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ABSTRACT

In this study, a durable catalyst support is developed to against the platinum
dissolution, the platinum agglomeration and carbon corrosion problems which are
commonly seen during long term operations at the catalyst layer of PEM Type Fuel Cell.
Cerium-Iridium Mixed Metal Oxides catalyst support was used instead of commonly used
Vulcan XC-72 carbon.

Cerium- Iridium Mixed Metal Oxides are prepared at different molar ratios and
applied different calcinations. The effect of different support material us on Fuel Cell
durability was investigated after the catalyst supports preparation optimization. In this
study, analytical methods like XRD, XRF, BET and 4-Probe Conductivity was used for

material characterization and Durability Measurement was used for in-situ analysis.

After several analysis and tests the Ir3CeOx (75% Iridium- 25% Cerium)
synthesized at 400°C and 500 °C and 6 hours shown high performance after durability

tests

Keywords: PEM type Fuel Cell, Catalyst Support, Durability, Cerium, Iridium,
Metal Oxides



PEM TiPi YAKIT HUCRELERINDE KATALIZOR DESTEK
MALZEMESI OLARAK KULLANILAN SERYUM-IiRiDYUM
KARISIK METAL OKSITLERININ OPTIMIZASYONU

Salih VEZIROGLU

Yiiksek Lisans Tezi — Malzeme Bilimi ve Makina Miihendisligi
Eylil 2014

Tez Yéneticisi: Yrd. Dog. Dr. Furkan DUNDAR

(0Y/

Bu tez ¢alismasinda, PEM tipi yakit hiicrelerinin katalizor tabakasinda 6zellikle
uzun siireli calisma durumunda siklikla goriilen platin ¢oziinmesi, platin topaklasmasi ve
karbon korozyonu sorunlarina kars1 dayanikli katalizér destek malzemesi gelistirilmeye
calisilmistir. Bu amagla yaygin olarak kullanilan Vulcan XC-72 karbon karas1 katalizor
destek malzemesi yerine Seryum-Iridyum Karisik Metal Oksit katalizor destek
malzemesi kullanilmistir.

Seryum- Iridyum karisik metal oksit katalizor destek malzemeleri farkli oranlarda
hazirlanmis ve bunlara farkli siireli 1s1l islemler uygulanmistir. Destek malzemesi
hazirlama iglemi optimize edildikten sonra bu destek malzemeleri kullanilarak yakit
hiicresinin dayanikliligina etkisi incelenmistir. Bu tez ¢alismasinda, XRD, XRF, BET ve
4-Nokta Iletkenlik gibi analitik yontemlerle malzeme karakterizasyonu ve dayaniklilik

Olgtimleri gibi in-situ analizler yapilmistir.

Yapilan analizler ve testler sonucunda 400°C ve 500 °C ‘de 6 saat siire ile
sentezlenen 1r3CeOx (%75 Iridyum -%25 Seryum) katalizor destek malzemeleri
dayaniklik testleri sonucunda yiiksek performans gostermistir.

Anahtar Kelimeler: PEM Yakit Hiicresi, Katalizér Destek, Dayaniklilik,
Seryum, Iridyum, Metal Oksitler
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CHAPTER 1

INTRODUCTION

1.1.  Energy Sources and Fossil Fuels

People spend energy in many ways to meet the daily needs. People’s needs for
energy are increasing with each passing day. Today, world meets energy needs from fossil
fuels. Fossil fuels are running out quickly and make pollution for environment. As
product of the combustion of fossil fuels, SOz, CO2 and NO; gas’s quantity in atmosphere
is increasing with each passing day. These gases cause acid rain, to damage the ozone
layer, greenhouse effect and to increase the quantity of volatile organic compounds in
atmosphere. We need alternative energy sources to reduce environmental damage and
avoid irreversible climate issues. An alternative energy conversion technology such as

the fuel cell technology offers an attractive possibility for reducing air pollution.
1.2. What is the fuel cells?

A fuel cell is a devices that converts chemical energy of fuel directly into
electricity.[1] It has an electrolyte, negative and positive electrodes; called, respectively,
the anode and cathode. [1] A fuel cell is in some aspect similar to a battery. However,
unlike a battery, fuel cell is just converting system, which a continuous supply of fuel and

oxidant. Also the electrodes in a fuel cell do not undergo chemical changes. [1, 2]



In the fuel cell reaction is spread two electrochemical half reaction. [1]

(Anode) H, >2H" +2¢ (1.1)
(Cathode) 140, +2H" +2¢" > H,0 (1.2)
(Overall) H,+1/0, >H,0 (1.3)

In these reactions, the electrodes transferred from the fuel are forced to flow
through an external circuit and do useful work before they can complete the reaction.
Because of the direct energy conversation fuel cell works at a higher efficiency the
conventional heating cycle. [2] While fuel cells present high efficiency, they also passes
same serious disadvantages. Cost represents a major problem to fuel cell

commercialization. [1]
1.3.  History of fuel cells

The history of fuel cells started in 19" century. C.F. Scheonbein was the first to
publish results of experiments about the fuel cell concept in 1839. [3] [4] However, the
idea of generating electric current from hydrogen and oxygen was first demonstrated by
William Grove at same years. He discovered that by reversing the electrolysis of water

recombining hydrogen and oxygen suitable electric current can be produced. [1]

Though the idea of fuel cell had been known for 100 years. It was not used until
General Electric developed the first practical fuel cell for U.S. Space Program in the early
1960s. [1] [3] [4] In 1993, Ballard power systems demonstrated fuel cell-powered buses
[1] Nowadays the numbers of fuel cell related patents worldwide, but primarily in the
United State and Japan, is increasing dramatically. [1]

1.4.  Types of Fuel Cells

Fuel cells are classified according to the electrolyte employed. The five most

common fuel cell types are; [5]

> Alkaline Fuel Cell (AFC)
» Phosphoric Acid Fuel Cell (PAFC)
» Molten Carbonate Fuel Cell (MCFC)



> Solid — Oxide Fuel Cell (SOFC)
» Polymer Electrolyte Membrane Fuel Cell (PEMFC)

PEMFC and PAFC are fuel cells in which protons move to the cathode, producing
water and heat. AFC, MCFC, SOFC are fuel cells in which negative ions travel through
the electrolyte to the anode where they combine with hydrogen to generate water and
electrons. They can be classified according to used fuel. Direct fuel cells, in which is fed
directly to the anode; indirect fuel cells, in which external reforms are used; and finally
the regenerative types, in which the fuel cell product is reconverted into reactants and
recycled. [6]

While all five fuel cell types are based upon the same underlying electrochemical
principles. They all operates at different temperature regimes, in corporate different
materials and often differ in their fuel tolerate and performance characteristic, as shown
in table 1.1. [7]



Table 1.1 Properties of Fuel Cell Types

Fuel Cell Type

Alkaline FC
(AFC)
Phosphoric
Acid FC
(PAFC)
Molten
Carbonate FC
(MCFC)

Solid Oxide FC
(SOFC)

Proton
Exchange
Membrane FC
(PEMFC)

Electrolyte

KOH

Phosphoric Acid

Lithium and

potassium carbonate

Solid oxide
electrolyte (yttrian,

zirconia)

Solid Polymer (Such
as Nafion)

CHP: Combined heat and power

Charge

Carrier

OH-

H+

COs%*

H+

Operating

Temperature

50-250 °C

~220°C

~650 °C

~1000 °C

60-120 °C

Fuel

Pure H2

Pure H> (tolerates CO)
approx. 1% CO

H2, CO, CHg, other
hydrocarbon (tolerates
CO2)

H2, CO, CHg, other
hydrocarbon (tolerates
C0O2)

Pure Ha (tolerates CO>)

Electric

Efficiency
(System)

35-55%

40%

>50%

>50%

35-50%

Power Range /
Application

<kW, military,

space

CHP (200kW)

200 kW-MW
range, CHP and
stand-alone
2 KW-MW range,
CHP and stand-

alone

Automotive CHP
(5-250 kW),
portable



1.4.1. Alkaline Fuel Cell (AFC)

During long years, alkaline fuel cells used by NASA on the space missions. The
AFC operates between 50-250°C. The cells use alkaline potassium hydroxide (KOH) as
the electrolyte. The concentration of the electrolyte varies from 30-45% to 85%. One of
the advantages is that non-precious metals can be used as electrodes and no particular
materials are needed.[8] The chemical reactions at the anode and cathode side in an

alkaline fuel cell are shown below.

(Anode) H,+20H" —»2H,0+2¢" (1.4)
(Cathode) 1£0,+2H,0+2e" —20H" (1.5)

Hydroxyl ions, OH", are the conducting species in the electrolyte. The equivalent

overall cell reaction is,

(Overall) H, +%OZ — H,O +electiric + heat (1.6)

Since KOH has the biggest conductance among the alkaline hydroxides, it is the
preferred electrolyte.[9] Also AFC’s have the highest electrical efficiency (at nearly 70%)
in generating electricity. [10] The major disadvantages of this cell is that it very sensitive

to CO2 and CO poisoning, hence it use with reformed fuels and air is limited. [11]
1.4.2. Phosphoric Acid Fuel Cell (PAFC)

The PAFC operates around 200 °C. Platinum is used in the electrodes and the
electrolyte is a colorless viscous phosphoric acid liquid. Efficiency of phosphoric acid
fuel cell is about 40%.[11] The chemical reaction at anode and cathode side in a
phosphoric acid fuel cell shown below,

(Anode) H, >2H" +2e" (1.7)

(Cathode) 1/0,+2H"+2¢" > H,0 (1.8)

(Overall) H,+1/0, > H,0 (1.9)



The electrochemical reactions occur on highly dispersed electro-catalyst particles
supported on carbon black. [9] The PAFC is tolerant to CO- and the higher temperature
operation is beneficial for co-generation applications.[11] These are the commercially
developed types of fuel cells for stationary applications. But development of this types of

fuel cell has showed down in the past few years.[9]

1.4.3. Molten Carbonate Fuel Cell (MCFC)

The carbonate fuel cells (MFC) have high operating temperatures almost 650 °C,
where carbonates form a highly conductive molten salt with carbonate ions providing
ionic conductive molten salt. [1] The chemical reaction at the anode and cathode side in

a molten carbonate fuel cell shown below, [9]

(Anode) H,+CO,> —2H,0+CO, +2¢" (1.10)
(Cathode) 1/0,+CO, +2¢” —»CO; (1.11)
(Overall) H,+1/20,+C0O,» H,0+COQ, (1.12)

The high reaction rates remove need for noble metals catalyst, and gases such as
natural gas can be internally reformed without the need for a separate unit. [11] In addition
the cell can be made of commonly available sheet metals for less costly fabrication. [11]
MCFC generates electricity with up to 50 % efficiency. When washed heat is captured
and recycled in the system, the efficiency can be as high as 80 %. [8] These fuel cells are

in the pre-commercial stage for stationary power generation. [1]

1.4.4. Solid Oxide Fuel Cell (SOFC)

The SOFC is another highly promising fuel cell that is suitable for high power
applications, including industrial and large-scale central electricity generating stations.
The SOFC use a solid, nonporous metal oxide, usually Y.Oz- stabilized ZrO; (YSZ) as
the electrolyte. [1] The cell operates at 600 — 1000 °C, where ionic conduction by oxygen
ions take places. [9] Due to its high temperature operation, high reaction rates are
achieved without the need for expensive catalysts, and gases such as natural gas can be

internally reformed without the need for fuel reforming. Unfortunately the high operating



temperature limits the materials selection and a difficult fabrication processes results.[11]
Similar to MCFC, these fuel cells are in the pre-commercial stage for stationary power

generation.[1]

1.4.5. Polymer Electrolyte Membrane (PEMFC)

At the heart of a PEM fuel cell is a polymer membrane that is a thin (~<50 um)
proton conductive (such as perfluorosulfanated acid polymer) as the electrolyte.[1] It is
impermeable to gases but it conducts protons (hence the name, proton exchange
membrane). [1] The function of the proton exchange membrane is to provide a conductive
path, while at the same time separating the reactant gases. [9] Membrane is squeezed
between the two porous, electrically conductive electrodes, which are generally made of
carbon cloth or carbon fiber paper. At the interface between the porous electrode and the
proton exchange membrane there is a layer with catalyst particles, generally platinum and
platinum alloys supported on carbon. A schematic diagram of PEM Fuel Cell

configuration and basic operating principles is shown in Figure 1.1.

ELECTRIC CIRCUIT
(40% - 60% Efficiency)

Fuel H2 3!
_ == 02 (Oxygen)

Hyd
b from Air
P> Heat (85°C)

Water or Air Cooled
Used Fust Pl e Air + Water Vapor
Recirculates :
Flow Field Flow Field
Plate Plate
Gas Diffusion ) Gas Diffusion
Electrode (Anode) Electrode (Cathode)
Catalyst Catalyst

Proton Exchange Membrane

Figure 1.1 A schematic diagram of PEM Fuel Cell configuration



The hydrogen side is negative, called the anode. Oxygen side of the fuel cell is
passive, called the cathode. Electrochemical reactions occur at the surface of the catalyst
the interface between the electrolyte and membrane. Hydrogen splits into protons and
electrons. While the protons move to the cathode through the membrane, the electrons
move out of the circuit. At the catalyst sites between the membrane and the other
electrode, they meet with the protons and oxygen. Water is created in the electrochemical
reaction. This water can be thrown out by hydrogen and oxygen gases. At the end of the

reaction direct current is produced.

The PEFC are able to efficiently generate high power densities, thereby making
the technology potentially attractive for certain mobile and portable applications.[9]
Operating temperature is typically between 60 and 80 °C. [1] However due to the low
temperature operation, catalysts (mostly platinum and ruthenium alloys) are needed to
increase the rate of reaction.[11] The catalyst is typically platinum supported an
carbon.[1] The PEFC is seen as the main fuel cell candidate technology for automotive
applications, but also for small- scale distributed stationary power generation, and for

portable power applications as well.



CHAPTER 2

FUEL CELL THERMODYNAMICS

2.1. Introduction

Fuel cells are energy conversion devices. Fuel cells thermodynamics should be
known to understanding the conversion of chemical energy into electrical energy.[1, 5] It

must obey the laws of thermodynamics
2.2. Basic Reactions

The electrochemical reactions in the fuel cell take place on both sides of

membrane. The basic fuel cell reactions are;

(Anode) 2H, >4H" +4e” (oxidation) (2.1)
(Cathode) O,+4H" +4e" - 2H,0 (reduction) (2.2)
(Overall) 2H,+0, >2H,0 (2.3)

On the anode side, hydrogen is oxidized. On the cathode side, oxygen is reduced.
These reactions may have several intermediate steps, but these reactions describe the

main processes in the fuel cell.
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2.3.  Thermodynamics of Fuel Cell

Energy difference between reacting a chemical reaction and the products of this
reaction express that the change in enthalpy. (AH). But practically all of this energy is not
released. [1] As result of this reaction, the energy that can be released , is called Gibbs

Free Energy (AG) and calculated according to equation 2.4 [1]
AG=AH -TAS (2.4)

T express temperature and S express entropy here. The amount of energy produced
by one mole of electron is defined as voltage. A theoretical voltage of the fuel cell can be
calculated in accordance with enthalpy, can be calculated in accordance with Gibbs Free
Energy too. The voltage value calculated according to changing in enthalpy is called
Thermoneutral voltage (Vi), the voltage value calculated according to Gibbs Free Energy
theoretical voltage (Vo). Calculation of this expressions are shown in equations 2.5 and
2.6

—AH
V. = 2.5
= (25)
-AG
- 2.6
o= (26)

Half-reactions taking place both on the anode and cathode side of PEM type Fuel
Cells have their each specific enthalpy values as well as Gibbs free energy values.
Nevertheless, voltages values formed in anode and cathode are also change. But voltage
is not a quantity that may be referred to solely. Voltage should be always expressed in
accordance with another voltage value. In literature, the resulting voltage value is always
considered to be 0 Volts when a reaction has taken place on the Anode side of a PEM fuel
cell. Voltage values that occur in other reaction are always expressed by comparing with
this reaction. The enthalpy difference created between the cathode and anode side of a
PEM fuel cell, Gibbs Free energy values and the numerical values of Voltage are shown
in table 2.1



11

Table 2.1 Thermodynamics Values in the PEM Fuel Cell [1]

Change of Gibbs Free

Temperat Enthalpy Energy Theoretical
ure (°C) (AH) (AG) V)
(kJ/mol) (kJ/mol )
25 -286,02 -237,34 1,23
High Heating Value 60 -284,85 -231,63 1,20
80 -284,18 -228,42 1,18
25 -241,98 -228,74 1,19
Low Heating Value 60 -242,37 -226,79 1,18
80 -242,60 -225,63 1,17

2.4.  Theoretical Fuel Cell Efficiency

The efficiency of any conversion devices are defined as the ratio between energy
input and useful energy output. [1] Efficiency of an ideal Fuel Cell based upon heat

content AH is obtained by dividing maximum work out by the enthalpy input, nt

AG
-== 2.7
= (2.7)

The maximum thermodynamic efficiency under standard conditions is 83%.
(AG=-237,2 kj/mol, AH=-285,8 kj/mol) [4] However, this efficiency value, actually is the
theoretical maximum efficiency value and it doesn’t seem possible to achieve this value

in reality, indeed.

There are main losses occurred during fuel cell reactions, such as activation losses,
ohmic losses, mass transfer losses and internal current losses. These losses are obviously
the reason of a voltage drop which in theory needs to be happening already. In other
words, called Kinetic Efficiency, which is the ratio of the amount of voltage composed
on the fuel cell, to the amount of voltage expected to be composed theoretically. This
Kinetic energy can be calculated in two ways. The product resulted by the reactions taken
place in fuel cell may have low energy (liquid water), and giving importance on this issue

in calculations gives us the one of the methods called: “high heating value kinetic

efficiency (7yny)”. Simply and vice versa, resulted products’ energy by the reactions

taken place in fuel cell may have high energy and giving importance on this issue in
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calculations gives us the other method so called: “low heating value kinetic efficiency

(M )

\Y
- v (2.8)
y “AH,.,,

nk

\%
S — 2.9
Yy “AH ., (2.9)

nF

On the other hand, to be able to get the more accurate efficiency value, one needs

to deal and take the stoichiometry values (Sg, ) of the fuels used in the fuel cell into
account. This would be called as Practical Efficiency (7). Practical efficiency is also

calculated by using high heating value (77py4y ) and low heating value (7p 4y ) techniques.

T S
P SFuel M
nF

(2.10)

1 \Y

MpLwv = S _AH .
LHV

Fuel
nF

(2.11)

wn

2.5. Voltage Losses

When gases fed to the system and run the cell with a load, without closing the
external circuit, the cell potential is expected to be at theoretical value (1,23 V). However,
it is lower than theoretical potential due to the losses in the fuel cell and this voltage

response is known as open circuit voltage (OCV) [12]

In addition the this loss, there are different kinds of voltage losses in a fuel cell
caused by the following factors; [1]

> Activation Losses
» Ohmic (Resistive) Losses
» Mass Transfer Losses
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> Internal Currents and Fuel Crossover Losses

When current is flowing in PEM fuel cells is increasing potential losses. The

current drawn from fuel cell and the potential relation is shown below in Figure 2.1. [4]

1.25
ldeal Vollage of 1.2
1.00 —t=— Open circuit loss due o fuel crossover
—
-
= \Qapuid drop due to aclivation losses
o
c 075
L
£ Linear drop due 1o ™~
= ohmic losses
3 os0 - T~
Mass transport losses al
. high current densilies
0.25 4 |
| | | | |
0 0.25 0.50 0.75 1.00 1.25

Current Density (Alcm?)

Figure 2.1 Hydrogen-Oxygen fuel cell performance curve at equilibrium

The real voltage output for a fuel cell can be written by this equation,

V= Etheo ~act ~Motm ~ Meonc (2.12)

2.5.1. Activation Losses

Activation losses are those associated with the initial dramatic voltage losses in
low temperature fuel cells. Electrochemical reactions in the fuel cell occur the surfaces
and involve of electrons. Therefore, the rate of the reaction is proportional to the reaction
surface area of catalyst. Some of the catalysts allow that reactions to take place but some
cannot because they do not have enough needed activation energy that specific reaction
to be taking place. Furthermore, the total activation loss would be calculated by using the

equation given below.
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R-T i
V= pr In (I—] (2.13)

0

In here, io - exchange current density, R - ideal gas constant, T — temperature, o —
charge coefficiency, ne — number of electrons transferred, F — Faraday constant and i —
current. “Exchange current density” is called the ongoing current density in both
directions where no current is drawn. As high as this exchange current density value, the

activation loss would be low.
2.5.2. Ohmic Losses

Ohmic losses comes from the flow of ions in the electrolyte and the flow of
electrons through the electrically conductive fuel cell components. [12] These losses can

be calculated by Ohmic Law’s,
V=i-R (2.14)

In here, i — current density (A cm), and Ri—total cell internal resistance (Q cm™).
[1] In order to reduce the value of the ohmic losses it is necessary to use extremely high

conductive electrodes.
2.5.3. Mass Transfer Losses

Mass transfer losses occurs when a reactant is rapidly consumed at the high current
density. [1] For the higher current density, mass transfer limitations due to the transport
limit of reactant gases through the pores of gas diffusion layers, electrocatalyst and
accordingly cell voltage drops dramatically. [12] A relationship for voltage loss due to
concentration polarization is obtained; [1]

v =Ry, {'—'j (2.15)
n-F I —1

In here, R — ideal gas constant, T — temperature, n — number of electrons

transferred, F — faraday constant, ij- limit current density, i — current density. Mass transfer

losses can be minimized by the careful design of a fuel cell’s flow channel in bipolar

plate.
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2.5.4. Internal Current and Fuel Crossover Losses

Although it is generally assumed that the electrolyte is not electrically conductive
and impermeable to gases, some small amount of hydrogen and electrons diffuse through

the membrane. [4] It can be calculated by this equation 2.16; [1]

o-F i

(o}

v :Eln(i'_"iJ (2.16)

In here, R — ideal gas constant, T — temperature, n — number of electrons
transferred, F — faraday constant, iiess - 10SS current, io — internal current density. These
losses may appear in significant in the fuel cell operation. Because, amount of diffused

hydrogen is very lower than amount of used hydrogen.
2.5.5. Losses After the Voltage

After considering all voltage losses in the fuel cell, the equation 2.17 can be used

to calculate the voltage that occurs in the fuel cell. [1]

Vcell =Vtheo_ R-T -In |+-|Ioss - R.T -In . L . _i'Ri (217)
a-F R n-F i, -1

Table 2.2 Potential losses at an example system [12]

Type of Voltage Voltage (V)
Thermoneutral Voltage 1,482
Theoretical Open Circuit 1.208
Voltage
Practical Open Circuit 0,998
Voltage
Activation Losses -0,391
Ohmic Losses -0,128
Mass Transfer Losses -0,022
Internal Current and Fuel 0,000

Crossover
Cell Voltage 0,667
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The reason that practical open circuit voltage is lower than the theoretical voltage
Is that the internal current and fuel crossover amount drops the voltage when no current
was drawn from the system. Fuel is used when current starts to retreat from the system so

that the effect of this loss is frequently deficient.



CHAPTER 3

MAIN CELL COMPONENTS

A PEM fuel cell is built in a very similar way to other fuel cells. There are two
electrodes (cathode and anode), which are on opposite sides of on membrane and bipolar
plate. However, there are some significant differences in the materials used in a need for

materials with specific properties. Those are demonstrated by table 3.1. [4]

Table 3.1 Basic PEM Fuel Cell Components

Component Description Common types
Persulfonic acid
Proton exchange Enables protons to travel from the _
membrane (Nafion 112,
membrane anode to the cathode
115, 117)
Breaks the fuel into protons and Platinum / carbon
Catalyst layers
electrons catalyst
- Allow the fuel / oxidant to travel Carbon cloth or Toray
Gas diffusion layers
through the porous layer paper
_ Distributes the fuel / oxidant to the _ )
Flow field plates o Graphite, stainless steel
gas diffusion layer
Gaskets Prevent fuel leakage Silicon, Teflon

_ Stainless Steel, graphite,
End Plates Holds stack layers in place
polyethylene, PVC

17
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3.1. Membrane Electrode Assembly (MEA)

The MEA consists of polymer membrane electrolyte and two electrodes (anode
and cathode) that sandwich the polymer membrane. There components of MEA are
compressed by high temperature and pressure. The MEA are very thin and connected in
series, usually using bipolar plates.

Figure 3.1 Examples of a complete MEA (Fuel Cell Store)
3.1.1. Membrane

An ideal membrane for PEM fuel cell should exhibit excellent proton conductivity,
mechanical strength, chemical and thermal stability, low gas permeability, low water
drag, low manufacturing cost and good availability. [13] Typically, the membranes for
PEM fuel cells are made of perfluorocarbon-sulfonic acid ionomer (PSA). This is
essentially a copolymer of tetrafluorethylene (TFE) and various perfluorosulfonate
monomers. Commercially membrane material is Nafion by developed DuPont. [1]

[(CcmF;:)m _(CF'CFz)}n

|
o)

|
CF,
|
F—C — OCF,CF,— SO, H*
|
CF,

Figure 3.2 Unit molecular structure for a DuPont Nafion electrolyte. [13]
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SOz ions with H* ions are bonded the end of the side chain. The thickness of the
Nafion can be optimized. Although the thinner layer increases proton conductivity and
accordingly the performance.[1] However, mechanical strength of membrane becomes
weak and cause degradation problems. So the lifetime of the membrane is very critical to

determine the life time of the cell. [12]

3.1.2. Catalyst

Electrochemical reaction take place on catalyst surface where there species have
access, called “three phase boundary”. It is showed graphically in Figure 3.3. [1]

Three-phase
boundary

ionamer

— " gas
a

potons

lectrans

void

Figure 3.3 Graphical representation of the reaction sites

Electrons travel through electrically conductive solid and protons through
ionomer, therefore the catalyst must be intimate contact with the ionomer. In the reaction
site voids are present, too and the reactant gases travel through these voids. More

precisely the electrodes are porous to allow gases to travel reaction sides. [1]

Platinum is the most common catalyst in PEM fuel cell for both hydrogen
oxidation and oxygen reduction. In the early development of fuel cell, the platinum
catalyst loading was as high as 28 mg/cm?. In recent years, the platinum loading is
reduced to less than 1 mg/cm? without sacrificing the fuel cell performance or power
output. [8] Also, The cost from the catalyst have been decreased by lowering the platinum
content significantly, currently around 0,1 mg/cm2 in anode side 0,5 mg/cmz2 in cathode
side. Nowadays, Platinum alloys are being used to reduce platinum loading on the catalyst
layer. [14] [15]
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3.1.3. Catalyst Support

As small particles (4 nm or smaller) the catalyst’s dispersion in the high surface
area is very important. For that it is needed high surface area for keeping catalyst and
catalyst support having a good conductivity. [1] A widely used carbon-based powder is
Vulcan XC72 © (by Cobat). Through this material, the platinum is highly divided and
spread out, so that a very high proportion of the surface are can be in contact with the

reactant. In this way, the catalyst loading can be reduced greatly.[12]
3.2.  Gas Diffusion Layer (GDL)

Gas diffusion layers must be sufficiently porous to allow flow of both reactant
gases and water. In addition to, it must be both electrically and thermally conductive. [1]
The typical GDL’s thickness is in the range of 100 — 300 pm.

The porous gas diffusion layer in PEM fuel cell responsible for, [1]

» Providing a pathway for reactant and product gases from the catalyst layer
> Allowing the electrodes to complete the electron circuit

» Providing the mechanical support to the MEA

Also, in high humidity condition, the GDL assists in the water management by
controlling the amount of water to reach and be held at the membrane for hydration.

Teflon coating is used in GDL for wet-proof. [16]

30.0 kV 160x SE 100 SGL 10BA

Figure 3.4 Scanning Electron Microscope images of GDL coated Teflon [15]
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3.3. Bipolar Plate

Bipolar plates have multiple functions and they are also most costly and
problematic component of a PEM fuel cell. These plates on each sides of the MEA are
called “end plates” or “flow field plates”. Its primary target is to supply and distribute
reactant gases to GDL’s surface through flow channels. Also, bipolar plates should

provide electrical connection between the individual cell and GDL.[1]
Bipolar plates should have some specific properties. These are, [1]

> High electrical conductivity — for electron transfer between cells

» Low gas permeability — to prevent loss fuel voltage in case two different
gases cross over each other side

» Mechanical strength — to provide structural strength to create cell directory

» Lightness — for use in portable application

» High thermal conductivity — to remove the heat generated in the fuel cell

» Corrosion Resistivity — to become resistant to the acidic environment in

fuel cell

The main materials having these features stand out. Many research are carried out
about graphite polymer plates that provide all of these features [17] [18] and metallic
plates [19].

3.4. Gasket
Gaskets should have some properties in PEM fuel cell. [20] Those are,

Preventing gas leaking outside from the desired region
Withstanding acidic environment
Unreacting with hydrogen and oxygen

Resisting to melt and breakage

YV V. V VYV V

Not containing substances that poison the catalyst

A sealing material must be used. Silicone, Teflon and Viton seals provide greatly

these features.



CHAPTER 4

TECHNICAL CHALLENGES IN PEM FUEL CELL

Fuel cells have the potential to replace the internal-combustion engine in vehicles
and provide power in stationary and portable power applications because they are energy-
efficient, clean, and fuel-flexible. [9] However, the main hurdles facing the PEM fuel cell
industry from commercialization and competing with other power generation system are
durability, high cost, optimization of the fuel cell component materials and operating

conditions and the fuel availability.

4.1. Durability

Durability is one of the most important issue for commercialization of PEM fuel
cell. PEM fuel cells consist of number of different components, such as catalysts, catalyst
supports, membranes, gas diffusion layers, bipolar plates and gaskets. To achieve the
durability targets for PEM fuel cell systems, it is essential that each of the components

has required durability. [21]

4.1.1. Catalyst

In the PEM fuel cell, problems seen in the catalyst layer can be summarized under

four main headings.

> Platinum dissolution or oxidation

» Platinum agglomeration

22
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» Carbon corrosion of catalyst support
» Poising carbon layer with gases

41.1.1. Platinum Dissolution

Platinum is the most common catalyst in PEM fuel cell. Platinum may be oxidized
in time by the effects work-conditions and may be dissolved and removed from the
catalyst layer [22-25]. The first study almost has been made by Pourbaix and he also
identified the dissolved amount of Platinum atoms by considering the pH and voltage
concepts. [22] By considering the Potential vs. pH diagram (also known as Pourbaix
diagrams) for Pt atoms to be dissolved at 25 °C, pH needs to be under 0 and potential
needs to be between 1,0-1,2 V. There are two main possibilities which explains the
dissolving mechanism of Pt atoms. The first possibility is the ionization of Platinum metal
directly. (Equation 4.1). This after-reaction voltage values varies by the Platinum-lon

concentration. That voltage can be calculated by equation 4.2 [26]

Pt — Pt** +2e” (4.1)
E ,=119+0,029-log[Pt*?) (4.2)

The second possibility is the gradual dissolution of platinum. In the first stage the
surface of the platinum atoms are oxidized. (Equation 4.3) After this reaction voltage
value is shown depending on pH in equation 4.4. Afterwards, these H+ ions attacks to
the oxidized surface and results that Platinum atoms ionize and finally they are removed
from the surface. (Equation 4.5) The amount of platinum ions that occurs after this

reaction changes depending on the pH. (Equation 4.6)

Pt+H,0 > PtO+2H" +2¢ (4.3)
E ,=0,98+0,59- pH (4.4)
PtO+2H* - Pt?+H,0 (4.5)

log[Pt*?]=~7,06-2- pH (4.6)
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In the usual working-conditions of PEM type of fuel cells, Platinum catalysts
shows a definite behavior in thermodynamic means. Both at the start-up and at the turn-
off of the fuel cell, some unexpected issues may occur such as that Platinum particles are
being dissolved. [26]

4.1.1.2. Platinum Agglomeration

The reduction of the catalyst layer’s active surface area is considered as one of the
main reason to drop the performance of PEM fuel cells. It seems that the particle size
(increasing the size) don’t have a significant effect on lowering the performance.
However, the most important effect for the reduction of catalyst active surface area is the
catalyst agglomeration. (Figure 4.1)). The agglomeration in the Catalyst part of the PEM
fuel cells occurs in two ways. First way being that the Platinum particles move on the
Carbon Support Plate and the second being that the catalyst particle’s dissolution and

removal respectively, finally reaching onto another Platinum particle. [26]

High surface area Low surface area

Figure 4.1 Platinum agglomeration process

The voltage values in PEM Fuel Cells are ranging usually in between 0,4 and 1,0
Volts. However, in some circumstances, the potential may go over than 1 Volts. The
potential value higher than 0.85 Volts gives the possibility to the Platinum ions to
dissolve. The dissolved Platinum particles usually prefers to land on another high-
energized Platinum particles. [26] The resulting electrons by the reaction occurred move
to the area where the agglomeration happening on the Carbon Support. [26] This

agglomeration mechanism is also called so, Electrochemical Ostwald Ripening type of
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Agglomeration. This type of agglomeration is not seen in Alumina and Silica based

catalyst supports.
41.1.3. Carbon Corrosion

Carbon is an attractive choice for PEM fuel cell catalyst support material due to
its high surface area, high electron conductivity [27]. However, Carbon is readily
oxidized to carbon dioxide (CO.) under certain operation condition. Carbon corrosion
occurs via the following reaction. [28]

C+H,0->CO,+4H" +4e” E=0,207V (vs.RHE) 4.7)

This reaction is always thermodynamically favorable at the PEM fuel cell. The
carbon corrosion process leads to electrically isolated Pt particles that are separated from
the support material and also contributes to platinum agglomeration and drop in platinum
utilization too. [29]

Therefore, alternative materials instead of carbon-based catalyst support is needed.
So, various alternative non-carbon catalyst support have been investigated. Tin oxide
(SnO2) showed high activity for the oxygen reduction reaction [30]. Titanium Oxide
(TiO2) has been shown to exhibit high electrochemical performance and good stability.
[31] [32] Indium Tin Oxide (ITO) has been shown to possess high electron conductivity
and stability but has lower activity than Pt/C, likely due to its lower surface area leading
to poor platinum dispersion. [33] There are other metal oxides that have been used as non-
carbon catalyst support. Tungsten Oxide (WO3z) [34] [35] [36], Zirconium Oxide (ZrOz)
[37], Titanium Oxide (Ti4O7)[38], Ruthenium — Titanium mixed oxides (RuOx- TiOy)
[39] [40], Titanium — Tungsten mixed oxides (TiOx- WOy) [41], Ruthenium — Silicon
mixed oxide (RuO2- SiOy). [29] [42]

4.1.1.4. Poisoning of Carbon Layer by Gases

In the PEM type of fuel cells, the hydrogen used in the anode side and the oxygen
(or air) used in the Cathode side is not purely (100%) produced. Some impurities inside
these gases affects the fuel cell performance and durability, negatively. [43] The hydrogen
gas used on the anode side is gained by the electrolysis of water and after some chemical
reaction of hydro-carbon. The oxygen used on the Cathode part of the PEM Fuel Cell is
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simply taken by the Air. These unwanted substances (impurities) mostly damages the
catalyst layer.

These impurities (CO, NHs, NO2, SO; etc.) are absorbed on Platinum surface,
which reduces the active surface area of the catalysts. This dramatically reduces the
performance, indeed. Most importantly, the GDL loses its unique surface properties,
especially the hydrophobicity quality, by the exposal of this impurities. Expectedly, this

causes the water management and the mass transfer issues.
4.1.2. Membranes

In PEM fuel cell membranes with a significant component of the fuel cell are
degraded over time. Therefore membrane determines the operating life of the fuel cell.
Membranes are subject to two types of degradation. These are physical and chemical
degradation. Physical degradation occurs the low creep resistance of the membrane with
respect time after, under constant force, as a result of temperature and humidity changes.
After physical degradation, micro-cracks and the gas permeability of membrane are
increased. The chemical degradation is basically the coating of the membrane’s sulfonic
acid chains with radicals and ions, in time. After chemical degradation membrane loses

acidic functionality and thus its ionic conductivity. [44]

Recent research activities in PEM fuel cell have focused on developing PEM fuel
cell operating above 100°C. For this membrane research resisting high temperatures have

accelerated.
4.1.3. Bipolar Plates

In PEM fuel cell there are main features that are expected from bipolar platinum.
Among these agents hydrogen and oxygen are required to feed not mixing in fuel cell.
The purpose of these plates is mainly to supply gas through flow channels to anode and
cathode. At the same time, they manage the electron transfer over the gas diffusion layer
which are already in contact with these flow channels. Bipolar plates must deal with
corrosion issues under the conditions of acidic environment as well as the effect under
potential having the range of 0 V and 1,0 V. This causes some significant durability
problems. This causes serious stability problems. For this corrosion - resistant graphite

bipolar plate is attempted to increase the durability. [45]



27

Cost must be reduced to the commercialization of PEM fuel cell. By this reason,
it is highly desired to replace this final-price very high products (processed graphite

plates) with other cost-effective solutions, quick and easy manufactural metal plates. [46]
4.2. Cost

Fuel Cells use catalysts in order to increase the reaction inside the stack. There are
many catalysts used in fuel cells but mostly platinum is used because of its stable
operation. But nowadays platinum is very expensive and usage of this material increases
cost. Especially for automotive applications this is a real problem. Automotive
applications use PEM fuel cells so platinum usage in these cells increases production
costs of fuel cell powered vehicles. Instead of platinum using an alternative material will
decrease the cost. The cost of fuel cell power systems must be reduced before they can

be competitive with internal combustion engines.

The target that the United States Department of Energy showed up as a necessary
to capture until 2020 is 55 $/KW. [47] In terms of years PEM fuel cell’s cost reduction
and targets are shown in figure . This analysis is made to determine a possible cost strategy
of a PEM Fuel Cell by considering 80 kW and 500,000 systems. [47]

Projected Transportation Fuel Cell System Cost
-projected to high-volume (500,000 units per year)-
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Figure 4.2 Cost reduction of PEM type of Fuel Cells in time. [46]
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Figure 4.3 Breakdown of the 2013 projected fuel cell stack cost at 1,000 and

500,000 systems per year. [46]



CHAPTER 5

EXPRIMENTAL RESULTS

In this thesis study, the catalyst support materials being Cerium Oxide, Iridium
Oxides and Cerium- Iridium Mixed Oxides are optimized and synthesized to be used in
PEM fuel cells. During this optimization, X-ray Powder Diffraction (XRD) Analysis, X-
Ray Fluorescence (XRF) Analysis and Brunauer Emmett Teller (BET) Surface Area

Analyses are used.
5.1.  Synthesis of Catalyst Support Materials

The catalyst support materials used in PEM type of fuel cells are expected to have
such qualities, having high surface area (100 m?/g) and adequate conductivity are
indispensable. In this study, the Sodium Nitrate Fusion method of Adams and his

colleagues has been used to achieve the desired catalyst support material synthesis. [48]

To initiate, some percentage values are chosen for Cerium Oxide, Iridium Oxide

and Cerium-Iridium Mixed Oxide type of catalyst support materials, as shown table 5.1

29
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Table 5.1 Molar ratios of synthesized samples

Catalyst The molar ratio The molar ratio
Support Material of Cerium of Iridium
1 Ce0O2 %100 %0
2 IrCesOx %75 %25
3 IrCeOx %50 %50
4 Ir3CeOx %25 %75
5 IrO2 %0 %100

Depending on the molar percentage of the catalyst support material, following are
taken as needed: Cerium (111) Chloride Heptahydrate, (Alfa Aesar, 99%) and Iridium (111)
Chloride Hydrate (Alfa Aesar, 99,9%). These substances are to be mixed up to 20 times
of the total mass with 80 times meshed Sodium Nitrate (NaNOz) and with agate mortar.
Afterwards, some amount of water added and will be kept mixing as well. This mixing is
added into the ceramic crucible, closing its top with ceramic cover is necessary and then

it needs to be furnaced at high temperature for the calcination

Table 5.2 Parameters of Calcination

Calcination Temperature

400 °C 500 °C 600 °C 650 °C
v
6 hours v v
v
Time 8 hours v v
v
10 hours v v v

The component prepared after the heat treatment is taken from the ceramic
crucible with the pure water. The aqueous solution needs to be filtered and washed with
enough amount of distilled water. Support material left over the filter should be dried in

the vacuumed oven overnight at 100 °C. All process can be seen at figure 5.1
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Cerium (I11) Chloride Heptahydrate Iridium (I11) Chloride Hydrate
(CeCl3 x 7 H20, 99%) (IrCI3 x H20, 99,9% ) Sodium Nitrate
(NaNO3)

Ground

Sodium Nitrate
(NaNO3)
smaller than 80 mesh

Trace amount of

_
water is added
in a ceramic crucible
«— calcinated at 400-600 °C
(6-10 h).
filtered and washed |

dried in a vacuum oven at 100 °C

Y

Cerium- Iridium
Mixed Oxides

Figure 5.1 Process of Synthesis of Catalyst Support Materials

5.1.1. X-Ray Diffraction (XRD) Analysis

After the XRD results, the CeO2 (Cerionite) and IrO> (Iridium Oxide) are shown
as more than usual. However, the characteristic phase angles of the both materials are
substantially similar. Iridium oxide phase angle cannot be seen clearly when synthesized
especially at 400 °C and 500 °C %25 in the Number 2 named catalyst support material.
On the other hand, almost 50% Iridium Oxide including Number 3 catalyst support
material and, almost 75% Iridium Oxide including Number 4 catalyst support material
there is shown a quite amount of Iridium oxide phase obviously. The characteristic peak
at 34,5° is usually seen in catalyst support materials which are synthesized around 400 °C

and 500 °C. Results are given below.
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Figure 5.2 XRD pattern of 1-CeOx synthesized at 400 °C and 6 hours
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Figure 5.3 XRD pattern of 2-1rCesOx synthesized at 400 °C and 6 hours
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Figure 5.4 XRD pattern of 2-1rCesOx synthesized at 500 °C and 6 hours
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Figure 5.5 XRD pattern of 3-IrCeOx synthesized at 400 °C and 6 hours
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Figure 5.6 XRD pattern of 3-IrCesOx synthesized at 500 °C and 6 hours
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Figure 5.7 XRD pattern of 4-1r3CeOx synthesized at 400 °C and 6 hours
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Figure 5.9 XRD pattern of 5-1rOx synthesized at 400 °C and 6 hours
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Figure 5.10 XRD pattern of 5-1rOx synthesized at 500 °C and 6 hours

5.1.2. X-Ray Fluorescence (XRF) Analysis

Molar ratios of 2-1rCesOx, 3-1rCeOx and 4-1r3CeOx can be identified by using XRF
technique. After the XRF results it could be seen that the results match the molar ratios

as it should be in reality. These findings could be seen at Table 5.3.

Table 5.3 XRF results of samples

Theoretical (%oweight) XRF Result (%oweight)
Sample

Cerium Iridium Cerium Iridium
IrCesOx 70,15 29,87 69,29 30,71
IrCeOx 43,92 56,07 43,34 56,66
Ir3CeOx 20,36 79,64 23,56 76,44

5.1.3. Brunauer Emmett Teller (BET) Surface Area Analysis

BET device has been used to determine the area of the synthesized catalyst support
materials’. These surface area findings were compared with the commercial catalyst

support material. Synthesized materials’ surface area results are shown in Table 5.4.
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Table 5.4 BET results of samples

400 °C 500 °C 600 °C 650 °C
1-CeOx 36,36 10,96 6,95
2-1rCe30x 84,30 36,66 34,54
6 hours 3-1rCeOx 86,86 74,46 64,74
4-1r3CeOx 132,46 101,19 124,02
5-1rOx 103,00 150,00 125,80
1-CeOx 69,89 36,55 8,78
2-1rCe30x 78,91 38,75 52,17
8 hours 3-1rCeOx 109,93 63,94 61,40
4-1r3CeOx 109,93 123,32 92,66
5-1rOx 102,70 139,90 100,6
1-CeOx 23,11 16,64 --- -
2-1rCe30Ox 70,85 32,15 --- -
10 hours 3-1rCeOx 87,86 74,58
4-1r3CeOx 86,61 130,16 --- -—-
5-1rOx
*Unit of results is m?/g Vulcan XC-72: 207 m?/g

Measurements taken place at 600 °C has shown that samples exposed to 10 hours
of heat treatment lose its surface area. That’s the reason of there was no need to measure
other samples which are treated under high temperature and long-time heat treatment.
Measurements also have proven that short-term heat treated synthesized compounds tend
to have higher surface area. In addition to that, the highest surface area has been achieved

by only using the IrsCeOx as the catalyst support material.

5.1.4. 4-Probe Conductivity Measurements

All catalyst support samples were pressed at 10 tones. After then, these samples
were furnaced during 10 hours at under synthesis temperature. 4-Probe conductivity

device has been used to determine the conductivity of the synthesized catalyst support
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materials’. These conductivity findings were compared with the commercial catalyst

support material. Synthesized materials’ conductivity results are shown in Table 5.5.

Table 5.5 Four-Probe Conductivity Measurements results of samples

400 °C 500 °C 600 °C 650 °C
1-CeOx 32,3*10°°
2-1rCe30x 0,18 0,25 0,018
6 hours 3-1rCeOx 0,45 1,36 3,76
4-1r3CeOx 2,54 2,17 1,26
5-1rOx 3,10
1-CeOx - 3,98*10°
2-1rCe3Ox 0,58 0,60 0,78
8 hours 3-1rCeOx 5,60 1,38 1,26
4-1r3CeOx 19,45 0,84 2,0%10*
5-1rOx 4,03
1-CeOx 3,83*10°
2-1rCe30x 0,033 0,15 0,11 4,8*1073
10 hours  3-1rCeOx 3,4*10°3 3,18 4,16 0,65
4-1r3CeOx 2,09 8,90 5,44 3,04
5-1rOx 8,74 --- 8,10
*Unit of results is S/cm Vulcan XC-72: 31 S/cm

This table illustrate that conductivity of sample increase with content of Iridium.
Number 1 named samples have very low conductivity. It shows like insulator behavior.
However, number 5 named samples have high conductivity. In light of these results,
number 2, 3, 4 and 5 named samples show conductive behavior. Thus, they can use on

PEM Fuel Cell as catalyst support.

XRD, XRF, BET and 4-Probe Conductivity measurement of result, we chosen
IrCeOx sample synthesed at 400 °C and 6 hours (3-400-6), IrCeOx sample synthesed at
500 °C and 6 hours (3-500-6), Irs3CeOx sample synthesized at 400 °C and 6 hours
(4-400-6), Ir3CeOx sample synthesized at 500 °C and 6 hours (4-500-6) to use durability

measurement.
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5.2.  Synthesis of Pt/ CeO2-1rO2

Pt catalysts (45% weight) were synthesized on the prepared catalyt support
materials. 50 ml of Dihydrogen Hexachloro Platinate (I\V) (H2PtCls x 6 H20) and 100 ml
of water is stirred in magnetic stirrer. The diluted Amonium Hydroxide (NH30H) is
added, until the mixtures’ pH become 5. At the same time, support material and reducing
agent solution (NaBHj4) are prepared. 10 ml of Ethanol-water solution is added to the 50
mg of support material. The solution is stirred in magnetic stirrer for 5 min. After then, it
Is mixed for 10 min in the ultrasonic bath and 1 min in the ultrasonic homogenizer. In
another glass, 5 mg of NaBH4 and 13 ml of water are stirred in magnetic stirrer and stored
in the refrigerator, when lowered to right temperature. This NaBH4 solution and the
solution of support material are stirred in magnetic stirrer with ice water. This solution is
mixed in the ultrasonic bath for 10 min. While mixing in the ultrasonic bath, heat

increasment is prevented.

Finally, the mixture is mixed in ultrasonic homegenizer with ice water. The
support material and reducing agent are quickly mixed with platinic acid, which has a pH
of 5, in the magnetic stirrer. After 10 min of quickly stirring the mixture is placed in the
ultrasonic bath. After this, the mixture is put aside for it to become stable. This process
takes at least 3 hours. The mixture is vacuum filtered with Whatman 50 paper and washed
3 times with ethanol-water (2:3). The dryed substance is ground with agat morter and
passed 60 mesh sieve. VVortex is to speed up the sieve process. [20] All these process can

be seen at figure 5.11.
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Figure 5.11 Process of Synthesis of Electrocatalyst

5.3.  Synthesis of Pt-Au/ CeO2-1rO2

Pt-Au alloy catalysts were synthesized on the prepared support materials.
Dihydrogen Hexachloro Platinate (1) Hexahydrate (H2PtCle x 6 H2O - 99,9%) and Gold
(1) Chloride (AuCls) was used as Pt and Au precursors, respectively. Pluronic F-127
(Sigma Aldrich) was used as stabilizator to prevent agglomeration of catalyst particles.
First of all, Pluronic F-127 was dissolved in deionized at 80 °C. Then aqueous solutions

of HoPtCls and AuCls was added to the stabilizator solution.
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At the same time, the support material was dispersed in water with an ultrasonic
bath. The catalyst precursor solution with the stabilizator was added on support material
solution and the final mixture was mixed and homogenized with the ultrasonic bath. After
that, the fresh made ascorbic acid was added to the mixture as a reducing agent. The final
mixture was stirred in magnetic stirrer at high speed and homogenized in the ultrasonic
bath for 1 hour. Then, it was vacuum filtered and washed with hot water to remove the
stabilizator. The catalyst residue on the filter paper was removed from the filter paper and

dried in vacuum over at 100 °C, overnight. All these process can be seen at figure 5.12.

Catalyst Support Stabilizator
it is disposed it is solved Platinic Acid
with ultrasonic with water Solution
bath in water (80 oC)

Gold (Il) Chloride
Solution

3 X magnetic stirrer
3 x ultrasonic bath
(5 mins)

Ascorbic asid
solution

3 x magnetic stirrer
3 x ultrasonic bath
(15 mins)

is vacuum filtered

is washed

with hot water

is dried vacuum oven

Electrocatalyst

Figure 5.12 Process of Synthesis of Pt-Au Electrocatalyst



5.4. Oxygen Reduction Reaction Change of Kinetics Activity

Durability test was applied to create condition which cause performance drop,
such as corrosion. During this test, potential was changed with 20 mV/s of scan rate in
between 0,6 V and 1,2 V. Rotating voltammetry experiments were applied before and
after from this accelerated test. Rotating voltammetry experiments carried out at 1600
rpm with 20 mV/s of scan rate in between -0,32- 1,0 V (vs. Ref). After this test, it was
monitored that performance of catalyst layer dropped. These durability test findings were
compared with the commercial catalyst support material. Synthesized materials’

durability test results are shown in below.

Catalyst

Samples
Support
M34 3- CelrOx
M35 3- CelrOx

M44-1 4- CelrsOx

M45 4- CelrzOx

M44-2 4- CelrzOx

Calcination  Calcination
Temperature Time
400°C 6h
500°C 6h
400°C 6h
500°C 6h
400°C 6h

% Pt
(wt %0)
45
45
45
45

20

% Au
(wt %)

0

0

20

2,00E-05
0,00E+00

0,6 V and 1,2 V Changeable Potential Durabilty Test

-2,00E-05
-4,00E-05
-6,00E-05
-8,00E-05
-1,00E-04
-1,20E-04

Current Density (A/lcm2)

-1,40E-04
-1,60E-04

-1,80E-04

Potential (V)

1st Day

2nd Day

14

Figure 5.13 Rotating voltammetry experiment before and after the durability test for

M34
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Figure 5.15 Rotating voltammetry experiment before and after the durability test for
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Result of durability experiments, reduction of limit current after durability test can
be calculated between 0,9 V and 0,85 V. The results can be compared with Vulcan XC-
72. Synthesized materials’ limit current, reduction of limit current and reduction of

performance results are shown in below.

Table 5.6 Limit current density of samples

Catalyst o ) % Pt % Au
Support Limit Current Density (mA/cm?) WE%)  (WE%)
Vulcan XC 72 3,50 45 0
M34 - 3-400-6 0,16 45 0
M35 - 3-500-6 0,04 45 0
M44 - 4-400-6 0,07 45 0
M45 - 4-500-6 0,68 45 0
M44-1 - 4-500-6 2,52 20 20

Result of limit current density, it can be seen that M44 and M45 named samples
reach value which is competed with Vulcan XC-72.

Table 5.7 Reduction of limit current after durability test

Reduction of limit current density after % Pt % Au

Catalyst Support
durability test (%0) (Wt%)  (wt %)
Vulcan XC 72 8,4 45 0
M34 68,8 45 0
M35 34,9 45 0
M44-1 -14,3 (0) 45 0
M45 3,7 45 0

M44-2 75 20 20
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Table 5.8 Reduction of kinetic current performance after durability test

Catalyst Reduction of kinetic current % Pt % Au

Support performance after durability test (%0) (wt%)  (wt %)
Vulcan XC 72 46,2 45 0
M34 78,2 45 0
M35 46,4 45 0
M44-1 -138,2 (0) 45 0
M45 4,9 45 0
M44-2 0,7 20 20

Exerted on catalysts after these tests, M45 and M44-2 named samples shown better
durability than commercially Vulcan XC-72. In here, M44-1 named sample shown
increasing of limit current and Kinetic current performance. It may be evaluated that

durability performance of this sample doesn’t change during test.



CHAPTER 6

CONCLUSION

PEM type of fuel cells have a great potential to be a game-changer for an
alternative energy production in various areas. However, cost and durability issues are
obstacles for the commercialization of PEM Fuel Cells. Platinum catalyst not only affects

the cost but also the performance.

Nowadays, as catalyst support material, we see that Vulcan XC-72 material is used
in PEM type of fuel cells. Since this material is mostly based out of Carbon, in some
extreme circumstances we see that performance drops dramatically. There is some other
materials obviously needed to cover these inabilities, to change the odds. In this thesis
study, some materials are synthesized as catalyst support material to determine a good

replacement.

In this study, a novel mixed oxide catalyst support was investigated for use in PEM
type of fuel cell, instead of Vulcan XC-72. A poisoning resisting CeO, matrix was doped
with electrical conducting IrO.. Five different formulations of CeO2:IrO2 with molar
ratios of 1.0, 0,75:0,25, 0,5:0,5, 0,25:0,75, and 0:1 were synthesized and tested. CeO> and
IrOz in the 0,5:0,5, 0,25:0,75 of molar ratio were shown to have a high BET surface area
>80 m?/g as well as an excellent electrical conductivity of ~1,5 S/cm. In light of these
results, Cerium — Iridium Mixed Metal Oxides have enough property to use in PEM type
of Fuel Cell.

Pt and Pt-Au deposition onto this Cerium-Iridium mixed oxides support was
carried out via an impregnation — reduction method The resultant electrocatalysts (20%

Pt and 20% Pt-20% Au loading) was more stable than the commercial Pt/C baseline.
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