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Thermodynamics and Cell Efficiency
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Abstract In the last century, there has been rapid urbanization leading to increased
energy demand with an ever increasing load on nonrenewable resources and sub-
sequent escalation of pollution. A viable solution to these two problems can be a
power supply technology that is able to produce energy with minimum or zero
pollutant emission into the environment. Fuel cells appear to be an eco-friendly
power supply technology. Main advantage of fuel cell technology is represented by
direct conversion of fuels into electrical energy, with zero emissions, when
hydrogen is used as fuel. This article describes the basic overview of fuel cell
technology in order to better understand the construction and also the working
principle of this eco-friendly technology.

1 What Is a Fuel Cell?

Fuel cells (FC) appear as a sci fi system and represent a device able to convert the
chemical energy of a fuel directly into electrical energy [1–3], and it is characterized
by the continuous feed with active chemical species to undergo redox reactions [4].
In classical energy production technologies, fuel is burned to generate heat, which is
further converted to steam in a steam engine. Produced steam is used to drive a

N. Duteanu (&) � A. Balasoiu
CAICAM, Faculty of Industrial Chemistry and Environmental Engineering,
Politehnica University of Timisoara, 6, Pirvan Street, 300223 Timisoara, Romania
e-mail: narcis.duteanu@upt.ro

A. Balasoiu
e-mail: adriana.balasoiu@ymail.com

P. Chatterjee � M.M. Ghangrekar
Department of Civil Engineering, Indian Institute of Technology Kharagpur,
Kharagpur 721302, India
e-mail: pritha.besu@gmail.com

M.M. Ghangrekar
e-mail: ghangrekar@civil.iitkgp.ernet.in

© Springer International Publishing AG 2017
Inamuddin et al. (eds.), Organic–Inorganic Composite Polymer
Electrolyte Membranes, DOI 10.1007/978-3-319-52739-0_8

193



turbine which converts the thermal energy present in steam to mechanical energy.
Finally, the mechanical energy is converted to electrical energy using a generator [1].

In a fuel cell, electricity is produced directly by burning of fuel, hence the
intermediate steps of production of heat and mechanical energy can be avoided.
This helps to evade the thermodynamic limitation of any engine. This thermody-
namic limitation is known as Carnot efficiency which is defined as the upper limit
on the efficiency that any classical thermodynamic engine can achieve during the
conversion of heat into work [5]. Since the fuel cell system does not have to go
through the Carnot cycle, hence its efficiency is expected to be higher than classical
heat engines.

Combustion of fuels in conventional energy producing technologies has a huge
environmental impact. However in a fuel cell, electrochemical conversion of the
chemical energy, in presence of catalyst, present in the bonds of the fuel into
electrical energy, produces power with minimal or zero pollution. In comparison
with batteries, fuel cells are able to produce electricity as long as the fuel and also
the oxidant are continuously replenished at anode and cathode, respectively [5, 6].

2 Fuel Cell Structure and Classification

A single unit cell represents core of FC which consists of two electrodes and one
electrolyte layer. Anode (negative electrode) is placed in contact with electrolyte
layer on one side and the cathode (positive electrode) is placed in contact on the
other side of the electrolyte [5, 6]. A schematic representation of a classical H2/O2

fuel cell is presented in Fig. 1. Starting from a fuel cell basic unit, stacks are
developed where individual core units are modularly combined in order to deliver
the desired output current and voltage [6].

Fuel cells are able to process a wide variety of fuels, such as hydrogen,
hydrocarbons, alcohols, natural gas, and derivatives. Burning of fossil fuels in
conventional energy producing technologies has a high global warming potential
due to emission of greenhouse gases and a high environmental impact due to use of
nonrenewable fuels. Taking into account, the lower global warming potential by
reducing greenhouse gases emissions, FC using hydrogen, are becoming more and
more attractive. In all classical FC, during electricity production, anode must be fed
continuously with the fuel, and simultaneously the cathode must be furnished
continuously with an oxidant, preferably oxygen from air. Electricity generation
from the FC is due to the spontaneous anodic and cathodic half-cell reactions [1, 4,
6, 7]. In a hydrogen fuel cell, at the anode catalyst layer, hydrogen undergoes an
oxidation reaction producing protons and electrons. The generated protons are then
conducted by the electrolyte membrane and delivered at the cathode, where they
participate in reduction reaction along with oxygen and electrons, which traverse
through the external electrical circuit producing water (Fig. 1).
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Fuel cells can be classified either based on operating temperature [4] or more
commonly by the electrolyte used [1, 4, 6, 8]. Based on electrolyte used fuels cells
are classified as follows [1, 4, 6, 8–12]:

• Proton Exchange Membrane Fuel Cells (PEMFC) or polymer electrolyte fuel
cell:

– H2/O2 PEMFC;
– Direct Methanol Fuel Cells (DMFC);
– Direct Ethanol Fuel Cells (DEFC);
– Direct Formic Acid Fuel Cells (DFAFC);
– Direct Borohydride Fuel Cells (DBFC).

• Alkaline Fuel Cells (AFC):

– Proton Ceramic Fuel Cell (PCFC);
– Direct Borohydride Fuel Cell (DBFC);
– Direct Alcohol Fuel Cell (DAFC).

• Phosphoric Acid Fuel Cell (PAFC);
• Molten Carbonate Fuel Cells (MCFC);
• Solid Oxide Fuel Cells (SOFC);
• Direct Carbon Fuel Cells (DCFC).

Fig. 1 Working principle of PEMFC
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Based on operating temperature, fuel cells can be classified as:

– Low-operating temperature fuel cell (50–250 °C): PEMFC, AFC, PAFC;
– High-operating temperature fuel cell (650–1000 °C): MCFC, SOFC, DCFC.

3 Fuel Cell Construction

Polymer electrolyte fuel cells are constructed by using a Membrane Electrode
Assembly (MEA). In all cases, MEA is formed from a central polymer electrolyte
(membrane) and two electrodes on either side of the membrane [13–18]. By placing
the two electrodes very close, it is expected to improve the cell performance by
reducing the internal resistance of electrolyte. Schematically the core of any
PEMFC can be represented as in Fig. 2.

To obtain a higher efficiency, it is necessary to have a strong contact between the
catalyst layer and the polymer electrolyte membrane. This represents the most
critical and important portion of a FC and is called the three phase interface, where
the electrocatalytic reactions take place [4, 6, 16, 17, 19]. A catalyst particle can be
active for the electrochemical reactions only if it is in contact with the reactants,
electrolyte and also with the electrode [4, 20–23]. Contact of catalyst layer with
electrolyte is necessary in order to be able to get the ionic reaction product from

Fig. 2 Schematic representation of MEA production
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production site and conduct them into the consumption place, and at the same time
electrical contact with solid electrode is needed in order to retrieve electrons [24,
25]. Also to enhance reaction rate, sufficient catalyst should be present on the
electrodes [4, 6]. This can be achieved either by applying a high catalyst loading
rate or using a small quantity of electrolyte per cell [14, 26].

A practical method used to increase the electrocatalytic surface area of the
electrode, along with reduction of catalyst loading, is by usage of 3D structured
catalyst layers. Such 3D structures can be produced by using catalyst nanoparticles
supported on the surface of some larger support particles. In actual stage of
development carbon particles with sizes of around 10 nm, [13, 16, 27–31], carbon
nanofibers [28, 29, 32–36] and graphene [37] are used as support particles.

Platinum is the most commonly used catalyst for hydrogen oxidation and oxy-
gen reduction reactions (ORR) [13, 14, 20, 29–31, 36, 38–43]. However, platinum
is expensive, and hence to reduce the cost of fuel cell without compromising with
the performance, it is necessary to use nanoparticles of catalyst on support particles
[1, 6, 22, 29, 33, 44–51], which increases the active surface area available for
reactions. Increased surface area helps in improved reactant and products transport
to and from bulk to the three phase interface [18, 25, 52, 53].

As can be seen from Fig. 2, electrode used in a fuel cell construction is a
complex structure consisting of a gas diffusion layer, a microporous layer, and a
catalyst layer [52]. One of the most important part of MEA is represented by the gas
diffusion layer (GDL), which provides durability to the entire assembly and at the
same time should ensure proper electrical contact between catalyst layer and the
current collectors [52–55]. Presence of GDL increases contact resistance at
the interface between the GDL and current collectors, which reduces energy con-
version efficiency. At the same time, it is important to obtain a porous structure of
GDL in order to be able to have continuous reactant and product flow to and from
the catalyst layer to the bulk liquid [25, 53, 56]. Maximum power can be achieved
only if the GDL present optimum hydrophobicity in order to remove produced
water from the catalyst layer. Water retention is equivalent to blockage of internal
channels, leading to a limitation of the supply of reactant and inefficient transport of
reaction products, thus reducing the fuel cell efficiency [52–60]. Graphite paper
consisting of woven carbon fibers is the most commonly used GDL (Fig. 3). This
mesh of carbon fibers forms a series of interconnected channel like structure, which
allows efficient transport of reactants and products. Hydrophobic layer on the
graphite paper links the individual carbon fibers together.

The microporous layer (MPL), located between GDL and catalyst layer have the
following features [61]:

– assures a physical microporous base for catalyst layer, which helps in trans-
portation of products and reactants to and from the catalyst layer;

– prevents penetration of catalyst particles inside the GDL;
– plays an important role in electrode water management;
– reduces the contact resistance between catalyst layer and the GDL.
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In short, MPL is responsible for rapid removal of reaction products, and
reduction of water accumulation inside the electrode. In this way, it avoids blockage
of catalyst layer with water molecule and reaction products.

Water management inside electrodes can be done by using hydrophobic/
hydrophilic organic compounds (such as PTFE or Nafion 117) [20, 50, 52, 54, 55,
58, 62]. PTFE or Nafion should be used in an optimum loading because higher
loading increases the internal resistance of the MPL and limits porosity (number
and diameter) thus causing mass transfer limitations inside the electrode [20, 58, 63,
64]. All these secondary effects in turn reduces the efficiency of fuel cells [20, 55,
58–60, 62].

To improve fuel cell efficiency, internal resistance of the cell should be reduced.
Internal resistance of MPL is dependent on the MPL thickness and the internal
resistance of a gas diffusion electrode decreases when the MPL thickness is reduced
[20, 54, 55, 59, 60]. However, excessive reduction of MPL or GDL thickness will
cause faulty water management and corrosion of catalyst layer [18, 25, 53, 65, 66].
Hence, an optimum thickness of the MPL or GDL should be used.

The catalyst layer forms the most active part of a fuel cell. It should have
maximum active surface area with minimum catalyst loading. Platinum is the most
commonly and efficiently used catalyst material in a fuel cell; however, its high cost
and instability at alkaline pH limits its extensive use. Other than high reactive
surface area, catalyst layer should have proper water management to prevent
blockage or dryness of the membrane.

Hydrophobic polytetrafluoroethylene (PTFE) was first developed by Union
Carbide in the year 1960, which was used as binder and GDL in membrane elec-
trode assembly of a fuel cell [26, 61, 67, 68]. Later on, PTFE was substituted by
hydrophilic perfluorosulphonic acid. PTFE or perfluorosulphonic acid is used to
enhance contact between electrolyte and catalyst layer and optimize water retention
inside the MEA. A membrane electrode assembly should have efficient proton
transfer ability, transporting protons from anode through the membrane to
the cathode for oxygen reduction. This property can be achieved by using
Nafion ionomer or other proton exchanging compounds in the catalyst layers.

Fig. 3 SEM obtained for
commercial carbon paper with
20% wet-proof at 500 X
magnification
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Use of proton conducting compounds improves charge transfer efficiency thereby
reducing the need of higher catalyst loading; hence, reducing cost of fuel cells
[13, 20, 26, 61, 69–72].

Recent research has mainly focused on developing cheaper and effective cata-
lysts. Binary or tertiary alloys or metal oxides are majorly used recently as a
substitute for platinum [26, 62, 64, 70, 73–83]. Oxygen reduction reaction can be
conducted via two different pathways (a) two electron pathway forming water,
(b) four electron pathway producing hydrogen peroxide. The two electron pathway
is more desirable because prolonged exposure to hydrogen peroxide reduces
durability and structural integrity of the membrane [83, 84]. Hence, while choosing
a catalyst, it is important to know the mechanism of the reaction it supports.

Solid polymer electrolyte or proton exchange membrane (PEM) is important in
fuel cell as it allows only the proton to be transported through it and not the electrons
[15, 38, 85–89]. Nafion 117 is the most commonly used proton exchange membrane,
which is a polyfluorinated polymer with sulfonic groups as proton donors/acceptors.
High chemical and thermal stability (can be used for short time at 140 °C), along
with good ionic conductivity makes Nafion such a popular choice for PEM. Presence
of sulfonic group that has an ionic bond between oxygen and proton in the Nafion is
responsible for its ionic conductivity. Water can penetrate into the space between the
polymeric chains thus giving the protons a high mobility. N117 membrane is also
able to conduct ions in alkaline media by exchanging the protons present in the
sulfonic group with sodium ions which are mobile in the alkaline fuel cells. Main
characteristics of N117 membrane are presented in Table 1 [90].

DuPont is the major producer of these Nafion membranes, which should be
given a pretreatment as mentioned below before use in a PEMFC:

1. treatment with 3% H2O2 for at least 30 min in order to eliminate all possible
organic residues from inside of the membrane;

2. cleaning of the treated membrane with distilled water;
3. treatment with 1 M H2SO4 solution for at least 1 h, in order to obtain the

membrane in “H” form, when protons are linked onto the SO3
� groups;

4. cleaning with distilled water.

To use the membrane in alkaline media, the protons in the sulphonic group in the
membrane should be replaced by sodium ions prior to use by boiling the N117
membrane for at least 1 h in 0.5 M NaOH solution [91, 92]. While using in a fuel

Table 1 Characteristics of Nafion 117

Main polymeric chain Perfluorosulfonic polymer (PFSA polymer acid)

Active group H+

Thickness (lm) 183

Conductivity (S cm−2) 0–10

Acidity (meq g−1) >90

Maximum working temperature (°C) 140

Working pH 2–11
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cell, it is also possible to replace the protons with Na by recirculation of alkaline
solution in the fuel cell for some time.

To achieve interconnected or stacked fuel cell, proper design and development
of gas diffusion electrode is necessary. Reactants are supplied at the GDL from
which it reaches the active catalyst sites by diffusion through GDL and MPL.
Reactants can be supplied by using flow-fields technique, which also removes
reaction products and ensures electrical contact, in order to collect and transport
electrons into the external circuit [93, 94]. Design and construction of flow-fields
have been modified from the day of inception when simple parallel channels drilled
into graphite plates were used [64, 88, 94]. Later on the simple parallel channels
were modified into serpentine and interconnected structures. Figure 4 shows a
schematic representation of the different types of flow-fields.

When the reactants are transported from the inlet to the outlet of the flow-fields,
there is a considerable pressure drop, hence the catalyst layer near the outlet is not
optimally utilized, thus necessitating improved and modified design of flow-fields to
reduce pressure drop. Rostami et al. [95] demonstrated that pressure drop observed
along the flow-field channel is accompanied by the appearance of a reverse pressure
drop responsible for more losses inside the channels [96–98]. Friction between
reactant molecules and the walls of the flow-field, or with the internal channel of
gas diffusive electrodes cause pressure drop [1, 4, 88, 99]. Inefficient transfer of
water produced in the active catalyst sites causes blockage of channels, reactants are
diverted to the neighboring channels, which also contribute to internal pressure loss.

When the cell is flooded, water blocks the passage of gases through the flow
channels; thus causing mass transport limitation which in turn reduces fuel cell
efficiency [1, 4, 100, 101]. Barbir et al. used pressure drop as a diagnostic tool for
fuel cell flooding, co-relating it with presence of liquid water inside the cathode
channels [99, 102]. With time, design of flow-fields are being further modified to
more complex structures, reducing pressure drops to improve performance of fuel
cells [88, 99, 103–105].

a – Parallel Flow Field b – Serpentine Flow Field c. – Interconnected Flow 

Field 

Fig. 4 Usual flow-fields used in PEMFC construction
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4 PEMFC Types, Electrode Reactions, and Cell Potential

4.1 H2/O2 PEMFC

This particular type of fuel cell was developed in 1963 by General Electric for the
space mission Gemini. This cell was fueled with pure hydrogen and pure oxygen,
and delivered a maximum power of 1 kW [34]. The following reactions take place
at the electrodes:

Anode ð�Þ H2 ! 2Hþ þ 2e� E0
a ¼ 0:V

Cathode ðþ Þ 1=2O2 þ 2Hþ þ 2e� ! H2O E0
c ¼ 1:229V

Overall reaction: H2 þ 1=2O2 ! H2O U0 ¼ 1:22V

4.2 Direct Methanol Fuel Cells (DMFC)

Direct methanol fuel cells are a subset of polymer electrolyte fuel cells which are
able to directly convert the chemical energy stored in methanol to electrical energy.
Methanol can be easily transported using similar network like gasoline transport,
thus making DMFC advantageous. As compared to PEMFC fueled with hydrogen,
DMFC gives a lower power output and lower efficiency due to slow reaction
kinetics of methanol oxidation and methanol crossover from the anodic chamber to
cathode [106, 107]. Crossover of methanol from anode to cathode becomes the
limiting factor when methanol concentration is above 2 M, and it is oxidized at the
cathode leading to decreased performance of the cell [108]. Proper care should be
taken while handling DMFC as methanol vapors are toxic [108, 109]. The fol-
lowing reactions take place at the anode and cathode of a DMFC:

Anode ð�Þ CH3OHþH2O ! CO2 þ 6Hþ þ 6e� E0
a ¼ 0:02V

Cathode ðþ Þ 3=2O2 þ 6Hþ þ 6e� ! 3H2O E0
c ¼ 1:23V

Overall reaction: CH3OHþ 3=2O2 ! CO2 þ 2H2O Ecell ¼ 1:21V

4.3 Direct Ethanol Fuel Cells (DEFC)

As DMFC, the direct ethanol fuel cells are also a subset of PEMFC which are able
to directly convert ethanol into energy. Usage of ethanol as fuel is attractive because
it is a nontoxic compound, which can be supplied by using the infrastructure used
for petrol products distribution and can also be produced from food and nonedible
crop residues in an environment friendly way [40, 71, 110, 111]. Low crossover of
ethanol as compared to methanol, because of bigger molecule size (smaller per-
meability) is another advantage of DEFC [26, 110, 111]. Though ethanol oxidation
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is slow reaction, but reaction kinetics of both ethanol oxidation at anode and oxygen
reduction at cathode can be improved by replacing acidic anodic media with an
alkaline one [110]. This improved kinetics of oxygen reduction into the alkaline
media was experimentally demonstrated by An et al. [112], Modestov et al. [113,
114], and An et al. [115] by comparative tests using classical acidic fuel cells and
also alkaline one. An et al. [39, 116] suggested a direct ethanol fuel cell combining
acidic and alkaline fuel cells, with alkaline anodic media and an acidic cathodic
media.

In classical system, the following reactions take place in acidic media at the
electrode in a DEFC:

Anode ð�Þ CH3CH2OHþ 3H2O ! 2CO2 þ 12Hþ þ 12e E0
a ¼ 0:085V

Cathode ðþ Þ 3O2 þ 12Hþ þ 12e� ! 6H2O E0
c ¼ 1:229V

Overall reaction: CH3CH2OHþ 3O2 ! 2CO2 þ 3H2O Ecell ¼ 1:144V

4.4 Direct Formic Acid Fuel Cells (DFAFC)

Direct formic acid fuel cells are becoming more and more attractive because of their
high power output, which is a result of higher open circuit potential, correlated with
faster kinetics of formic acid oxidation [117–119] and also with low crossover rate
of formic acid [118, 120] than direct methanol fuel cells. Due to smaller number of
electrons exchanged during formic acid oxidation, crossover of formic acid is only
50% as compared to methanol [108]. In case of usage of formic acid as fuel into a
classical PEMFC, the semi-reactions are as follows [108]:

Anode ð�Þ CHOOH ! CO2 þ 2Hþ þ 2e� E0
a ¼ 0:25V

Cathode ðþ Þ 1=2O2 þ 2Hþ þ 2e� ! H2O E0
c ¼ 1:229V

Overall reaction: CHOOHþ 1=2O2 ! CO2 þH2O Ecell ¼ 1:479V

4.5 Direct Borohydride Fuel Cells (DBFCs)

DBFCs were developed in 1960 by Snyder and Irving [48]. Due to high energy
density, sodium borohydride represents a potential fuel for direct electro-oxidation
in DBFC [121]. Nontoxic by-products obtained from anodic oxidation of BH4

− are
major advantage of DBFC [45, 48]. Borohydride being a stable solid compound, it
is easy to store and transport [79]. In addition, during electrochemical oxidation of
borohydride CO2 is not produced and also the catalytic activity is not affected
because no CO intermediates are produced during the oxidation process [45, 79].
Borohydride, however, is not stable in acidic media and hence during operation of
DBFC, a strong alkaline media is required to be used [45, 79, 121]. Among the
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different types of PEMFC, direct borohydride fuel cell generates maximum
potential. When oxygen is used as oxidant, the half-cell reactions in a DBFC are as
follows [121]:

Anode ð�Þ BH�
4 þ 8HO� ! BO�

2 þ 6H2Oþ 8e� E0
a ¼ �1:24V

Cathode ðþ Þ 2O2 þ 4H2Oþ 8e� ! H2O E0
c ¼ 0:40V

Overall reaction: BH�
4 þ 2O2 ! BO�

2 þ H2O Ecell ¼ 1:64V

5 Fuel Cell Thermodynamics

Like any other energy converting device, fuel cell follows the second law of
thermodynamics [1, 4, 6]. The electrode reactions are taking place at interface of the
electrode–electrolyte, where three different phases are in contact: electrolyte,
electrode (catalyst layer), and reactant (fuel or oxidant). The cathodic and anodic
reactions take place simultaneously during power production [1, 2, 4–6, 9, 11, 38,
87]. To have a better understanding of fuel cell functioning, it is important to
consider both thermodynamic and kinetic aspects [1, 4, 6, 12].

Let us consider that the fuel cell overall reaction is:

aAþ bB ! cCþ dD

For the above reaction, Gibbs free energy is calculated by using following Eq. 1.

DG ¼ clc þ dld � ala � blb ð1Þ

where lc, ld , chemical potentials of reaction products, and la, lb, chemical
potentials of reactants. Chemical potential can be calculated as (Eq. 2):

li ¼ l0i þRT ln ai ð2Þ

by replacing the expression of chemical potential into the expression of free Gibbs
energy variation, we obtain Eq. 3:

DG ¼ cðl0c þRT ln aCÞþ dðl0d þRT ln adÞ � aðl0a þRT ln aaÞ
� bðl0b þRT ln abÞ ð3Þ

or, it could be expressed as Eq. 4:

DG ¼ DG0 þRT ln
acca

d
d

aaaa
b
b

ð4Þ
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But, the quantity of energy furnished by an electrochemical device into the
external circuit in isotherm–isobar conditions is represented by Gibbs free energy
variation of cell reaction [4, 6, 11, 15, 122, 123]:

W ¼ DG ¼ �nFE ð5Þ

! E ¼ � 1
nF

DG ð6Þ

where:

E electromotive force of the cell
n number of electrons involved into the cell reaction
F Faraday’s Number
DG Gibbs free energy variation

From Eqs. 4 and 6, the following relation describing fuel cell electromotive
force can be obtained:

E ¼ � 1
nF

DG0 � RT
nF

ln
acca

d
d

aaaa
b
b

ð7Þ

E ¼ E0 þ RT
nF

ln
aaaa

b
b

acca
d
d

ð8Þ

Let us evaluate the theoretical potential of a classical H2/O2 fuel cell. From
Eq. 6, the maximum electrical output of a cell depends on the variation of Gibbs
free energy, number of electrons involved in the reaction, and Faraday’s Number [1,
4, 6, 8, 11, 15, 122]. In this particular case, considering the overall cell reaction as
H2 + ½O2 ! H2O, the Gibbs free energy can be expressed as (Eq. 9):

DG ¼ DH � TDS ð9Þ

where DH-change in enthalpy during reaction, and DS-change in entropy during
reaction. Change in enthalpy can be expressed as [124]:

DH ¼
ZHf

Hi

dH ¼ HF � Hi ð10Þ

Suppose reaction takes place at 25 °C, at this temperature the standard heat of
formation of liquid water is −286.02 kJ mol−1, and that of H2 and O2 is zero
[4, 124].
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DH0 ¼ H0
H2O � H0

H2
� H0

O2
¼ �286:02� 0� 0 ¼ �286 kJ mol�1 ð11Þ

Similarly, change in entropy for water formation can be estimated from Eq. 12
[4, 124]:

DS0 ¼ S0H2O � S0H2
� 1
2
S0O2

¼ 0:06996� 0:13066� 0:20517
2

¼ �0:163285 kJ mol�1K�1 ð12Þ

From Eqs. 11 and 12, the Gibbs free energy for water formation can be calcu-
lated [4, 124]:

DG0 ¼ �286� 298:15� ð�0:163285Þ ð13Þ

! DG ¼ �237:32 kJ mol�1 ð14Þ

From Eq. 6, the maximum electromotive force of H2/O2 fuel cell can be
estimated:

E ¼ �DG0

nF
¼ 237:32� 103

2� 96485
¼ 1:2298V ð15Þ

When the reaction products are in gaseous state, the cell voltage would be different.
In this case, at 25 °C, heat of formation of water is H0

H2O = −241.818 kJ mol−1, and
entropy is S0H2O = 0.18882 kJ mol−1 K−1 [124]. By using these values, changes in
enthalpy and entropy can be calculated as:

DH ¼ �241:818 kJ mol�1 ð16Þ

and

DS ¼ 0:044425 kJ mol�1K�1 ð17Þ

That means the Gibbs free energy is more positive: DG = −228.57 kJ mol−1. By
using the new value of DG, it is possible to determine the maximum cell voltage
when the water is in vapor form:

E ¼ �DG
nF

¼ 228:57� 103

2� 96485
¼ 1:1845V ð18Þ

When the reaction product is in vapor form, the maximum cell voltage that can
be obtained is lower than that with liquid reaction product. This difference between
the two maximum cell voltages is associated with the Gibbs free energy consumed
for the vaporization of water molecules [4, 6, 122, 124].
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Since the cell voltage depends on Gibbs free energy, hence, all the parameters
namely temperature, pressure and reactant concentration; influencing Gibbs free
energy, affects cell voltage.

5.1 Effect of Temperature

Gibbs free energy is given by the difference between DH and TDS. Enthalpy of a
substance increases with increasing temperature. Change in enthalpy with change in
temperature at constant pressure can be calculated as [124, 125]:

DH ¼
ZTf
Ti

CpdT ð19Þ

Similarly, change in entropy can be expressed as [124, 125]:

DS ¼
ZTf
Ti

Cp

T
dT : ð20Þ

Substituting Eqs. 19 and 20 in Eq. 9 we get

DG ¼
ZTf
Ti

CpdT � T
ZTf
Ti

Cp

T
dT ð21Þ

Heat capacity itself is not a constant term and depends on temperature: Cp = f
(T). An empirical expression for molar heat capacity is given by Eq. 22 [124, 125]:

Cp ¼ aþ bT þ c
1
T2 ð22Þ

where a, b, and c are empirical constants which are independent of temperature. By
substituting Eq. 21 with Eqs. 19 and 20, we obtain the temperature dependence
relationship among DG, DH, and DS.

Using the constants available in Atkins’ Physical Chemistry [125], the values of
DH, DS, and DG for different temperatures can be calculated. From the values of
Gibbs free energy, enthalpy and entropy at different temperatures [124] the maxi-
mum theoretical fuel cell performance at a particular temperature can be estimated
[1, 6, 124] as shown in Table 2.
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From Eq. 21 and Table 1, a strong dependence between the maximum voltage
that can be obtained in a fuel cell and temperature of operation is evident. With
increase of temperature, maximum cell voltage decreases as shown in Fig. 5.

5.2 Effect of Pressure

In order to evaluate the effect of pressure, the relationship of Gibbs free energy with
pressure at constant temperature is important [4]. It is assumed that all gases
involved are ideal gases. Applying the first and second laws of thermodynamics for
a reversible reaction, the relationship between entropy and enthalpy can be obtained
[124, 125]:

TdS ¼ dH � VdP ð23Þ

Enthalpy is an extensive quantity which depends on temperature and pressure:

dH ¼ @H
@T

� �
P
dT þ @H

@P

� �
T
dP ð24Þ

Table 2 Estimated
maximum fuel cell
performance

Temperature (K) Ecell (V)

298.15 1.229

333.15 1.200

353.15 1.184

373.15 1.167

Fig. 5 Ideal potential of H2/
O2 fuel cell as function of
temperature
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By substituting Eq. 24 in Eq. 23:

TdS ¼ @H
@T

� �
P
dT þ @H

@P

� �
T
dP� VdP ð25Þ

Substituting CP ¼ @H
@T

� �
P:

dS ¼ 1
T
CPdT þ 1

T
@H
@P

� �
T
�V

� �
dP ð26Þ

By definition of prefect gases, enthalpy is only a function of temperature, that is
@H
@P

� �
T¼ 0, hence Eq. 26 becomes:

dS ¼ 1
T
CPdT � 1

T
VdP ð27Þ

using the perfect gase state:

dS ¼ CP

T
dT � R

dP
P

ð28Þ

DS ¼ Cp ln
T
T0

� R ln
P
P0

ð29Þ

Similarly change in enthalpy can be obtained as:

DH ¼ CP T � T0ð Þ ð30Þ

By substituting Eqs. 29 and 30 in Eq. 9:

DG ¼ CP � S0
� �

T � T0ð Þ � CpT ln
T
T0

þRT ln
P
P0

ð31Þ

From the above equations, the variation of Gibbs free energy with pressure can
be obtained as [4]:

DG ¼
X
i

niCp;i �
X
i

niSi;0

" #
T � T0ð Þ

�
X
i

niCp;i

 !
T ln

T
T0

þRT
X
i

0ni ln
pi
pi;0

; ð32Þ

where G—Gibbs free energy, Cp—molar heat at constant pressure, S—entropy,
P—pressure, and T—temperature.
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By substituting DG value in Eq. 6, Nernst Equation can be obtained [4, 6]:

E ¼ E0 þ RT
nF

ln
PH2P

1=2
O2

PH2O
ð33Þ

When water is present in liquid form, it is necessary to replace the partial
pressure of water with 1. In this case, we can conclude that the increase of reactant
pressure leads to an increase of fuel cell potential.

5.3 Effect of Concentration of Reactant

Concentration of reactants also affects cell voltage. For example in a H2/O2 fuel
cell, if air is used instead of pure oxygen, there will be a drop in performance. The
partial pressure of a gas is proportional to its concentration in the gas mixture.
Since, partial pressure of oxygen in air is only 0.21 of that of pure oxygen which
results in a decreased cell voltage when air is used instead of pure oxygen.

6 Fuel Cell Efficiency

Thermal efficiency of any conversion device is defined as the ratio between the
quantity of useful energy produced and the energy input. This energy input can be
evaluated as the change in enthalpy between the products and reactants [1, 4, 6, 8, 122].
Classical conversion devices use thermo-mechanical conversion systems, in which
the maximum efficiency is limited by the initial and final temperatures of the fluid
[4, 6]. For electrochemical devices which convert chemical energy directly into
electrical energy, the produced electrical energy can be calculated directly from the
Gibbs free energy:

gmax½%� ¼ DG
DH

� 100 ð33Þ

Under standard conditions (298 K temperature and 1 atmospheric pressure),
thermal energy for overall reaction in a H2/O2 fuel cell is DH ¼ �286 kJ mol�1,
and the free Gibbs energy is DG ¼ �237:32 kJ mol�1. By substituting these values
in Eq. 33, the maximum cell efficiency can be obtained under standard conditions:

gmax½%� ¼ �237:32 kJ mol�1

�286 kJ mol�1 � 100 ¼ 82:98% ð34Þ
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6.1 Losses in Actual System

The actual cell potential obtained during operation of a fuel cell is less than the ideal
theoretical potential at standard conditions. This is due to polarization taking place
at the electrodes. These polarizations are known as overpotential or overvoltage
[4, 6], and they are dependent on the fuel cell load, which are classified into three
types:

– activation overpotential;
– ohmic polarization losses;
– mass transport overpotential.

6.2 Activation Overpotential

It appears at lower values of current density, as a consequence of low electrode
kinetics. Such overpotential appears when the electrochemical reaction speed is
controlled by charge transfer. Activation overpotential can also be influenced by the
nature of the electrode, adsorption of the reactants on electrode surface, and the
slow reaction kinetics between adsorbed intermediates. Activation overpotential can
be calculated by Tafel equation, obtained as a particularization of Butler–Volmer
Equation [4].

For the anodic reaction activation overpotential can be expressed as:

gaact ¼
RT
azF

ln
i
i0

ð35Þ

Similarly for the cathodic reaction activation overpotential can be expressed as:

gcact ¼
RT

ð1� aÞzF ln
i
i0

ð36Þ

where a—anodic electron transfer coefficient, 1−a—cathodic electron transfer
coefficient, i0—exchange current density.

6.3 Ohmic Polarization Losses

These losses occur due to the resistance encountered by the ionic flow while
passing through the electrolyte and the resistance encountered by the electrons
when they pass through cell electrodes. The ohmic losses are directly related to the
internal resistance of the electrolyte, and can be reduced by increasing the ionic
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conduction of the polymeric membrane, as well as also by reducing the distance
between anode and cathode (reducing the thickness of the membrane). Ohmic
losses also depend on the internal resistance of the electrodes. Experimental data
confirm that the electrolyte and the electrodes obey Ohm’s Law (Eq. 37):

gohm ¼ IR ð37Þ

6.4 Mass Transport Overpotential

It appears because the reaction actually takes place at the electrode–electrolyte
interface. Consumption of the reactants reduces the availability of reacting species
at the electrode surface. At the same time, presence of reaction products at the
interface reduces the concentration of active reaction species. Hence, a concentra-
tion gradient is formed between the electrode surface and bulk liquid which causes
mass transport overpotential.

Mass transport overpotential is caused because of:

– slow diffusion of gaseous phase into the active reaction sites;
– slow reactants and products diffusion through electrolyte to and from the place

where the electrochemical reaction occurs;
– slow dissolution of reactants and reaction products into the electrolyte.

As a consequence of the concentration gradient, a sharp variation of the cell
potential appears under practical conditions especially at high current densities, low
fuel concentration, and low oxidant concentration, representing a significant loss of
the cell potential. At practical current densities observed in fuel cells, the reactants
are supplied at electrodes by diffusion; hence, the rate of mass transport can be
described by Fick’s Law of diffusion (Eq. 38):

gdiff ¼
RT
zF

ln 1� j
jlim

� �
ð38Þ

where jlim—diffusion limiting current.
Activation and mass transport overpotentials can appear at both anode and

cathode:

ganode ¼ gact;anod þ gconc;anod ð39Þ

gcathode ¼ gact;cathode þ gconc;cathode ð40Þ

Hence, the anode potential becomes more positive and the cathode potential
becomes more negative as compared to ideal conditions:
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Eanod ¼ Eanod þ ganod ð41Þ

Ecathode ¼ Ecathode � gcathodej j ð42Þ

From the above equations overall cell potential can be estimated as:

Ecel ¼ Ecathode � gcathodej j � Eanod þ ganodð Þ � iR ð43Þ

Ecel;I 6¼0 ¼ Erev �
X

gj j � iR ð44Þ

When a cell is delivering energy to the external circuit; increase of current
density leads to a decrease of cell voltage, due to activation, concentration and
ohmic polarization losses. Future research must focus on minimization of all these
internal losses in order to get a closer value of Ecel;I 6¼0 to the cell reversible
potential.

7 Conclusion

Fuel cells represent a viable option for clean energy production by direct conversion
of chemical energy into electrical energy. Maximum theoretical cell voltage
obtained for direct conversion of hydrogen is 1.2298 V with a cell efficiency of
82.98%. Due to several losses the real cell performance obtained during system
operation is less than the ideal theoretical cell performance at standard conditions.
The cell voltage is dependent on Gibbs free energy and in turn on: temperature,
pressure, and partial pressure of reactants. Future research should deal with mini-
mization of all internal losses in order to increase the real cell potential to a closer
value to the theoretical cell potential.
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