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ABSTRACT
With a rise in demand for electricity and depletion of fossil fuel levels, researchers
are looking for an alternative resource to generate power, one which is more
environmentally friendly. Fuel cells are one of the best alternatives presently available and
are considered by many to be the most promising energy sources with efficiencies of up to
60%. Presently, the cost associated with the usage of fuel cells available in the market is
quite high. Researchers are trying to bring down costs associated with their usage and
improve efficiency. PEM fuel cells are one of the most promising types of fuel cells.
Researchers are currently trying to improve its efficiency by improving its electrolyte.
Nafion® is one of the main electrolyte used in PEM fuel cells as it acts as proton
conductor. Graphene has an exceptionally high surface area to volume ratio and excellent
strength. Current research is focused on integrating graphene in PEM fuel cell electrolytes
to improve performance.
In this study, graphene is added to Nafion® in varying weight percentages to study
the performance of the fuel cell given these changes. The graphene weight percentage is
varied by 1, 2, 3, and 4. The fuel cell was operated and it was observed that with the
addition of graphene there is an improvement in voltage, proton conductivity, and electron
conductivity of the PEM fuel cell. The improvement of proton conductivity and electron
conductivity followed a linear path with the increase in graphene weight percentage in the
Nafion®. Physical properties of the Nafion® membrane with additional graphene were
measured and found out that dielectric constant and thermal conductivity also improved
linearly with an increase in graphene weight percentage.
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CHAPTER 1
INTRODUCTION
1.1 Motivation
Hydrocarbon fuels like natural gas and oil are widely used as power sources. With
the depletion of these fuels, there will be power shortages in the near future. There is an
ever-growing demand for alternative fuels that generate power that is environmentally
friendly. Fuel cells are the most promising alternative power sources with efficiencies up
to 60%, quiet operation, and no polluting emissions. Because of this, research in this field
has grown exponentially over the last twenty years.
A typical single stack PEM fuel cell will generate approximately 0.9 V- 1.0 V.
When these fuel cells are stacked together it can generate enough power to run an
automobile, charge a laptop, and more. Meanwhile, nanotechnology has wide range of
applications in the fields of medicine, biomaterials, electronics, and energy production.
Graphene forms the basic structural element for some carbon allotropes like graphite,
carbon nanotubes, and charcoal and has an exceptionally high surface area to volume ratio
as well as high mechanical and thermal properties. These properties of graphene can be
utilized for improving the efficiency of fuel cells, thereby reducing costs.
1.2 Objective
A PEM fuel cell contains Nafion® membrane as an electrolyte and Pt/C as a
catalyst. Research is being carried out to improve the efficiency of fuel cells by adding
nanomaterials that add stiffness and stability to the membranes in the fuel cell. Graphene
has exceptionally high surface area to volume ratio mechanical strength and many other
properties. When these nanomaterials are integrated with the membranes in a fuel cell
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(PEM), there will be an increase in the overall efficiency of the fuel cell.
Various proportions of graphene were added to the Nafion® membrane and tested
to see whether changes in the graphene content will improve the durability and
performance of the fuel cell. Experiments were carried out by adding different weight
percentages of nanographene platelets to Nafion®, which showed variations in the
performance of the fuel cell.
1.3 Background
We know that hydrocarbon fuels like natural gas and oil are widely used as sources
of power. With the depletion of these power sources, there will be power shortages in
many countries. The major disadvantages associated with hydrocarbon fuels are sound
pollution and toxic emissions into the atmosphere. Fuel cells are one of the most
promising alternative power sources with efficiencies of up to 60%, higher energy
densities relative to batteries, and the ability to operate without producing any pollutants
[1-4]. Nanotechnology has emerged as a strong field in the last two decades. Its
applications vary from Engineering to Medical Sciences, with new applications being
found each day. Because of this, focus needs to be directed toward fuel cells and the
techniques associated with nanotechnology. The performance of a fuel cell is greatly
affected by the type of electrolyte or catalyst used.
“Fuel cell is an electrochemical energy conversion device that converts the chemical
energy of a fuel (hydrogen, natural gas, methanol, gasoline, etc.) and an oxidant (air or
oxygen) into water and in the process produces electricity efficiently, silently and without
combustion” [5]. Hydrogen is used as a fuel in most cases. The fuel cell is quite different
from a basic combustion process wherein energy is generated through burning and
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harmful emissions occur.
Any fuel cell consists of mainly anodes (negative electrodes) and cathodes
(positive electrodes) that are separated by a liquid or solid electrolyte. Generally, anodes
and cathodes have channels that disperse the hydrogen and oxygen gases equally over the
surface of the catalyst. Platinum or palladium is used as a catalyst in most fuel cells. In
many fuel cells, hydrogen gas enters the cell at the anode, and then splits into positive ions
and negative electrons. There are no harmful emissions -- clean water is the only release.
Electrons are forced to follow an external circuit, generating electricity that
extends from the anode to the cathode. The hydrogen ions will travel from anode to
cathode through the electrolyte where they recombine with electrons and oxygen to
produce water and heat. In principle, the operation of a fuel cell is same as a battery.
However, unlike a battery, a fuel cell does not run down or require recharging, producing
electricity and heat as long as fuel and an oxidizer are supplied.
The advantages of fuel cells compared to conventional power sources like internal
combustion engines or batteries are silent operation, easy maintenance due to simpler
parts, non-existent pollution, and a longer, more productive length of output. However, the
disadvantages include a slightly bigger size than comparable batteries or engines and the
current costs associated with using hydrogen.
Current fuel cells typically generate a voltage of around 0.8-0.9 volts with power
outputs of a few tens or hundreds of watts. Because of this, cells are assembled in modules
known as stacks and connected electrically in both series and parallels to provide a larger
voltage and output.
Basically any fuel cell consists of three segments which are sandwiched together:
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anode, cathode, and electrolyte, as shown in Figure 1.

Figure 1: Segments of a fuel cell.

The catalyst oxidizes fuel (hydrogen) into positively charged and negatively
charged ion at the anode. The electrolyte is specifically designed so that only ions can
pass through it. The freed electrons travel through a wire, creating the electrical current.
The hydrogen ions pass through the electrolyte and reach the cathode. Once reaching the
cathode, the ions are reunited with the electrons, and both react with oxygen to create
water and carbon dioxide.

1.4 Types Of Fuel Cells
1.4.1

Proton Exchange Membrane Fuel Cells
Proton exchange membrane (PEM) fuel cells, also called polymer electrolyte
membrane fuel cells, use a proton-conducting polymer membrane as an electrolyte [6].
These cells generally operate at relatively low temperatures (about 80 0C or 175 degrees F)
resulting in a low thermal wear to components. They also have high power density and are
4

well-suited for automobiles where quick start-ups are required.
The proton conducting membrane is a thin plastic sheet that allows only hydrogen
ions to pass through. This membrane is coated on both sides with highly dispersed metal
alloys (typically platinum) which act as a catalyst [9]. A PEM fuel cell still contains an
anode, cathode, electrolyte and catalyst. Figure 2 is a simple illustration showing the
workings of a PEM fuel cell.

Figure 2: Working of a PEM fuel cell [9].

The anode is the negative post of the fuel cell and is responsible for splitting
hydrogen into positive ions and negative electrons. It contains a serpentine path through
which hydrogen gas flows uniformly over the surface of the catalyst. The fuel cell also
contains a positive terminal called cathode which directs electrons from the external
circuit to the catalyst where they combine with hydrogen ions to produce oxygen and
water. The electrolyte (proton exchange membrane) has a unique property of allowing
only hydrogen ions (protons) through it, blocking the electrons. An electric field is created
across the membrane which allows proton transfer [7]. The electrolyte used here is
5

Nafion®, a perfluorinated polymer that contains small portions of sulfonic or carboxylic
ionic functional groups [7]. The general chemical structure of Nafion ® is shown in Figure
3, where M is either a metal cation in the neutralized form or an H + in the acid form and X
is either a sulfonic or carboxylic functional group [7]. A detailed report on Nafion® is
discussed in the following chapters.

Figure 3: Chemical structure of Nafion® perfluorinated ionomer [7].

The fuel cell's catalyst is a material that facilitates the reaction of oxygen and
hydrogen. It is made of platinum nanoparticles thinly coating one side of carbon paper or
cloth. The platinum-coated side of the catalyst faces the PEM. Since the catalyst is rough
and porous, the maximum surface area of the platinum can be exposed to the hydrogen or
oxygen.
The working of a PEM fuel cell is simple. It uses a chemical process to combine
hydrogen and oxygen to water, producing an electric current in the process. First,
hydrogen is supplied from the anode. It follows the serpentine path of the anode before
touching the Nafion® surface. As described earlier, the platinum catalyst splits the
hydrogen into hydrogen ions and electrons. The protons (hydrogen ions) diffuse through
6

the Nafion® and reach the cathode. The electrons travel through an external circuit,
producing electrical current which can supply power to any electrical device [9]. The
process is complete when the oxygen supplied from the cathode reacts with hydrogen ions
and oxygen to produce water [9].
The following are the chemical reactions taking place at the electrodes:
Anode:

2H2 → 4H+ + 4e-

Cathode: 4e- + 4H+ + 02 → 2H2O
Overall:

2H2 + O2 → 2H2O

The overall process is smooth, quiet, more efficient than other fuel cells, and
environmentally friendly. Unfortunately, since a noble-metal (platinum) is used as catalyst
to separate hydrogen’s ions and electrons, the overall cost of the system is high. Moreover,
if hydrogen used in the fuel cell is derived from an alcohol or hydrocarbon fuel, then the
catalyst (platinum) used is extremely sensitive to CO poisoning, making it necessary to
employ an additional reactor to reduce CO in the fuel [8], which again raises the cost.
Another major barrier to using PEM fuel cells in vehicles is hydrogen storage. For
vehicles running on fuel cells, hydrogen must be present on-board as a compressed gas in
pressurized tanks. Because of the low-energy density of hydrogen, it is difficult to store
enough hydrogen in vehicles to travel the same distance as gasoline powered vehicles
before refueling (around 300-400 miles). Some of the higher-density liquid fuels like
methanol and ethanol can be used for fuel, but the vehicles must have an on-board fuel
processor to change the methanol to hydrogen, which increases the cost of system [8].
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1.4.2 Alkaline Fuel Cells
Alkaline fuel cells (AFCs) were one of the first fuel cell technologies developed
and are widely used in the U.S space program. These fuel cells are used by NASA on
space missions to generate power up to an efficiency of 70 percent. The Apollo spacecraft
utilized alkaline fuel cells to produce electricity and drinking water. The operating
temperatures of these fuel cells are quite high -- about 150 to 200 degrees C (300 to 400
degrees F). These fuel cells use a solution of potassium hydroxide (KOH) soaked in water
as the electrolyte and can use a variety of non-precious metals as a catalyst at the anode
and cathode [10]. The charge carrier hydroxyl ion (OH-) will travel from cathode to anode
and react with hydrogen to produce water and electrons. Water is formed in the anode and
is migrated back to the cathode to regenerate hydroxyl ions [11]. Since the cathode
reaction is faster in the alkaline electrolyte, performance is increased, which is an added
advantage to the system. The reactions at anode and cathode are shown below.

Anode Reaction:

2 H2 + 4 OH- → 4 H2O + 4 e-

Cathode Reaction:

O2 + 2 H2O + 4 e- → 4 OH-

Overall Net Reaction:

2 H2 + O2 → 2 H2O
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Figure 4: Block drawing [11] and sectional view of AFC [10].

Figure 4 shows a simple illustration of the workings of an AFC fuel cell. The cell
outputs for these systems typically range from 300 watts to 5 kW. The efficiency of this
fuel cell is about 60% in space applications. However, they are highly susceptible to
contamination; even a small amount of CO2 can affect the cell’s performance, so it
requires high purity hydrogen (from electrolysis or an ammonia plant) and oxygen [12].
This purification process is costly. AFC stacks have shown stable operation for 8,000
operating hours. However, for using them economically in large-scale commercial
applications, they need to reach 40,000 operating hours. Unfortunately they are not able to
reach this threshold because of durability issues with the material. These drawbacks make
alkaline fuel cells commercially unsuccessful.
1.4.3 Direct Methanol Fuel Cells
Direct methanol fuel cells (DMFCs) also use polymer membrane as the electrolyte
like PEM fuel cells. In DMFCs, the need for a fuel reformer can be eliminated because the
anode catalyst itself draws hydrogen from the liquid methanol [13]. Liquid methanol

9

(CH3OH) is passed to the anode and is oxidized in the presence of water, producing CO2
as well as hydrogen ions and electrons. The electrons travel through the external circuit,
creating the electric output of the fuel cell [16]. The hydrogen ions diffuse through the
electrolyte and react with oxygen and electrons coming from the external circuit forming
water and completing the process. The reactions at the anode, cathode, and overall
reaction are explained below.
Anode Reaction: CH3OH + H2O → CO2 + 6H+ + 6eCathode Reaction: 3/2 O2 + 6 H+ + 6e- → 3H2O
Overall Reaction: CH3OH + 3/2 O2 → CO2 + 2 H20
These fuel cells typically operate at a temperature between 120-1900F and
efficiencies of about 40% are expected. Because of this, it is used for small to mid-sized
applications such as powering laptops or cellular phones. Higher efficiencies can be
achieved at elevated temperatures. Different parts detailing the workings of a DMFC are
shown in Figure 5.

Figure 5: Picture showing the workings of a DMFC [17].
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DMFCs do not have many of the fuel storage problems of other types of fuel cells because
methanol has higher energy density than hydrogen [14]. Since methanol is a liquid fuel, it
is easy to transport and supply. DMFC technology is relatively new in comparison with
other fuel cells, lagging in development by at least three to four years compared to all
other fuel cell types. Efficiency of this fuel cell is very low at about 35%. Many
companies are working on a DMFC prototype, which can be used by the military for
powering electronic equipment in the field [15].
Another drawback in DMFCs is that since the fuel cell is operating at a lower
temperature, oxidation of methanol to CO2, hydrogen ions, and electrons requires a larger,
more expensive platinum catalyst, raising the cost of the system. Other drawback
associated with this type of fuel cell is low energy output as the fuel crosses over from the
anode to the cathode.
1.4.4 Phosphoric Acid Fuel Cells
Phosphoric Acid Fuel Cells (PAFCs) are the first generation of modern fuel cells.
These are typically used in office buildings, hospitals, stationary power generators, airport
terminals, and hotels. PAFCs use liquid phosphoric acid as an electrolyte, which is
contained in a Teflon-coated silicon carbide matrix with porous carbon electrodes
composing the platinum catalyst. A simple illustration showing an explanation of the
reactions of PAFC are displayed in Figure 6.
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Figure 6: Working of a PAFC [20].

The chemical reactions taking place at anode and cathode are shown below:
Anode Reaction: 2H2 → 4H+ + 4eCathode Reaction: O2 + 4H+ + 4e- → 2H20
Overall Reaction: 2H2 + O2 → 2H2O

At lower temperatures, phosphoric acid is a poor ionic conductor and poisoning of the
platinum catalyst in anode by carbon monoxide becomes severe [19], so these cells generally
operate within a temperature range of 150-2000C. PAFCs generate electricity at more than
40% efficiency and nearly 85% of the steam this fuel cell produces is used for co-generation.
Since CO2 will not affect the performance of the fuel cell, several reformed fossil fuels can be
used to operate it. Advantages associated with these fuel cells are the fact that they are stable
long-term, simple in construction, and have low electrolyte volatility [20] . An added
advantage is that impure hydrogen can also be used as fuel in these cells. Like PEM fuel cells,
these also require expensive platinum as catalyst which raises the cost of the fuel cell [18].
These fuel cells are typically large and heavy as well as less powerful than other fuel cells of
12

the same weight and volume.
1.4.5 Molten Carbonate Fuel Cells
Molten carbonate fuel cells (MCFC) utilize an electrolyte which is a fusion of
carbonate salts: potassium carbonate and lithium carbonate, or sodium carbonate and
lithium carbonate [22]. For achieving high ion mobility and melting the carbonate salts,
MCFCs generally operate at very high temperatures of approximately 650 0C (1202 0F). At
-

these high temperatures, the salts melt and become conductive to carbonate ions (CO32 ).
These ions flow from the cathode to anode and combine with hydrogen to produce carbon
dioxide, water, and electrons. These electrons will travel through an external circuit,
producing electrical current, as can be seen from Figure7. The range of MCFCs is
generally between 75-250 KW individually, but when combined with several units, it can
generate electricity up to 5 MW [24]. The chemical reactions are shown below:
.

Anode Reaction:

-

-

CO32 + H2 → H2O + CO2 + 2e
-

Cathode Reaction: CO2 + ½ O2 + 2 e → CO32
Overall Reaction:

-

H2 + ½ O2 + CO2 → H2O + CO2

Since these fuel cells operate at very high temperatures, there are many
advantages. Several non-precious metals can be used as catalysts at the anode and cathode,
thus reducing the cost. MCFCs do not require any external reformer to convert high
energy-density fuels to hydrogen. Instead, generation of hydrogen comes from fuels
within the fuel cell itself [21]. The efficiency of the fuel cell is 65% but if the heat released
by the fuel cell can be utilized then the efficiency of the system increases to about 85%.
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Figure 7: Simple illustration of MCFC [21].

Because of these higher temperatures, there are also disadvantages associated with
these fuel cells. At these high temperatures, the carbonate electrolyte used can accelerate
component breakdown and corrosion [21]. Since the time taken by the fuel cell to reach
optimal operating conditions is high and the response to change in power demands is slow,
this fuel cell is more suitable for constant power applications [22]. Also, carbon monoxide
is an extremely effective poison for this fuel cell's catalyst [23]. Even a few parts per
million of carbon monoxide can successfully degrade the overall performance of the fuel
cell.
1.4.6 Solid Oxide Fuel Cell
Solid oxide fuel cells (SOFCs) use a non-porous, hard ceramic compound as an
electrolyte. Since the electrolyte is solid, these cells do not need to be constructed in a
plate-like configuration typical of other fuel cell types [25]. SOFCs are currently the
-

highest temperature fuel cells, operating between 6000C-10000C. Oxygen ions (O2 ) are
the charge carriers in these cells. Oxygen supplied to the cathode is split into oxygen ions
14

and electrons are added [26]. These oxygen ions will travel through the electrolyte,
reaching anode side to combine with hydrogen releasing electrons. A simple drawing
explaining different parts of a SOFC fuel cell is shown in Figure 8.

Figure 8: Illustration of SOFC [25].

The electrons are forced to travel through an external circuit, generating electric
power and releasing heat as by-product. The chemical reactions taking place in the cell are
shown below:
Anode Reaction: 2H2 + 2 O2- → 2H2O + 4 e

-

-

Cathode Reaction: O2 + 4 e → 2O2Overall Reaction: 2H2 + O2 → 2H2O
Since these fuel cells operate at very high temperatures, they do not require a
precious-metal catalyst, thereby reducing the cost. These fuel cells reform fuels internally,
which allow a variety of fuels to be used, thereby reducing the cost. SOFCs are not
affected by carbon-monoxide. To the contrary -- it can even be used as a fuel. Moreover,
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these fuel cells are sulfur resistant, which means they can tolerate several orders of
magnitude more of sulfur than other fuel cell types [25]. The operating efficiency in
generating electricity is about 60%, the highest of all fuel cells, and if the waste heat
released is captured and used, the overall efficiency can be more than 70%.
SOFCs have their disadvantages, though. Because of their extremely high
temperatures, parts of the fuel cell can break down after cycling on and off repeatedly.
They take a significant amount of time to reach optimal operating conditions and respond
very slowly to changing power demands, which makes them more suitable for high power
applications like industrial and central electricity generating power stations. Figure 9
shows the advantages and applications of fuel cells.

Figure 9: Chart summarizing the applications and advantages of fuel cells of different types,
and in different applications [48].
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1.5 PEM Fuel Cell Components
1.5.1 Membrane
A fuel cell membrane should exhibit high proton conductivity, must be chemically
and mechanically stable in the fuel cell environment, and act as a barrier, preventing the
mixing of fuel and reactant gases [28]. Generally, perfluorocarbon-sulfonic acid ionomers
(PSAs) are used to make membranes for PEM fuel cells. These PSAs are essentially a
copolymer of tetrafluoroethylene (TFE) and several perfluorosulfonate monomers. The
most commonly used membrane in PEM fuel cells is Nafion®, made by DuPont, which
uses perfluoro sulfonylfluoride ethyl-propyl-vinyl ether (PSEPVE) [27]. Many materials
have been developed and provided by several manufacturers like Asahi Glass (Flemion ®),
Chlorine Engineers (“C” membrane), and Dow Chemical.
Nafion® membranes come in different sizes and thicknesses. The general notation
for Nafion is the letter N followed by a three or four digit number. The first two digits
represent equivalent weight out of 100, and last digit or two represents the membrane
thickness in mills (1 mill= 0.0254mm) [27]. Important properties of a fuel cell membrane
are high proton conductivity, gas permeation, water transportation abilities, and physical
properties like strength and dimensional stability [27]. Water content in the membrane
plays an important role for all the above properties. This water content is generally
expressed as grams of water per gram of dry weight of polymer (or) number of water
molecules persulfonic acid groups in a polymer, λ = N (H2O)/N (SO3H). Membrane
treatment and water that is used to create equilibrium within the membrane will strongly
affect the percentage of water present in the membrane.
Since water plays a vital role in the performance of membrane’s primary function (i.e.
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proton conduction), high water content in the membrane must be maintained. There are
many mechanisms that affect the water transport across the membrane. These mechanisms
include the following:
1. Water generation on cathode side proportional to current generation [27].
2. Electroosmotic drag (i.e. protons that drag one or more water molecules from anode to
cathode).
3. Water concentration gradient causing diffusion across the membrane.
1.5.1.1 Nafion®
Nafion® was first developed by Dr. Walther Grot at Dupont in late 1960’s by
modifying Teflon®. Nafion® started an entirely new category of polymers called ionomers
as it is developed with ionic properties [29]. It contains a hydrophobic fluorocarbon
backbone and perfluoroether side chains terminating in a super acidic, hydrophilic ionic
pendant group: sulfonic acid [30]. The sulfonic acid group is shown in its anhydrous form
SO3H. When it is exposed to water, Nafion's hydrolyzed form (SO3 -H3O+) will allow
effective proton transport across the membrane. Nafion® membranes are also thermally,
chemically, and oxidatively stable. The semicrystalline polytetrafluoroethylene matrix
provides modulus greater than or equal to 100MPa in the dry state and resistance to
dissolution while swelling with hydrophilic diluents [31]. The ionic aggregates provide a
pathway for ion-associated transport to achieve ionic conductivities on the order of
100mS/cm when swollen with hydrophilic diluents [32, 33].
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Figure 10: Chemical structure of Nafion® [30].

Nafion® combines ionic characteristics with the physical and chemical properties
of Teflon® base materials to give the final material some unique properties. For instance,
Nafion® is extremely resistant to chemical attack, unlike Teflon ®. Only metallic alkali
metals like sodium can attack Nafion® directly under normal operating conditions.
Therefore, Nafion® doesn’t release degradation products into surrounding environment
[29].Nafion® is also highly ion-conductive unlike the Teflon®, acting as a cation exchange
polymer. The sulfonic acid groups attached to the Teflon® backbone within Nafion®
function as an extremely strong proton donor [29]. In addition, Nafion® is highly
permeable to water and can operate at higher temperatures than many other polymers. Its
applications include the fabrication of the ion-exchange membrane that is used to produce
chlorine gas and sodium hydroxide by the electrolysis of salt water [29]. It is also used as
a proton exchange membrane in polymer electrode fuel cells [29]. Nafion® is used as a
super-acid catalyst in the production of very fine chemicals [29]. Mostly, though, Nafion ®
is used for drying or humidifying breath for anesthesia, respiratory care, and many
applications in laboratory and industrial fields [29].
Nafion® will turn somewhat yellow within a year and brown in next three to five
years. Even after this, Nafion® will still function normally and no drop in efficiency is
observed. The original color of Nafion® (clear) can be obtained by cleaning it. Generally,
non-polar solvents like hexane are used as cleaning solvents, but the most efficient way is
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to boil Nafion® in strong acid. However, Nafion® membrane exhibits poor ionic
conductivity at low humidity and high temperatures, limiting the working conditions for
smooth running of a PEM fuel cell [34].
1.5.3 Electrode
A fuel cell electrode is generally a thin catalyst layer present between the ionomer
and a porous electrically conductive substrate [27]. The electrode is the important part of
a fuel cell because the electrochemical reaction will take place on the surface of the
catalyst itself. The most commonly used catalyst for oxygen reduction and hydrogen
oxidation reactions is platinum. During the initial stages of PEMFC development, large
amounts of platinum catalyst were used (up to 28 mg cm-2) [27]. With advances in
research, it has been found that the surface area of the catalyst matters, not the weight.
Small platinum particles (4nm or smaller) with larger surface areas finely dispersed on a
catalyst support surfaces like carbon powders (cca 40 nm) with high mesoporous area
(>75 m2g-1) [27]. This catalyst layer should be thin in order to minimize the potential cell
losses because of the rate of proton transport and reactant gas permeation [27].
The performance of PEM fuel cells can be improved by increasing the Pt
utilization in the catalyst layer, not by increasing the Pt loading. The active surface area
of the catalyst may be increased greatly by premixing the catalyst and ionomer in the
process of forming the catalyst layer [27]. The optimum amount of ionomer in catalyst
layer is around 30% of the overall weight.
There are two ways of preparing a catalyst layer and attaching it to the ionomer
membrane. This type of combination of catalyst layers and membrane is called the
membrane electrode assembly (MEA). The first way of preparing the layer is depositing
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the catalyst layer on the porous substrate, the so called the gas-diffusion layer (typically
carbon cloth or carbon fiber paper), and then hot pressing it to the membrane [27]. The
second way is the direct application of the catalyst layers directly or indirectly (decal
process) to the membrane, forming a 3-layer MEA. Porous substrate may be added later as
an additional step in formation of a 5-layer MEA.
1.5.4 Gas Diffusion Layer (GDL)
The gas diffusion layer should fulfill certain required properties [35]. The GDL
must be sufficiently porous to allow for the flow of both reactant gases and product water
that flow in opposite directions. It must be electrically and thermally conductive. The
pores of the GDL facing the catalyst layer shouldn’t be too big because the catalyst layer
is made of discreet small particles.
All these requirements are best suited by carbon fiber-papers or woven carbon
fabrics or cloths.

This diffusion media is generally made hydrophobically to avoid

flooding.
1.5.5

Bipolar Plates
The bipolar plates play a vital role in the active working of a fuel cell. The
functions of bipolar plates help in attaining certain required properties such as being
electrically conductive since they connect cells electrically in series. They must be
impermeable to gases as they separate the gases in adjacent cells. These plates are also
thermally conductive as they are used to conduct heat from active cells to the cooling
cells.
In addition to these, the plates must be corrosion resistant but not made from exotic
or expensive materials. They should be inexpensive and easy to manufacture in order to
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reduce the overall cost of the fuel cell. Generally two types of materials are used as bipolar
plates in PEM fuel cells, namely graphite-composite and metallic. These bipolar plates are
exposed to a very corrosive environment inside a fuel cell with a pH of 2-3 and
temperature of 60-800C. If metals such as aluminum, steel, or titanium are used, they
easily corrode, resulting in the lowering of ionic conductivity and reduction of the overall
life of the fuel cell. Metallic plates should be coated with a non-corrosive yet electrically
conductive layer like graphite, conductive polymer, or noble metals. Electrical
conductivity of graphite-composite bipolar plates is between 50 and 200 S cm-1 [27].
1.6 Physical Properties of Nafion®
1.6.1 Thermal Properties
Thermal conductivity of a material is defined as “the quantity of heat transmitted
through a material in a given time, in the direction normal to the surface of unit area, due
to the temperature gradient under steady conditions” [37]. Thermal conductivity measures
a substances ability to transfer heat by conduction and is given by the below formula:

𝑞 = −𝑘𝐴

𝑑𝑇
𝑑𝑋

(1.1)

Where,


q is the heat flux which is defined as the rate of heat transfer per unit cross sectional area



X is the thickness of the material



dT/dX is the temperature gradient per unit length which is defined as the rate of change of
temperature with displacement in a given direction from a given reference point



A is the cross sectional area of the sample



k is the proportionality constant which is the thermal conductivity of a given material
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The unit of thermal conductivity in the SI system is W/ (mK), CGS system is
𝑐𝑎𝑙/(cms ), English system is Btu in/ (
W/ (

), CGS system is cal/ (

h

) and the unit of heat flux in SI system is

s) and English system is Btu/ (

h) [37].

Thermal conductivity of materials depends on many factors such as temperature,
pressure, density of the material, orientation of chain segments, degree of crystallinity,and
crystal structure [38, 39]. Heat energy can be transferred more efficiently along the
polymer chains (molecules) than across the chains; therefore, crystalline polymers with
highly ordered chain segments and high density have high thermal conductivity compared
to amorphous polymers.
Polymers are good thermal insulators; they have very low intrinsic thermal
conductivity value when compared to metals and ceramics. Certain applications such as
electronic packaging, semiconductor industry, satellite devices, and aircraft structural
components require good heat dissipation, low thermal expansion, and light weight. For
these applications, polymers can be reinforced with inorganic or organic fillers with high
thermal conductivity to produce more advanced polymer composites with high thermal
conductivity for these applications.
Heat is conducted by the interactions of molecules and atoms caused by thermal
vibrations in polymers. The covalently bonded polymer backbone will have higher
thermal energy compared from one chain to another across the vander Waals bonds.
At low molecular weights, the thermal conductivity increases as the square root of average
molecular weight and is independent of molecular weight at high molecular weight as
predicted by Hansen et al [40]. If linear and branched polymers of equal molecular weight
are to be considered, the linear polymer will have higher thermal conductivity [40]. With
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the addition of plasticizers the thermal conductivity generally gets reduced. Thermal
conductivity also depends on the orientation of the polymers. If polymers are oriented
parallel to stretching there is an increase in thermal conductivity and when polymers are
oriented perpendicular to stretching, thermal conductivity decreases. Stretching the
polymer orients the low resistance preferentially parallel to the stretching direction and the
high resistance preferentially perpendicular to the stretching direction [40]. Crystalline
polymers are more ordered and dense, hence they have high thermal conductivity when
compared with amorphous polymers [41].The difference between amorphous and
crystalline polymers with respect to heat conduction may be characterized as a lower
resistance to intermolecular transfer in a crystalline polymer. Hence the conductivity of a
crystalline polymer would be less sensitive to molecular weight [41].
1.6.2 Dielectric Constant
A parallel plate capacitor consists of two conductor plates connected to an external
DC power supply separated by a dielectric material. When current flows through the DC
supply to the conductor plates, the negative electrode of the DC power will attract the
positive charges in the conductor plate, making it negatively charged [37]. At the same
time, the positive electrode of the DC power will attract the negative charges in the
conductor plates, making it positively charged. Due to this, a potential difference is
created across the plates.
This potential difference will cause the dipoles in the dielectric material to align
themselves along the direction of electric field, creating an electric field in the dielectric
material. This process is called “molecular dipolarizability.” The electric field in the
dielectric material is equal and opposite to the electric field in the capacitance plates,
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reducing the electric field in the capacitor and increasing the capacity of the capacitor
[37].
A schematic representation of dielectric constant measurement using the ASTM D
150 test is shown in figure 11.

Figure 11: Block diagram for measuring dielectric constant of material [40].

The capacitance for a parallel plate capacitor with a dielectric material is found out by the
following equation:

𝐶∝

∈𝐴
𝑡

=

𝑘𝐴∈0

(1.2)

𝑡

Where,
C is the capacitance of the material in Farads,
A is the area of the conductor plates,
t is the thickness of dielectric material,
k is the relative permittivity of the dielectric material,
∈0 is the relative permittivity of free space.
In our experiment, for finding the dielectric constant of the graphene-based
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Nafion® membranes, a simple parallel plate capacitor based on ASTM D 150 test was
built in our lab. The two conductor plates used here are made up of aluminum sheets. The
Nafion® membranes with different weight percentages of graphene (acting as a dielectric
material) were placed between the conductor plates. The aluminum plates were held
together tightly at the ends with the help of rigid plastic clips to ensure complete vacuum
between them. Plastic clips are used as there is no flow of current through them. After the
set-up of parallel plate conductor was finished, the conductor plates were connected to a
capacitance bridge which also served as a source of DC power supply. As the current
flowed, the aluminum plate connected to the negative electrode of the capacitance bridge
gets positively charged and the aluminum plate connected to the positive electrode of the
capacitance bridge gets negatively charged, creating a potential difference across the
plates [37]. This potential difference polarizes the dielectric material between the plates
and improves the storage capacity of the capacitor. The capacitance of the parallel plate
capacitor is measured by the capacitance bridge.
1.6.3 Electrical Conductivity
Electrical conduction in the material is concerned with the movement of charged
particles in the material. There can only be a flow of current in the materials only when
the charge carriers are free to move upon the application of voltage [37]. In the metals, the
atomic nuclei consists of free electrons, and upon the application of potential difference,
the electrons move freely and there will be flow of current making them good electrical
conductors, but the polymers consist of atoms with electrons that are covalently bonded to
the central long polymer chain and side groups. A covalent bond is the strongest bond in
nature, making electron movement very difficult. This makes the polymers act as
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insulators.
1.6.4 Surface Properties
1.6.4.1 Contact Angle
Contact angle is defined as the angle measured between the outline tangent of a
liquid or vapor drop deposited on the solid and the solid surface [37]. In simple terms it
can be defined as the angle at which the liquid or vapor interface meets the solid interface
[42]. Surface wettability of solids plays a very important role in many practical
applications like biological and industrial applications. Wetting of a solid surface by liquid
is a quantitative measurement in contact angle [43].
Some of the special features of surfaces with high contact angles are that they are
self-cleaning, anti-contamination and anti-sticking. The contact angle can be expressed by
Young-Dupre equation assuming thermodynamic equilibrium between the three phases.

(1.3)
where,
γSV is the solid-vapor interfacial energy
γSL is the solid-liquid interfacial energy
γLV is the liquid-vapor interfacial energy
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Figure 12: Water contact angle with the solid surface.
Figure 12 shows a picture explaining the three phases (i.e. solid-vapor, solid-liquid
and liquid-vapor interface angles). The surfaces with the contact angle less than 90 0 are
considered hydrophilic and the surfaces with contact angles greater than 900 are called
hydrophobic surfaces. Surfaces with contact angle between 150 0 and 1800 are considered
as super hydrophobic.
Several factors that influence the contact angle between the water droplet and
surface of polymer are [37]:


Surface roughness



Surface cleanliness



Surface energy and



Surface separation manner
With the decrease in surface energy and increase in surface roughness, the contact

angle between water droplet and polymer surface increases. Hence, solids with low
surface energy and high surface roughness have larger contact angles and are called super
hydrophobic surfaces. The relationship between contact angle and surface roughness is
given by the following equation:

(1.4)

𝑐𝑜𝑠𝜃 𝑤 = 𝑟 𝑐𝑜𝑠𝜃𝑐

Where
𝜃𝑐 is Young’s angle, 𝜃 𝑤 is apparent angle, r is roughness factor

The contact angle measurement determines the following properties listed below [37]:
1. The affinity of a liquid to the solid surface.
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2. Since the contact angle depends on the solid surface energy, the surface energy of the
solid can be calculated from the measured contact angle.
3. The hysteresis measure between advancing angle and recessing angle determines nonhomogeneity of the solid surface such as impurities, surface roughness, etc.
1.7 Nano Additives
Materials that have at least one dimension at the nano level (x10 -9 meter) are
classified as nanomaterials. The nano-additive that was used in our experiment was nano
graphene platelets. The graphene was in the form of fine greyish-black carbon in powder
form having a thickness (z-dimension) in the nano level (<20nm). These nanomaterials
were used to improve the proton conductivity of Nafion® membrane because of their
exceptionally high surface area to volume ratio [45]. Desired properties can be achieved
by adding very small weight percentage of nanomaterials because of its high aspect ratio,
hence the desired properties can be exponentially improved with negligible increase in
weight.
1.7.1 Graphene
Carbon was discovered about 220 years ago and is the elementary component to
both diamond and graphite [46]. Because of the flexibility of its bonding, carbon-based
systems show an unlimited number of structures with an equally large variety of physical
properties [47]. Since then many researchers have tried to decipher the properties of this
element which can adopt many structures including graphene (2D) [48], graphite (3D),
nanotubes (1D) [48] and fullerenes (0D) [49] as shown in Figure 13. Graphene is made
out of carbon atoms arranged on a honeycomb structure made out of hexagons [47].
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Figure 13: Graphene (top left) is a honeycomb lattice of carbon atoms. Graphite (top right) is a stack of
graphene layers. Carbon nanotubes are rolled-up cylinders of graphene (bottom left). Fullerenes
are molecules consisting of wrapped graphene by the introduction of pentagons on the hexagonal
lattice [47].

Graphene is one of the basic forms of carbon. Graphene is composed of sp2bonded carbon atoms arranged in a two-dimensional honeycomb lattice [46]. The lattice of
graphene contains two triangular shaped sub-lattices. These sub- lattices are overlapped in
such a way that carbon atom from one sub-lattice is at the centroid of other sub-lattice as
shown in Figure 14 [45].
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Figure14: Hexagonal arrangement of carbon atoms in a graphene sheet [46].

The distance between the two centroid carbon atoms is 1.42 A0 [42]. This graphene
has exceptional mechanical strength because each carbon atom has one s-orbital and two
p-orbitals. All allotropes of carbon like graphite, nanotubes, and fullerence can be
visualized as different structures built from a 2D graphene sheet with the exception of
diamond [45]. A nanotube (also called buckytubes) is formed when a graphene sheet is
rolled into cylindrical shape. Similarly, a spherical ball made from a graphene sheet is a
fullerene (also called buckyballs) and graphite is a layered material formed by stacks of
graphene sheets separated by 0.3 nm [51] and held together by weak van der Waals forces
[45]. Because of many versatile and unique properties of graphene, it has become a very
popular material for many applications in different fields like optics, electronics, sensors
and mechanics [46].
The stiffness of graphene is about 300-400 N/m. The Young’s modulus of a defect
free sheet was reported as 0.5-1.0 TPa [46]. All allotropes of carbon like graphite,
diamond, fullerene, and nanotubes show exceptional mechanical strength. Graphene is an
ideal material for mechanical reinforcement because of these properties as well as the ease
of dispersing graphene oxide into matrices [50].
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CHAPTER 2
MATERIALS AND EQUIPMENT
2.1 Fuel Cell Hardware
The Fuel Cell Hardware was purchased from Fuel Cell Technologies. A fuel cell
hardware assembly consists of a pair of Graphite blocks (typically 5cm by 5cm) which
have a serpentine flow pattern in the middle, a pair of connectors fastened with aluminum
end plates, and pair of Teflon coated pieces of fabric. A picture of the hardware is shown
in Figure 15. Teflon coated fabric is placed between the graphite blocks to act as an
insulator. The purpose of the end plates is to hold the fuel cell firmly without any leakage.
Materials like aluminum are used because of their lower cost. Nafion ® membrane is
placed in between the Teflon fabric which in turn is sandwiched between the two graphite
blocks.

Figure 15: Illustration of Fuel Cell Hardware.
2.2 Digital Multimeter
The digital multimeter was purchased from Meterman. This multimeter can
measure a maximum of 1000 V, resistance up to 1000 KΩ, frequencies up to 10 MHz and
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has an accuracy of 0.1%. It is used to measure the voltage generated when the fuel cell is
under operation. A picture of multimeter used for our experiment can be seen in Figure 16.

Figure16: Digital multimeter used for measuring the voltage.

2.3 Hydrogen Gas Cylinder
The compressed hydrogen gas cylinder was purchased from Linweld, Inc.
Hydrogen gas is the main source of fuel in the fuel cell assembly. The hydrogen supplied
by the company is dry, so it needs to be converted into wet hydrogen before sending it to
the fuel cell. For this, hydrogen is sent through solution containing 1% sulphuric acid in
DI water. Hydrogen gas is supplied to the fuel cell at 70 ml/min. A hydrogen cylinder with
a regulator assembly is shown in Figure 17.
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Figure17. Compressed Hydrogen Gas Cylinder for fuel supply

2.4 Platinum/Carbon Electrode
An electrode manufactured by E-Tek was used. This electrode (1.7 cm by 1.7 cm)
is utilized for the current experimental setup. The electrode may become contaminated
easily because it has nano carbon particles. It should be treated in a closed environment
using gloves. The catalyst is attached to both sides of the electrolyte (Nafion®) by hot
press. Figure 18 shows a pair of catalysts used in our experiment.

Figure 18: Platinum/Carbon Electrode acting as a catalyst.
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2.5 Nafion® Membrane
The Nafion® membrane used (NR 212) was purchased from Ion Power, Inc. A
required shape of 5cm by 5cm was cut for our experiment (seen in Figure 19). Nafion ®
can be easily affected by surrounding conditions; hence gloves must be used all times
while using it. Care should be taken so that no dust particles stick to it at any time. DI
water can be used for cleaning Nafion® membranes without fear of contamination.

Figure19: Nafion® membrane sample acting as an electrode.

2.6 Graphene
Nano graphene platelets were purchased from Angstron materials (product number
N006-010-P). The graphene platelets have an average X and Y dimension of 14µm. At
least 80% of graphene platelets had a Z-dimension < 20nm. The graphene platelets were
used in the coating without any modifications to the original manufacturer specifications.
Figure 20 shows the graphene used.
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Figure 20: Graphene from Angstron Materials to be used as a reinforcement.
2.7 Nitric Acid
Nitric Acid (A200S-212) was purchased from Fischer Scientific. We made 3N
Nitric Acid of 250 ml to acidify the Nafion® membrane. For this, 48.95 ml of Nitric acid
was added to DI water and mixed well. A bottle showing nitric acid can be seen in Figure
21.

Figure 21: Nitric Acid used to acidify Nafion®.
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2.8 DMAc
Di-methyl Acetamide 02434-4 is purchased from Fischer Scientific and was used
to dissolve the Nafion® membrane. Nafion® particles were transferred into a conical flask
and 20 ml of DMAc was added. With the help of a magnetic stirrer at 50 0C and 800 rpm,
it was stirred until the Nafion® was completely dissolved. Figure 22 shows the DMAc in
its original bottle.

Figure 22: Di-Methyl Acetamide for dissolving Nafion®.

2.9 Magnetic Stirrer/Hot Plate
A magnetic stirrer and hot plate are used throughout the experiment for mixing and
dissolving the Nafion® membrane into the DMAc. The hot plate was purchased from
Fischer Scientific. The stirring process was carried out using a magnetic stirring bar which
rotates at 800 rpm and 650C. The stirrer can be seen in Figure 23.
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Figure 23: Magnetic stirrer used for mixing.
2.10

Weighing Scale
A weighing scale was purchased from Denver Instruments. It was used to measure
the weights of Nafion® particles. In our experiment, 1 gm of Nafion® is used throughout
the process, as seen in Figure 24.

Figure 24: Weighing Scale for measuring Nafion®.
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2.11

Accurate Weighing Scale.
The nano additives used in our experiment were added by weight percentage. In
order to make precise measurements of the nano materials to the scale of 1/100th of a
gram, a high accuracy weighing scale was used in addition to the previously mentioned
weighing scale [45]. The scale used in our measurements was Mettler Toledo XS 64, as
seen in Figure 25. This scale was used to measure weight percentage of graphene that is
added to Nafion® membrane.

Figure 25: Metler-Toledo Weighing Scale.

2.12

Flow Meter
The flow meter (014-96) was purchased from Gilmont Instruments. The flow
meter regulates the flow of hydrogen and oxygen entering the fuel cell hardware. Figure
26 shows the flow meter. In our experiment, the flow rate of oxygen is 350 ml/min and 70
ml/min for hydrogen.
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Figure 26: Gilmont’s flow meter.

2.13

Sonicator
A sonicator was used for evenly dispersing nanoparticles (graphene) in liquids
(Nafion® solution). The beaker containing a mixture of Nafion® solution and graphene
was placed in a water bath inside the sonicator. The sonicator produced ultra sonic waves
(frequency greater than 20,000 hertz) which produced alternating fields of high pressure
and low pressure. The pressure gradient applies a mechanical stress on the nano-particles,
which weakens the attraction forces between them. The sonicator used in our experiment
was purchased from Fisher Scientific. Figure 27 shows the Fisher Scientific FS 200
sonicator that was used for the second step of the mixing process.
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Figure 27: Sonicator from Fisher Scientific.

2.14

Hydraulic Press.
A hydraulic press was used to press the two catalysts (Platinum/Carbon) to the
Nafion® membrane. The operating conditions were 350 psi pressure, 1300C temperature
and 2188 lbf force for four minutes. For this, Nafion® membrane was placed in a backing
layer as shown in Figure 28.

Figure 28: Backing layer for Nafion® membrane.
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This layer is now placed in the hydraulic press shown in Figure 29.

Figure 29: Overview of Hydraulic Press and Plates used for hot press from NIAR.

2.15

Nafion® Solution and Brush
The Nafion® solution (LQ-1005) was purchased from Ion Power, Inc. The Nafion®
solution was fused to the Pt/C electrode gently at 1mg/cm2 (for increasing the proton
conductivity) with the help of a smooth brush as shown in Figure 30.
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Figure 30: Nafion® solution and brush.

2.16

Vacuum pump
There were air bubbles present in our solution because of the sonication process.
To remove those air bubbles, the solution was kept in a jar and vacuumed until all air
bubbles disappeared. A picture of the vacuum and jar is shown below in Figure 31.

Figure 31: Vacuum pump and jar.
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2.17

De-ionized water filtration machine
Water that is free from mineral ions such as sodium, calcium, and chloride is
called de-ionized water. Throughout the experimental process, de-ionized water was used.
The water purifier machine (DI) shown in Figure 32 was purchased from Thermo
Scientific.

Figure 32: DI water filter.

2.18

Optical Contact Angle Goniometer
The contact angle of graphene based Nafion® membranes was measured in our lab
using the optical contact angle goniometer purchased from KSV Instruments Ltd, model
number CAM 100. The optical contact angle goniometer is a compact video-based
instrument which measures contact angles between 1 to 180 with an accuracy of

1 .

Computer software provided by KSV Instruments Ltd precisely records and measures the
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contact angles while taking the pictures of the measured contact angle. Figure 33 shows
the optical contact angle goniometer used to measure the contact angle of Nafion®
membranes.

Figure 33: Optical contact angle goniometer.

2.19

Capacitance Bridge
A capacitance is used to store excess charge so a large capacitor can store more
charge. The capacitance bridge used here was purchased from Andeen Hagerling, Inc. and
can be seen in Figure 34. When the parallel plate conductors containing the Nafion®graphene membrane are connected to this capacitance bridge, the dielectric constant of the
membrane can be measured.
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Figure 34: Capacitance Bridge
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CHAPTER 3
METHODOLOGY
3.1 Acidifying Nafion® sheet
The required amount of Nafion® sheet (i.e. 1gm) is acidified. It is soaked in 3N
Nitric acid for two hours (as seen in Figure 35), followed by washing thoroughly for 5 to 6
times using De-ionized (DI) water. This Nafion® membrane is dried at room temperature
for 8-10 hours.

Figure 35: 3N Nitric Acid for acidifying Nafion®.

3.2 Preparation of Nafion® particles.
After the Nafion® membrane was acid treated, it was then finely cut into small
pieces for dissolving in Di-Methyl Acetamide (DMAc). Figure 36 shows finely chopped
Nafion® particles.
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Figure 36: Finely chopped Nafion® particles.

3.3 Making Nafion® solution
These Nafion® particles were transferred into a conical flask and 20 ml of DMAc
was added. A magnetic bar was placed in the flask and the entire conical flask was then
stirred using a magnetic stirrer at 800rpm and 650C until Nafion® particles were
completely dissolved in the solution. This process is shown in Figure 37 below.

Figure 37: Magnetic Stirring process.
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3.4 Adding Graphene to Nafion® solution
Graphene was added by weight percentages. In our experiment, five different
amounts (0%, 1%, 2%, 3% and 4%) of graphene were used (i.e. 0gm, 0.001gm, 0.02gm
(Figure 38), 0.03gm and 0.04 gm of graphene was added to the Nafion® solution during
each separate process).

Figure 38: 0.02 gm of graphene.

3.5 Mixing with magnetic stirrer
The Nafion® solution containing graphene was then mixed thoroughly with the
help of magnetic stirrer for 10 minutes to make sure graphene was mixed into solution.
3.6 Secondary mixing with Sonicator
Sonication was the secondary mixing process used. Sonicator evenly dispersed the
graphene in the Nafion® solution. The beaker containing a mixture of Nafion® solution
and graphene was placed in a water bath inside the sonicator and sat for 60 minutes.
3.7 Vacuuming
After the thorough mixing of graphene in the Nafion ® solution, vacuuming
necessary in order to remove any air bubbles present in the solution. If air bubbles are
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present in the solution, they create voids in the membrane which will decrease the overall
performance of the fuel cell. In general vacuuming was completed at 25 Hg pressure for
one hour.
3.8 Drying the solution
This Graphene-Nafion® solution was poured into a glass petri dish and was kept on
the hot plate at 700C (without rotating) as shown in Figure 39. It was usually kept for 1012 hours until the liquid in the solution evaporated.

Figure 39: Petri dish with graphene-nafion® solution.

3.9 Peeling the membrane
After the membrane was completely dry, the Petri dish was completely filled with
DI water. It was then kept idle for two hours and then the membrane was carefully peeled
from the petri dish.
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3.10

Annealing the membrane
The membrane was dried at room temperature for two hours, and then heated in an
oven at 1050C for 12 hours to improve ductility and reduce brittleness.

Figure 40: Annealing Nafion® membrane.

3.11

Coating of Pt/C electrode
The platinum/carbon electrode was coated with Nafion® solution at 1mg/cm2 and
air dried for three hours to improve the performance of the fuel cell.

3.12

Heat pressing
The newly prepared membrane and two Pt/C electrodes (Nafion® solution coated)
were joined together by using a hot press at 1300C temperature, 350 psi pressure and 2188
lbf force for four minutes.

3.13

Measuring the contact angle
In the first step of contact angle measurement, the Nafion ®-Graphene membranes
whose contact angle needed to be measured were washed properly with deionized water
and dried sufficiently for a couple of hours under vacuum. Since the presence of surface
51

impurities will affect the contact angle, the Nafion®-Graphene membrane was thoroughly
cleaned to ensure accurate measurements. In the second stage, the Nafion ®-Graphene
membrane was placed in front of the goniometer camera and a nano pure water drop was
made to fall on the sample surface with the help of a syringe needle. Immediately the
goniometer recorded and measured the water contact angle with the Nafion ®-graphene
membrane.
3.14

Measuring the Thermal Conductivity
The thermal conductivity of Nafion® membranes with different weight percentages
of graphene was measured by comparative method. This method is used extensively for
axial flow thermal conductivity testing. In this method, heat flux passes through the
known sample and unknown sample and comparing the thermal gradient of the two. The
thermal gradient will be inversely proportional to their thermal conductivities. The
unknown sample is placed between the two known samples. The known sample used in
this round of experiments was copper (rod) with a thermal conductivity of 401 W/m-0 K at
room temperature. The arrangement is shown in Figure 39. The copper rod was heated by
means of a power source (Elenco Precison Quad Power Four Liner regulated supplies) at
the top (source) while the bottom (sink) was placed in ice water in order to have maximum
heat flow in axial direction. The sink removed heat and the electrical coil regulated the
flow of heat to the sink without distorting the temperature gradient. Different compressive
stresses (834.20 Kpa, 333.67 Kpa and 166.83 Kpa) were applied at the top of the assembly
to provide better contact between known and unknown samples and a comparison was
made between the thermal conductivities under different stress levels.

52

Figure 41: Experimental arrangement of thermal conductivity measurement.

This setup was tested on the known materials before using the Nafion ®
membranes. Both samples (known and unknown) were enclosed by insulation to eliminate
convection losses. As far as the radiation losses are concerned, they were more significant
at higher temperatures (above 100 0C), so the current supply was limited to 0.2A (20 DC
Volts), which provided a temperature of around 600C. The same conditions were kept
throughout each level of the experiment. Four thermocouples (K-type), two at the top of
the sample (thermocouples 1 and 2) and the other two at the bottom (thermocouples 3 and
4) of the sample, were attached. A sensitive multimeter (Meterman) was used to measure
the temperature difference in terms of millivolts. The millivolts readings were converted
into 0C by the following equation.
1 𝑚𝑣 = 5.46 0C
This equation was developed by immersing the two ends of nickel-chromium and
nickel-aluminum thermocouples at two different temperatures in water and recording the
millivolts readings by a sensitive multimeter. The heat flux through point 1, 2 and 3, 4 can
53

be calculated as follows [54].

(1.5)

where "𝐾𝑐𝑢 "(Copper) is the thermal conductivity of the references and "𝐴" is the area of
cross-section of the copper rod (1.47x10-4 m2) , "∆𝑇12 𝑎𝑛𝑑 ∆𝑇34 " are the temperature
difference between point 1, 2 and 3, 4 respectively. The average heat flux (q 12+q34)/2 was
compared with the heat flux flowing through the sample. The thermal conductivity of the
sample was calculated as follows [55].

𝑞𝐴𝑣𝑔 . =

𝐾𝑆 𝛥𝑇23 𝐴

(3.1)

𝛥𝑥 23
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Voltage Measurement.
The efficiency of PEM fuel cell is measured in terms of the voltage generated
while the cell is in operation. In our experiment, we used multimeter to measure the
voltage. Nafion® membrane containing 0% Graphene was the first to be tested. Hydrogen
gas and oxygen were first wetted and then supplied to the fuel cell. For the wetting
process, we took 100 ml of water and 1% of sulphuric acid is added to water. Readings
were taken after half an hour (the time allowed the fuel cell to stabilize). When the probes
of the multimeter were connected to the fuel cell, it generated a current with a stable
voltage of 0.8 volts as shown in Figure 42.

Figure 42: Nafion® membrane with 0% graphene.

The second sample of the Nafion® membrane containing 2% of Graphene was
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placed in the fuel cell. Hydrogen gas and oxygen were supplied to the fuel cell and probes
of the multimeter were connected to the fuel cell. Readings were taken after half an hour.
We observed a steady voltage of 0.7 volts as shown in Figure 43. Since there was
graphene in the Nafion® membrane, the primary function of the extra graphene was to
conduct electrons. When we observe the I-V plot, there is a steady increase in electron
conductivity, hence the small drop in voltage as shown in Figure 43.

Figure 43: Nafion® membrane with 2% graphene.

The next sample contained 3% graphene in the Nafion® membrane. Hydrogen gas
and oxygen were supplied to the fuel cell and probes of multimeter were connected to the
fuel cell. Readings were taken after half an hour. We observed a steady voltage of 0.65
volts as shown in Figure 44. We see a similar drop in voltage as we did with the 2%
solution.
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Figure 44: Nafion® membrane with 3% graphene.

The last sample has 4% Graphene in Nafion® membrane. Hydrogen gas and
oxygen were supplied to the fuel cell and probes of multimeter were connected to the fuel
cell. Readings were taken after half an hour. We observed a steady voltage of 0.6 volts as
shown in Figure 45. Again, as per the I-V plot, there is a drop in voltage.

Figure 45: Nafion® membrane with 4% graphene.
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Figure 46: Picture showing different percentages of Graphene in Nafion® membrane.

4.1.2 Physical properties of Nafion®- Graphene Membrane.
4.1.2.1 Dielectric Constant
Dielectric constant values were measured by placing the Nafion® membrane
between the capacitor plates. Plastic clips were used to create vacuum between the
capacitor plates since there is no ability for current to flow through plastic. Capacitor
plates were connected to the capacitance bridge to measure the capacitance of the Nafion®
membranes. The capacitance bridge should be grounded before starting the experiment.
Capacitance of Nafion® membranes increased with increase in graphene percentage. Table
1 gives the measured average capacitance values of the parallel plate capacitor with
Nafion® membranes as dielectric material:
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Table 1: Average capacitance values of parallel plate capacitor at 1 KHz with Nafion ® membranes
as the dielectric material.

Nafion® Membrane Average capacitance
with different wt%
value in
of graphene
picofarads
0

176.35

1

354.13

2

427.5

3

793.03

The relative permittivity of the dielectric material can be calculated from the measured
capacitance values of the parallel plate capacitor using the equation:

k = CA/εot

(4.1)

where


C is capacitance in Farads



A is the area of the overlapping plates (Al plates) = 19.7𝑚𝑚 × 19.3𝑚𝑚



k is the relative permittivity of dielectric material



εo is the permittivity of free space equal to ∈0 = 8.854 × 10−12 F/m



t is the separation of plates or thickness of the sample
Table 2 gives the average dielectric constant values of Nafion® membranes as a
function of graphene concentration calculated from the average capacitance values of the
parallel plate capacitor.
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Table 2: Average dielectric constant values of Nafion® membranes as function of graphene
concentration.
Nafion® membranes with
different wt% of
graphene

Average dielectric
constant of
Nafion® k

Standard deviation

0

6.28

0.668

1

11.57

0.77

2

16.51

0.91

3

28.27

0.8587

In this study, relative permittivity of Nafion® membranes were measured based on
assumptions such as uniform thickness of Nafion® membranes without any voids and
uniform dispersion of graphene nanoplatelets in the membrane. We can see that with the
increase of graphene content in the Nafion® membranes, the dielectric constant value is
increasing in a linear fashion (Figure 47). When the graphene percentage is 4%, the
Nafion® membrane behaves as a conductor rather than an insulator, hence the capacitance
bridge cannot measure the dielectric value of it.
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Figure 47: Dielectric constant of Nafion® membranes as function of graphene concentration.
4.1.3

Thermal Conductivity
For finding the Thermal conductivity, the unknown sample (nafion ® membrane) is
placed between the two known samples (explained in detail in the previous section). The
known sample is copper (rod) having thermal conductivity of 401 W/m-0K at room
temperature. Thermal conductivity of Nafion® membrane is calculated using the below
formula:
𝐾𝑐𝑢
𝛥𝑇23 𝛥𝑥 23

=

𝐾𝑆

(4.2)

𝛥𝑇14 𝛥𝑥 𝑠

Where,
𝐾𝑐𝑢 is the thermal conductivity of copper rod (401 W/m-0K)
𝛥𝑇23 is the temperature difference between 2nd and 3rd thermocouple (0K)
𝛥𝑥23 is the distance between 2nd and 3rd thermocouple (m)
𝐾𝑆 is the thermal conductivity of unknown sample
𝛥𝑇14 is the temperature difference between 1st and 4th thermocouple (0K)
𝛥𝑥𝑠 is the thickness of the unknown sample (m)
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The experiment began by adding 0% Nafion® sample in between the two rods. The
Nafion® sample should be insulated with Teflon tape and glass fiber to prevent heat loss.
Probes of multimeter were connected to the thermocouples and readings were taken after two
hours to get steady voltage. This voltage (in millivolts) was converted to degree F using the
thermocouple chart. Table 3 gives us the average thermal conductivities of Nafion®
membranes at different percentages of graphene in it.
Table 3: Average thermal conductivity of Nafion® membranes as function of graphene
concentration measured at 70 .
Nafion® membranes with
different wt% of graphene

Average
thermal conductivity of Nafion®
membranes K (W/mK)

Standard Deviation

0

0.168952

0.11

1

0.840783

0.1373

2

1.543878

0.1096

3

2.490739

0.189

4

3.148908

0.2083

In this study, thermal conductivity of Nafion® membranes was measured based
upon assumptions such as uniform thickness of Nafion® membranes without any voids,
uniform dispersion of graphene nanoplatelets in the polymer matrix, no conventional and
radial heat losses from the copper rods and Nafion® membranes, and constant room
temperature.
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Figure 48: Thermal conductivity of Nafion membranes as function of graphene concentartion

We can see from the above graph (Figure 48) that as the percentage of graphene in
the Nafion® membrane increases, there is an increase in the thermal conductivity of the
nafion® membrane. We know that graphene is a good thermal conductor, hence the
properties of Nafion® membranes (thermal) are improved with addition of graphene to it.
4.1.4 Contact Angle
Contact angle is measured with the help of a contact angle goniometer that records
and measures the contact angles, while taking the pictures of the measured contact angle.
Table 4 gives the measured average water contact angle of Nafion® membranes as
function of graphene concentrations.
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Table 4: Average water contact angle of Nafion® membranes as function of graphene
concentration.
Nafion® membranes with

Average water contact angle on

different wt% of

Nafion® membrane surface

graphene

(in degrees)

Standard deviation

0

109.91˚

4.39

1

86.76˚

3.255

2

85.36˚

2.955

3

90.12˚

3.291

4

89.12˚

3.594

In this study, the water contact angle of Nafion® membranes was measured based
upon assumptions such as uniform thickness of Nafion® membranes, clean nanocomposite
surface free from surface impurities, and constant room temperature and humidity.

Figure 49: Water contact angle of Nafion® membranes as function of graphene concentration.
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From Figure 49, we can observe that as the graphene percentage increases in the
Nafion® membrane, the contact angle decreases gradually. At 0% graphene, the Nafion ®
membrane behaves like a hydrophobic surface since the contact angle is over 90%. With
the increase in graphene percentage, there is a significant decrease in the contact angle.
It is known that the contact angle decreases with increase in surface energy and
surface smoothness. A single graphene sheet has a surface area of 2630 𝑚2 /g, and has high
concentration of surface atoms providing high surface energy. The addition of graphene in
to the Nafion® membrane increases the surface energy, which in turn decreases the water
contact angle. Another factor decreasing the water contact angle is surface smoothness. As
can be seen from Table 4, the water contact angle on the Nafion® membrane has decreased
890, making Nafion® membranes hydrophilic. Therefore the graphene addition to the
Nafion® membranes cannot necessarily increase the contact angle alone.
4.2 Electronic Conductivity measurement
Electronic conductivity measurements were performed using Gamry Framework
from our lab. For this, we selected the experiment icon, then Physical Electrochemistry
followed by linear sweep voltametry as shown in Figure 50. After selecting, we supplied
the required inputs such as frequency and voltage ranges as shown in Figure 51. When the
experiment was finished, the output data was exported to MS Excel and graphs were
plotted.
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Figure 50: Experimental set up for Electronic Conductivity measurement.

Figure 51: Required inputs for Electronic Conductivity measurement.
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The conductivities were calculated using the equation σ = L/RS, where σ is
electronic conductivity, L is the thickness of the membrane, and R is the resistance
(calculated from slope of I–V curves). When the electronic conductivities are plotted,
there is a linear path as shown in Figure 52. The I-V curves were recorded by varying the
voltage between ± 1 V and the slopes of the linear portions were used to calculate the
electronic resistances of the membranes. Electron conductivity measurements were
performed based on the research work done by Vijaykumar et.al [56]. We used the same
procedure in our experiment and results were then compared to analyze the graphs. Table
5 shows the average electron conductivities of Nafion® membranes (mS/cm) with standard
deviation.

Figure 52: I-V plots of membranes.
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Table 5: Average Electron conductivities of Nafion® membranes as function of graphene
concentration.
Nafion® membranes with

Average Electron conductivities

different wt% of

of Nafion® membrane

graphene

(mS/cm)

0

0

0

1

0.012

0.0092

2

0.064

0.0072

3

0.189

0.0049

4

0.375

0.0165

Standard deviation

The I-V curve is plotted for different percentages of graphene. It can be observed
that the curve for pure Nafion® exhibits an insulating behavior. The slope of the curves
increases with increasing graphene percentage with a non-linear behavior indicating nonohmic conductivity. Electron conductivity can be calculated from the slopes of linear
portions of I-V curves.
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Figure 53: Electron conductivities of Nafion® membranes.

Figure 53 shows the variation of electron conductivity with increase in weight
percentage of graphene in Nafion® membrane. We can see that electron conductivity of
Nafion® membrane increases with an increase of graphene content in Nafion®. At 0%
graphene, there is no electron conductivity because there is no graphene content. Since
graphene is a very good electrical conductor, there is a steady increase in the electron
conductivity with the addition of graphene. A plot showing the increase in electron
conductivity is shown in figure 54.
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Figure 54: Electronic conductivities of membranes.
4.3 Proton Conductivity measurement
Impedance spectra were recorded by varying the frequency from 30000Hz to 0.1
Hz with AC amplitude of 10mVat a bias potential of 0V, and the protonic resistance was
determined by extrapolating the Nyquist curve at high frequencies to the real axis. The
proton conductivities were calculated from the impedance spectra of the membranes. The
proton conductivity measurement was performed using Gamry Framework from our lab.
For this, we selected the experiment icon, then Physical Electrochemistry followed by
potentiostat EIS as shown in Figure 55. After selecting, we supplied the required inputs
such as frequency and voltage ranges as shown in Figure 56. When the experiment was
complete, the output data was exported to MS Excel and graphs were plotted. Proton
conductivity measurement was performed based on the research work done by
Vijaykumar et.al [56]. We used the same procedure in our experiment and results were
then compared to analyze the graphs.
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Figure 55: Experimental set up for Proton Conductivity measurement.

Figure 56: Required inputs for Proton Conductivity measurement.

71

When the Nafion® membrane contains 0% graphene in it, the resistance is very high. At 1
and 2% graphene, the resistance is more when compared to 3 and 4 % grapheme. Hence a
Nyquist plot containing all graphene percentages is not possible. Figure 57 shows the
Nyquist plot for 1% and 2% graphene. When the graphene percentage increases, the size
of the curve seems to be decreasing. Proton conductivity is calculated by using the
equation

σ = L/RS,

(4.3)

where σ is proton conductivity, L is the thickness of the membrane, R is the resistance
(calculated from real axis intercept of Nyquist plot). Average proton conductivities is
shown in Table 6 and the graph showing change in proton conductivity with the change in
graphene percentage can be seen in Figure 59.

Figure 57: Nyquist plot for 1% and 2% graphene.
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Table 6: Average Proton conductivities of Nafion® membranes as function of graphene
concentration.
Nafion® membranes with
different wt% of
graphene

Average Proton conductivities
®

of Nafion membrane

Standard deviation

(mS/cm)

0

0.0493

0.0167

1

0.1286

0.0228

2

0.265

0.1173

3

1.644

0.5670

4

2.29

0.1357

Figure 58: Nyquist plots of all membranes.
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Figure 59: Change in Proton conductivity with graphene concentration.

A clear picture showing the variation in the proton conductivity with graphene
concentration can be seen in Figure 60. Nyquist plots use frequency as parameter and
display amplitude and phase angle on a single plot. The properties of Nyquist plots will
tell if a system is stable or unstable.
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Figure 60: Proton conductivities of membranes.

We can see from the graph that proton conductivity is increasing with the increase
of graphene percentage in the Nafion® membrane. A sudden change takes place at a
certain critical value called the percolation threshold. When the percentage of graphene is
less, graphene particles are not in an active state, so the overall performance of the system
will be low. When a considerable amount of graphene is reached, there is a sudden jump
of proton conductivity. In our study, 3% was the percolation threshold for graphene. For
1% graphene, proton conductivity increased by 1.6 times than the 0% sample. Similarly,
for 2% it’s 4.37 times, for 3% it’s 32.34 times and for 4% proton conductivity increased to
45.45 times the 0% sample.
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= Electrons

= Protons

Figure 61: Change in path of electrons when membrane is swollen.

When the actual fuel cell is in operation, after some time the membrane will get
swollen because of the reactions in the fuel cell. When graphene is added to the Nafion®
membrane, there is an increase in both electron conductivity and proton conductivity.
However, if there is electron conduction inside the membrane, it will create short circuit,
resulting in degrading performance of the fuel cell. As explained before, the new
membrane will swell because of the reactions in the fuel cell and this will increase the
distance between the electrons present (Figure 61). When this distance is greater, the
proton conduction can take place effectively and the electrons are forced to follow the
external path which generates electricity. This leads to an increase in the overall
performance of the fuel cell.
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CHAPTER 5
CONCLUSION
PEM fuel cells are widely considered to be the best alternative to fossil
fuels for power generation but the overall cost factor associated with it needs to be
improved further. The current study is focused to improve the cost efficiency of fuel cells
by integrating nanotechnology into fuel cells. Since Nafion® is widely used as a proton
conductor (because of its excellent thermal and mechanical stability), this study is aimed
to develop a nanocomposite Nafion® membrane which will improve the proton
conductivity of the PEM fuel cell, thereby increasing the power output. In order to achieve
this, nanographene platelets were used to reinforce the Nafion® membranes. For this
process, Nafion® membrane is first made into Nafion® solution with the help of Di-Methyl
Acetamide. Different weight percentages of graphene were added into the Nafion®
solution, and subsequently tests were conducted to check for the variation in proton
conductivities (voltage).
The hypothesis was that owing to its exceptional high surface area to volume ratio
a partial increase in the proton conductivity would take place apart from electron
conductivity. Test samples were prepared by adding 0, 1, 2, 3 and 4 weight percentage of
graphene into the Nafion® solution. Contact angle, thermal conductivity, dielectric
constant, proton and electron conductivity were measured to quantify the change in
properties.
From the tests it can be concluded that the addition of graphene improves the
proton conductivity of the PEM fuel cell and this increase in proton conductivity varies
linearly with change in the weight percentage of graphene. The highest increase in proton
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conductivity was observed for 4% graphene which was almost 40 times the 0% graphene
membrane. Similar behavior was observed in the case of electron conductivity. As the
percentage of graphene in the Nafion® membrane increased, the electron conductivity also
increased. Since there was no graphene in the Nafion® membrane at 0%, there was very
little or no electron conductivity. There is a slight increase in electron conductivity at 1%
and conductivity started to increase gradually as the percentage of graphene increased.
This is because of the fact that graphene is a good electrical conductor, there is a steady
growth in the electron conductivity of the Nafion® membrane.
Physical properties such as dielectric constant, thermal conductivity, and contact
angle measurements were measured for Nafion® membrane with different weight
percentages of graphene. The dielectric constant of the new Nafion® membrane increased
up to 3% graphene content but it was observed that membrane with 4% graphene is not
acting as an insulator, but as conductor. Thermal conductivity of the Nafion® membrane
increased linearly with the increase in graphene weight percentage. When contact angle
measurements were taken for different graphene percentages, the response was different.
The contact angle was high at 0% graphene indicating the hydrophobic behavior. Since
Nafion® membranes will absorb water when the fuel cell is in operation, when graphene
percentage is increased, there is a slight decrease in the contact angle. The contact angles
were in between 850 to 900 indicating the hydrophilic behavior.
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CHAPTER 6
FUTURE WORK
The efficiency of fuel cell can be further increased by improvements like, width of
the aluminum plates can be decreased and composites like glass fiber can be added
between plates to decrease the size and weight of the fuel cell.
The membranes can work efficiently when it is soaked in 1% sulfuric acid for two
days, rinsed with distilled water, then surface-dried lightly by a paper. Since there is an
increase in both electron and proton conductivities of the Nafion ® membrane, it can be
used for a project called Solhydromics [57]. The idea behind this project is to develop an
artificial device that is capable of splitting water to produce hydrogen at ambient
temperature.
The serpentine path used for flow of hydrogen gas in the fuel cell can be enlarged.
When the area covered by hydrogen gas is increased, the reactions in fuel cell membrane
will be greater and higher voltage can be generated.
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