (high cost, loss of conductivity at high temperature, and
high methanol permeability) of perfluorinated polymers restrict their applicability.
Therefore, non-perfluorinated PEM based on aromatic thermoplastics, such as
polyimides (PI), poly(ether sulfone) (PES), polybenzimidazole (PBI), sulfonated
PEEK, have been developed which have shown excellent chemical resistance, high
thermo-oxidative stability, good mechanical properties and cost effectiveness [3, 14,
26, 48].

Tripathi et al. [4] have reviewed and summarized different types of organic–
inorganic nanocomposites for better understanding of molecular-level chemistry,
morphology, transport behavior, and polymer degradation in comparisonwithNafion.
They reported recent developments about new ionomers and hybrid membranes,
containing inorganic NPs to control morphology andwater retention by complexation
of basic polymers with different oxoacids and inorganic fillers [49]. According to
recent report [4], different organic–inorganic nanocomposites were used for PEM,
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which include perfluorinated organic–inorganic nanocomposites (Nafion with mod-
ifiers such as Nafion-silica NPs, Nafion-ZrP, Nafion-titanium dioxide,
Nafion-thiophene, Nafion-metal oxides, Nafion-zeolite, Nafion-silica-PWA,
Nafion-PAni nanocomposites), partially perfluorinated organic–inorganic
nanocomposites (sulfonated styrene with PTFE backbone, functionalized
PVDF-silica NPs, PVDF-HFP-Nafion, PVDF-HFP-Al2O3, PVDF-PSSA-Al2O3),
non-perfluorinated organic–inorganic nanocomposites (sulfonated polymers such as
PEEK, PI, PES, PBI, polyphynelenes and hydrophilic polymers such as PVA and
chitosan), styrene-based nanocomposites (sulfonated co-polymers of styrene, sodium
styrene sulfonated grafted polyacrylonitrile, TEOS-grafted polystyrene blocks in
polystyrene-b-isobutylene-styrene block copolymers, TEOS grafted PSMA-PEG
composites, sulfonated PTFE and grafted with TEOS PSMA-silica hybrid,
PSSA-PWA by self-assembly technique), PEEK-based nanocomposites (sulfonated
PEEK-silicon dioxide-zirconium phosphate (ZrP), SPEEK–silica, SPEEK-BPO4 and
PEEK-TiO2 nanocomposites), polyether sulfone (PES) based nanocomposites,
polybenzimidazole (PBI) based nanocomposites (PBI-phosphoric acid-based com-
posites, PBI-silicon dioxide), P and polyetherimide-based nanocomposites (sul-
fonated PI, PI-phosphosilicate gel nanocomposites, PI-polypyrrole composites),
chitosan-based nanocomposites (PVA-phosphonic acid modified chitosan
nanocomposites, chitosan-silica nanocomposites), PVA-based nanocomposites
(PVA-chitosan composites, PVA-H2PO4 composites, PVA-silicon dioxide
nanocomposites) and layered NP or nanoclay-based nanocomposites
(montmorillonite-nafion), finally CNT-based polymer nanocomposites (CNT or
sulfonated CNT-based Nafion composites) [4–6, 10, 11, 14, 26, 27, 48, 50].

Several polymer nanocomposites-based PEM such as sulfonated poly(ether ether
ketone) (PEEK)/polyaniline composites [3, 50] were also studied. Wanga et al. [5]
reviewed the technology, applications, and the need of fundamental research on
PEMFC [5]. PEMFCs based on ionomers have also been developed [6]. Similarly,
polyvinyl alcohol (PVA)/SiO2 hybrid based PEMs containing sulfonic acid groups
were also developed for DMFC applications [7]. Organic–inorganic membranes
were also prepared from polyether diamine and epoxy silane [8]. Development of
PEMFC using organic–inorganic nanocomposites was reported in the literatures
indicating several modifications such as: (i) improvement in the self-humidification
of in membrane; (ii) reduction in the electro-osmotic drag and fuel crossover;
(iii) enhancement in the mechanical and thermal strengths without deteriorating
proton conductivity; (iv) increase in proton conductivity by introducing solid
inorganic proton conductors; and (v) slow drying PEMs with high water retention
capability [4]. Researchers have reported the different categories for the develop-
ment of organic–inorganic nanocomposites based PEMFC which include (i) doping
the inorganic proton conductors in PEMs; (ii) nanocomposites prepared by sol–gel
method; (iii) covalently bonded inorganic segments with organic polymer chains;
and (iv) acid–base PEMFC nanocomposites [4, 6].

Various polymers and their nanocomposites are in use, nowadays, for industrial
FC applications [10]. PEMFC composite comprised of triblock copolymer and
heteropolyacid have been also used for FC applications [51]. Organic–inorganic
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hybrid materials were also prepared for the development of PEMFC for separation
processes [52]. PEO/KHCO3 nanocomposites were used for PEMFC applications
[53]. Efforts have been made to develop PEMFC operating above 100 °C [22, 29].
Silica nanocomposites-based PEMFC systems, prepared by the sol–gel process, of
polyethoxysiloxane within a sulfonated PEEK matrix have been reported [54].
Various polymer systems have been studied for applications of proton exchange
membranes [27, 48].

Sulfonated polymers [3], poly(aryl ether ketone)s containing the hexafluoroiso-
propylidene diphenyl moiety [55] and factors affecting the life of PEMFC [56] have
been investigated for their PEMFC applications. An interesting study on novel poly-
vinyl butyl-based polymer membrane and its application in gel polymer electrolytes for
lithium-ion batteries have been reported [57]. The suitability of various polymeric
material-basednanocompositesmembranes for PEMFCapplications have examined by
several workers [12, 30, 58–63].Hybrid inorganic–organic nanocompositesmade from
polymer electrolytes such as PVA/SiO2 [7], graphene supported platinumnanoparticles
(NPs) [45], sulfonated PEEK/silica nanocomposites [64], TiO2 nanoparticle
self-assembled aromatic polyamide [64], nafion andfluorinated TiO2 for PEMFCs [65],
nafion/inorganic nanocomposite [66] sulfonatedPEEK/sulfonatedNPs composite [67],
UV polymerized 1-H-3-vinylimidazolium bis(trifluoromethanesulfonyl)imide [68],
Nafion, [(ZrO2)/(HfO2)0.25] and [(SiO2)/(HfO2)0.28] NPs [69, 70], Nafion and
fluorinated TiO2 NPs [71], novel polymer-coated nanoparticles dispersed-carbon
micronanofibers-based air cathode [72], functionalized Al2O3 particles as additives in
proton-conducting polymer [73], poly (ether-imide) [74], polytetrafluoroethylene
(PTFE) [75] and high performance polymer based [76], metal-supported tubular solid
oxide [77], SiO2-ceramic nanoporous substrate-reinforced sulfonated poly(arylene
ether sulfone) composite [78], Poly (2,5-benzimidazole) (ABPBI)-based MEA
assembly [79], poly(vinyl alcohol) (PVA) [80–82], partly fluorinated poly(arylene
ether ketone sulfone) hydrophilicehydrophobic multiblock copolymers [83],
multilayer-structured, SiO2/sulfonated poly(phenylsulfone) composite [84], sulfonated
bisphenol-A-polysulfone-based composite PEMs containing tungstophosphoric acid
[85], aligned polyaniline nanorods in situ grown on gas diffusion layer [86] were used
for PEMFC applications. Various selective membranes made from polymer
nanocomposites were studied for hydrogen purification [87]. A galvanostatic analysis
technique was developed [88, 89] as an in situ diagnostic tool for PEMFC single cells
and stacks.

6 Characterizations and Characteristic Properties of PEM
for Different FC

The characteristic properties of polymer nanocomposites at the surface, interfaces,
in bulk and under gas and supercritical fluid treatments have generated tremendous
interest. The morphological and physicochemical properties of organic–inorganic
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hybrids depend on their composition, the size of the inorganic fillers and interfacial
interactions. Potential characteristics such as mechanical, chemical, and thermal
stability are vital for PEM. Stability of PEMs can be optimized by the degree of
functionalization, interactions between organic–organic or organic–inorganic seg-
ments, controlled cross-linking, and chemical or surface modifications.
Functionalization of the organic part or doping of polyelectrolytes in the matrix, are
common methods, but suffer due to excessive swelling or leaching out proton
carriers on prolonged use at elevated temperature [1–4, 49]. The PEEK/PAni based
polymer composites were used for DMFC application considering optimum
physicochemical and electrochemical properties, thermal stability as well as very
low methanol permeability. Desired chemical compositions of PEM can be iden-
tified by NMR and FTIR spectroscopy. The chemical composition of PEM can also
be obtained by EDX analysis. The inner structure of the PEM can be identified by
TEM. Surface structure and 3D appearance of the PEM can be studied by SEM
images. AFM is an effective tool for morphological characterization of PEM.
Thickness of PEM can be measured by water uptake (swelling) test at particular
temperature. Dimensional stability of PEM is also directly related to the water
uptake, swelling properties and degree of functionalization. Organic–inorganic
nanocomposites-based PEMs possess interesting route to reduce swelling by
cross-linking and water storage via the inorganic segment. The surface function-
alization enhances the compactness and thus reduces the swelling due to increased
interactions. The hydrolytic and oxidative weight loss, obtained by refluxing the
membranes under high temperature and pressure, serve as measures of chemical
stability. Thus, knowledge of chemical degradation mechanisms is useful in the
design of materials with improved stability and lifetime fuel cells environment. The
degradation process and the thermal stability of the PEM were investigated using
TGA and DSC. Data of coefficient of thermal expansion (CTE) and viscoelastic
behavior of the PEM can be obtained by TMA and DMA or DMTA studies. The
dynamic mechanical properties, such as storage modulus, loss modulus, and tan d,
give idea about molecular mobility transitions, such as the glass transition tem-
perature. Ion-exchange capacity of the PEM was determined by salt splitting ion
exchange method. Conductance of PEM can be measured by performing the
resistance on potentiostatic two electrodes with the help of digital conductivity
meter with AC mode. Proton transport number in the PEM phase can be estimated
from the membrane potential measurements. Methanol permeability of the PEM
can be determined using a diaphragm diffusion cell. The conductivity and methanol
permeability of a PEM are crucial parameters, which give idea about their suit-
ability for DMFC applications. To measure these properties, PEM are generally
activated by chemical treatments (sulfuric acid and hydrogen peroxide) to remove
impurities from the ionomer membrane and to activate sulfonic acid groups. The
degree of crystallinity of nonlayered organic–ionorganic hybrid nanocomposites
can be analyzed by Wide-angle X-ray scattering (WAXS) or wide-angle X-ray
diffraction (WAXD)gives idea about the change in crystalline structure [3, 4, 6, 7,
58]. Various characteristics of PEMFC such as electrical properties [53], surface
morphology, proton mobility [54], effective transport properties with a focus on the
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gas diffusion layer [34], interfacial properties [90] and bactericidal anti-fouling [64]
have been extensively studied. Various models related to PEMFC were also been
proposed [34, 91]. Most of proton exchange membranes [14, 92] were designed
using their unit operation modeling [13, 93, 94], computational study [95], effi-
ciency enhancement and cost reduction [96], self-passivating carbon film as bipolar
plate based protective coating [97, 98], cooling flow designs [99], numerical study
investigation of the effects of GDL compression and intrusion [100], PEM degra-
dation modeling [101], improving gas diffusivity with biporous flow-field [102] and
the properties effect on gas diffusivity [103] for PEMFC applications. Effects of
idling temperature on high-temperature PEMFC degradation were investigated
under simulated start/stop cycling conditions [104, 105].

7 Summary

The main aims and objectives behind studying about the various FCs are to give
basic understanding of different types of FCs, design and constructions of FCs,
materials and methods used for preparation of FCs, characterization and potential
properties of FCs. Nonetheless, more emphasize is kept only on PEM for FC
applications.
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