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Fuel cell catalyst coating quality for reliable ORR activity results
HUGO MARTENSSON

Department of Physics

Chalmers University of Technology

Abstract

Proton exchange membrane fuel cells (PEMFCs) are energy conversion devices that
could play a key role in the reduction of greenhouse gas emissions. However, one
major problem for PEMFCs is the slow oxygen reduction reaction (ORR), which
causes large overpotentials and requires a large amount of expensive platinum cat-
alyst to be sped up. For that reason, evaluation of the ORR activity of catalysts

Is important, and the rotating disk electrode (RDE) method is commonly used for
this purpose. However, there are still problems with achieving reliable results of
the ORR activity with RDE, speci cally due to the activity's dependence on the
quality of the catalyst coating on the electrode. This thesis investigates how di er-
ent parameters of a catalyst ink in uence the catalyst coating and how to achieve
a uniform thin coating. For one catalyst, inks with di erent alcohol contents and
platinum loadings were tested, and for a second catalyst, di erent alcohol contents
and pH levels were tested.

The alcohol content did not appear to have a signi cant impact on the ORR activity
or the homogeneity of the thin Ims. A high alcohol content facilitated the spread-
ing out of the ink due to a lower surface tension, but it was also harder to keep it
from spreading outside the electrode disk. With platinum loading, there seemed to
be a lower limit between 10 an®0ugy, =cm? for the catalyst to cover the entire disk
homogenously. Below this limit, the mean speci c ORR activity was about 20%
lower. At 34:8 g, =cm?, the results were about the same as f@0ugp, =cm?, mean-
ing no upper limit appears to have been reached. For the second catalyst, stability
issues were observed, which did not signi cantly change with the alcohol content.
Increasing the pH of the ink by adding KOH improved ink stability, but it was still
not possible to produce a completely homogeneous coating. Further investigations
on how to achieve a homogeneous coating with this catalyst are therefore needed.

Keywords: Proton exchange membrane fuel cell, oxygen reduction reaction, rotating
disk electrode, Pt/C catalyst.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

CE Counter electrode

CVv Cyclic voltammetry

EIS Electrochemical impedance spectroscopy
ECSA Electrochemical surface area

KOH Potassium hydroxide

GC Glassy carbon

IPA 2-propanol

MA Mass activity

MEA Membrane electrode assembly

ORR Oxygen reduction reaction

PEMFC Proton exchange membrane fuel cell
Pt Platinum

Pt/C Platinum on a carbon support

RDE Rotating disk electrode

RE Reference electrode

RHE Reversible hydrogen electrode

SA Speci ¢ activity

WE Working electrode
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1

Introduction

Global warming is one of the many challenges our society faces today. Emissions
of carbon dioxide and other green house gases need to be reduced in order to ac-
complish the goal of the Paris Agreement, to limit global warming td.:5°C above
pre-industrial levels [1]. This requires development of new technologies to convert
energy more e ciently with low, possibly zero, emissions. Besides its emissions of
carbon dioxide, fossil fuels are nite, which means it is obvious that other alternative
energy sources need to be used in the long term [2]. Fuel cells presents one piece
of the solution to these problems. They are e cient energy converters that based
on electrochemical principles, convert chemical energy stored in a fuel directly to
electricity. What fuel is used di ers, but hydrogen, methane and methanol are some
examples [2]. It is possible to produce hydrogen through renewable means and by
combining water electrolysis, storage of hydrogen gas and fuel cells, it provides a
possible solution to the intermittency that plagues renewable energy sources such
as wind and solar.

A fuel cell is similar to a battery. It has a negative and a positive electrode, separated
by an electrolyte and through the use of redox reactions at these electrodes, a DC
current is generated. In contrast to a battery, a fuel cell requires a constant ow of
fuel and oxidant to operate and its electrodes do not change as part of the redox
reactions. A battery on the other hand stores energy and generates a current by
using material already inside it. It will continue to operate only for as long as there
is material in the battery to undergo the electrochemical reactions, until the battery
is completely discharged. A fuel cell cannot be discharged, it will continue to output
electricity for as long as fuel and oxidant are supplied (disregarding degradation).
There will also be by-products generated by a fuel cell, often water and heat, that
need to be handled, although the heat could be used in some way. A battery also
produces heat, but not to the same extent [3].

Fuel cell technology has been around for some time, with the rst fuel cell being
developed in 1842, with its rst practical application being a part of the U.S. space
program in the 1960s [3]. Today, fuel cells show great promise as a possible solution
to global warming but there exists some obstacles, for example degradation and
the price of the catalyst. Catalysts are used in fuel cells to increase the rate of
the electrochemical reactions. The material used as a catalyst in proton exchange
membrane fuel cells (PEMFCs), a popular type of fuel cell, is platinum, an expensive
metal that makes up about half of the cost of a complete fuel cell stack [4]. The
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1. Introduction

sluggish kinetics of the cathode reaction in a PEMFC, the oxygen reduction reaction
(ORR), requires a lot of catalytic material and is also the source for most of the losses
in a fuel cell. Evaluating the ORR activity for new catalysts is therefore an important
part in the continued development of new fuel cells. A common technique for this
evaluation is the rotating disk electrode (RDE) method which allows for simple and
inexpensive testing of catalysts ex situ. It also gives a meaningful prediction of the
catalyst's performance in a fuel cell [5].

For the catalyst to be studied with the RDE method, a thin Im of catalyst is coated
on the electrode surface of the RDE. This is done by preparing an ink of catalyst and
solvent and then depositing a small droplet of ink on the electrode. The ink is then
dried such that it yields a smooth homogeneous Im that covers the entire electrode
surface. The di culty of obtaining reproducible, comparable and accurate results
of the ORR activity with the RDE method is however still an issue, even with many
studies making e orts in increasing the method's reliability. In order to measure the
ORR activity accurately, it is important that the Im is of good quality. The Im
needs to be thin and uniform over the entire surface of the electrode and the quality
Is a ected by the ink recipe and dispersion, drying conditions and electrode surface
[6]. This thesis aims to study the in uence of di erent catalyst ink parameters on
the quality and reliability of ORR activity measurements.

1.1 Aim

The aim of this thesis is to increase the reliability of ORR activity measurements
performed with the RDE method. This study focuses on investigating how a good
quality Im is produced, with a primary focus on di erent catalyst ink parameters.
The in uence of the water:alcohol ratios and platinum loadings on the coatings is
examined. The quality of these coatings is evaluated visually with a light microscope
and electrochemically with the RDE method. Additionally, the in uence of the pH
of catalyst inks on the quality of the coating is investigated.

1.2 Limitations

This thesis only studies the ORR activity ex-situ with the RDE technique. Other
methods than light microscope and RDE to evaluate coatings are not used. Param-
eters of the RDE method such as electrolyte, rotation speed and scanning rate and
range are not investigated. The scope is also be limited to two di erent commercial
Pt/C catalysts, where Pt/C means platinum nanoparticles on a carbon support.
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Theory

This chapter explains how fuel cells, and in particular proton exchange membrane
fuel cells (PEMFCs), work. The theory behind the catalyst in a PEMFC, one of the
main obstacles in the expanding commercialization of PEMFCs, is then covered as
well as di erent techniques for characterizing PEMFC catalysts.

2.1 Fuel cells

A fuel cell is a device that generates energy from controlled and spontaneous oxi-
dation and reduction reactions while being supplied with a fuel. It consists of two
electrodes separated by an electrolyte, a material that conducts ions but not elec-
trons. At one electrode, the anode, an oxidation reaction occurs and at the other
electrode, the cathode, a reduction reaction occurs. The dierence in Gibbs free
energy between the reactions of the two electrodes drives the fuel cell and allows
the extraction of electrical work. Electrons generated by the oxidation reaction are
passed through an external circuit connecting the electrodes, creating useable elec-
tricity. The protons on the other hand are passed to the cathode through the ion
conducting electrolyte. At the cathode, the protons and electrons are consumed in a
reduction reaction. There are many di erent types of fuel cells which di er in their
operation. A common fuel however is hydrogen, which together with oxygen from
the air results in the fuel cell's only emissions being water and heat [7].

2.1.1 Proton exchange membrane fuel cell

A common type of fuel cell is the proton exchange membrane fuel cell (PEMFC).
It o ers advantages such as being compact, being able to output high power and to
change the it rapidly, not including any hazardous liquid electrolytes and operating
at relatively low temperatures [8]. PEMFCs work by converting the chemical energy
in hydrogen into electricity. In a PEMFC, hydrogen is oxidized at the anode and
oxygen from the air is reduced at the cathode, producing water and heat as the
only emissions. Figure 2.1 shows a schematic diagram of a PEMFC. The hydrogen
oxidation reaction (HOR) and oxygen reduction reaction (ORR), the anode and
cathode reactions in a PEMFC, are

Anode (HOR): H,! 2H" +2e (2.1)
Cathode (ORR): O,+4H" +4e ! 2 H,0: (2.2)



2. Theory

The overall reaction in a PEMFC is then

H, + ;Ozl H,O: (23)
e Load
1
|
e
Hydrogen | Air
=" ! lelo, £
H+
H —
H+
- H,O
— L Excess Air
Excess hydrogen — Water
Heat

Figure 2.1: Schematic diagram of a PEMFC.

This is an exothermic reaction, meaning energy is released in the process. The
energy, or enthalpy H, of the reaction is di erence in enthalpy of formation of the
products and reactants, in this case 286 kJrmol at 25°C and atmospheric pressure
[9]. Not all of this enthalpy can be converted to electricity however, due to losses
caused by creation of entropy S. The energy that can be converted to electricity
is Gibbs free energy

G= H T S (2.4)

which in this case is 23734 kJ=mol [9]. The relationship between Gibbs free energy
and the equilibrium cell voltageE. is

G= nFE,. (2.5)

where n is the number of electrons needed to convert the reactant into product
(in this casen = 2) and F is the Faraday constant. The Faraday constant is
the charge ofl mol of electrons, the product of Avogadro's number and the charge
of one electron, and equal96 385 Gmol [8]. Using this equation, the theoretical
potential of a PEMFC is 1:23V. In reality it is lower than 0:9V [10]. Several
sources contribute to this loss of voltage, also known as overpotential, in di erent
ways. They include kinetics of the electrochemical reactions, ohmic losses, internal
currents and mass transport losses. Speci cally, the slow kinetics of the oxygen
reduction reaction is a major source of overpotential [11].

The heart of a PEMFC is the membrane electrode assembly (MEA). The MEA
consists of a membrane, two electrodes and two gas-di usion layers or di usion
media. Each side of the MEA is then connected to a bi-polar plate which transports
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2. Theory

gases to and from the MEA. The hydrogen and oxygen are then transported to their
respective electrodes by the porous gas di usion layer [7].

Starting with the membrane, its role is to transport protons from the anode to the
cathode, separate the oxygen and hydrogen gases, work as a support for the catalyst
layer and be stable in the PEMFC environment. The conduction of protons needs to
be done while minimizing the voltage drop which reduces the e ciency and power
output of the cell. Mixing of hydrogen and oxygen gases should be avoided since
it could lead to explosive reactions in the presence of a catalyst. To satisfy these
criteria, the membrane consists of a thin Im of a proton conductive polymer. This
polymer includes covalent bonds to functional anionic groups which provides the
proton conductivity [8].

Catalysts are used for both reactions in a PEMFC. However, the kinetics of the
HOR is very fast and thus requires very little catalytic material. The ORR on the
other hand, is signi cantly more sluggish and is the reason for most of the losses in a
PEMFC. The catalyst used in the electrodes of a PEMFC is usually platinum (Pt),
or a platinum alloy, in the form of nanoparticles on a carbon support. However,
even with a platinum catalyst, the ORR su ers from high overpotentials [7].

2.1.2 Other types of fuel cells

There exists many types of fuel cells in addition to PEMFCs. For example phos-
phoric acid fuel cells (PAFC) that operate at higher temperatures compared to
PEMFCs, about 160 200°C, and was one of the rst fuel cell technologies. The
redox reactions are similar to those in a PEMFC but the electrolyte is concentrated
phosphoric acid absorbed into a SiC paste [7]. The catalyst is also similar to that
in a PEMFC, platinum on a carbon support. Its higher operating temperature al-
lows for faster kinetics of the ORR and reduced CO poisoning at the anode [8], a
phenomenon caused by CO strongly adsorbing to the platinum surface. PAFCs are
used mostly for stationary power plants [7].

Another type of fuel cell is molten-carbonate fuel cells (MCFCs) which operate at
much higher temperatures, 600 700°C, in order for the electrolyte to reach a good
enough conductivity. The electrolyte is made up of a molten salt ()COs/Li ,CO;

or Na,COs3/Li ,CO3) that is absorbed in a ceramic matrix. Because of the high
operating temperature, MCFCs do not need precious metals as catalysts and can
for example use Ni-Cr alloy at the anode and NiO at the cathode. The anode and
cathode reactions in an MCFC is

Anode: H, + CO4? ! H,O +CO,+2e
1
Cathode: éo2 +CO,+2e | CO5? :

The high temperature makes the anode resistant to CO poisoning but also increases
corrosion and degradation of the cathode [7].

There are also fuel cells that use a solid electrolyte, so called solid oxide fuel cells
(SOFCs). The electrolyte of a SOFC is a non-porous metal oxide or ceramic which
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2. Theory

requires a high temperature to allow ion conduction. The operating temperature
of an SOFC is therefore in the range 600 1000°C [7] which allows it to use fossil
fuels such as hydrocarbons directly, due to reforming at the electrocatalyst layer [8].
For the catalysts, Lanthanum strontium manganite is used at the cathode while the
anode uses Ni combined with the electrolyte material. The redox reaction at the
cathode in an SOFC is

O,+4e | 207

and at the anode
H,+O?2 | H,O +2e

but the anode reaction could di er depending on the fuel used [8].

The last type of fuel cells that will be mentioned here are alkaline fuel cells (AFCs).
These fuel cells use potassium hydroxide as the electrolyte. Advantages of a AFC
include lower overpotential losses of the oxygen reduction reaction compared to
fuel cells with acid electrolytes, as well as being able to use non-precious metals as
catalysts. The redox reactions that occur in an AFC are

Anode: 2H, +40H | 4H,0+4e
Cathode: O, +2H,O0+4e ! 40H :

These fuel cells are however very sensitive to G@&hich forms solid K,COs, lowering
the ionic conductivity of the electrolyte and blocking electrode pores [7].

2.1.3 Oxygen reduction reaction

The oxygen reduction reaction (ORR) occurs at the cathode of a fuel cell and its
slow kinetics is one of the main reasons for the di culty of commercializing fuel cell
technology. As mentioned earlier, the ideal voltage of a fuel cell 523V but the
observed voltage is lower tha®:9 V. This overpotential is primarily caused by the
ORR but the exact reasons are unclear because of the reaction's complexity [10].

An overpotential is a di erence between the electrode potential and the equilibrium
potential and is needed in order to generate a current. The relationship between the
overpotential and the current is described by the Butler Volmer equation

# " #l
F(E E F(E E
oxNF ( e) exp redNF ( e)

=l X RT RT

(2.6)
whereig is the exchange current density, meaning the reaction rate at equilibrium,

is a transfer coe cient and n is the number of electrons involved in the electrode
reaction [11]. The overpotential i€ Eg, the di erence between the applied poten-
tial and the equilibrium potential. The Butler Volmer equation can describe both
the HOR and ORR but the sign of their respective overpotentials will be di erent.
For the cathode,E < E ., which makes the rst term negligible compared to the
second. The dominant current will then be the reduction current. At the anode, the
opposite is true sinceE > E ¢, making the dominant current the oxidation current
[11].
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2. Theory

The voltage loss caused by the overpotential is called activation polarization and is
related to sluggish electrode kinetics. Even though this is relevant for both the HOR
and ORR, the sluggish kinetics of the ORR requires much higher overpotentials.
The activation polarization can be expressed as a function of current density by
utilizing the second term of the Butler Volmer equation which is dominant at high
overpotentials [11]. This yields

RT [
Vot = —In — : 2.7
w = e (2.7)
Comparing the exchange current density, between the HOR and ORR|g is of the
order 10 3 A=cm? for the HOR and 10 8 A=cm? for the ORR [2]. The activation
polarization can be further simpli ed with the Tafel equation

Vaet = @+ blogi (2.8)

whereb= 2:3RT=nF is called the Tafel slope. A typical value for the ORR on Pt
is 60 mV per decade which is the value whem =1 and T =60 C [11].

The exact cause for the high overpotential is still unclear even after extensive re-
search and the ORR is a complex reaction with many intermediate steps [10]. There
are two ways for oxygen to be reduced [8]. The rst one is a direct four-electron
pathway without any intermediates,

O,+4H* +4e | H,0; (2.9)

and the other one is a two-electron driven reaction where,B, is formed:

O,+2H* +2e | H,0y: (2.10)

In the ORR mechanism, the rate limiting step is identi ed as Q being dissociated
and adsorbed onto the platinum surface. The dynamics of the ORR is heavily
in uenced by the catalyst and even though many metals could be used, platinum
and combinations of platinum with other metals are considered to be among the most
promising candidates. The structural and electronic properties of platinum based
catalysts make them able to destabilize intermediates which reduces the activation
energy barrier and thus increases the kinetic rate of the ORR [10].

2.2 Catalysts for proton exchange membrane fuel

cells
Catalysts are used in fuel cell in order to increase the rate of the reactions occurring.
The structural och electronic properties of the catalytic material make them able to

destabilize intermediates of the reactions, which leads to a reduced energy barrier.
Reducing the energy barrier of the reaction increases the kinetic rate of which that
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2. Theory

reaction occurs [10]. Today, the catalyst commonly used in both the anode and
cathode electrode of a PEMFC is platinum (or a platinum alloy) nanoparticles on a
carbon support (Pt/C). The size of the nanoparticles is usually in the range of 2
4nm but it could depend on the support used, alloying and heat treatment of the
catalyst [7].

By using Gibbs free energy to calculate the binding energy of the intermediates in
each step of the ORR, the activity can be plotted versus the binding energy for
di erent metals. If the binding energy is too high, O and OH binds to strongly to
the metal and the proton transfer step will be slow. If O and OH binds too loosely to
the metal, there is no transfer of protons and electrons to the oxygen. This creates a
volcano like plot, with Pt on the top, meaning it has the highest activity compared
to other metals [12].

The high surface area to volume ratio of nanoparticles allows the catalyst to achieve
high catalytic activity while keeping the loading of platinum low. A support ma-
terial also hinders agglomeration of Pt nanoparticles when the concentration of Pt

Is increased, which is good since agglomeration decreases the surface area and thus
activity of the Pt. For ORR, Pt/C is recognized as one of the most promising cata-
lysts. Many properties of the carbon support like small particles, high surface area,
uniform morphology, highly dispersed and good interactions with the Pt contribute

to an increased Pt utilization [13].

However, a problem with a carbon support is that it oxidizes during the operation
of a PEMFC, something which especially occurs during start up and shut down of
the PEMFC. During these processes, the potential is higher compared to steady
state conditions, which speeds up the corrosion of the carbon. When the carbon
oxidizes, it forms carbon dioxide (or carbon monoxide at even higher potentials),
weakening the interaction between the Pt nanopatrticles and the carbon support. A
weakened bonding interaction causes the Pt particles to separate from the support
and agglomerate [14]. Finding a non-corrosive support that enhances the catalytic
activity and durability is therefore an active area of research [13].

2.3 Electrochemical techniques

This section introduces the electrochemical techniques that are used to characterize
fuel cell catalysts and explains how the ORR activity is determined with the RDE
method.

2.3.1 Three-electrode cell

Electrochemical studies are often performed in three-electrode cells. A three elec-
trode cell consists of a working electrode (WE), counter electrode (CE) and reference
electrode (RE), submerged in an electrolyte as shown in Figure 2.2. Between the
WE and CE, a current is passed, while no (or a small) current is passed through the

RE. The RE is used as a reference when controlling the potential of the WE [15],

which is the electrode that is studied. It should be the chemistry of the WE that
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2. Theory

determines the experimental data from a measurement in a three-electrode cell. The
material of the WE can vary greatly depending on the study but this thesis uses
a thin Im of Pt/C catalyst coated on a glassy carbon (GC) disk. For the CE, its
objective is to provide a current with the same magnitude but di erent sign as the
current at the WE. This should occur without a ecting the response of the WE [8].

@ Y
|

CE WE RE

Figure 2.2: Schematic diagram of a three-electrode cell.

Since the job of the RE is to provide a reference for controlling the potential of the
WE, it is important that the potential of the RE remains constant during the ex-
periment and does not vary between measurement days. A basic RE is the standard
hydrogen electrode (SHE) which consists of a high area platinum electrode il &
proton solution and is saturated with hydrogen. It is de ned by the equilibrium

potential of

1
H" +e ! 5 H, (2.11)

at standard conditions. When the pH of the solution is no longer 0, the same RE is
a reversible hydrogen electrode (RHE), which deviates from the SHE based on the
pH level [16].

2.3.2 Cyclic voltammetry

In cyclic voltammetry (CV), the potential of the WE is swept between two values
while the current is measured. The potential starts at one value and changes lin-
early until it reaches the other value, where the sweep direction is reversed and the
potential goes back to the rst value [17]. This is one cycle.

A typical cyclic voltammogram for a Pt/C catalyst in an inert environment is shown

in Figure 2.3. There are four main reactions that happen in this cycle. When
decreasing the potential from the highest value, the rst reaction that occurs is the
reduction of platinum. Then at lower potentials, there is hydrogen adsorption on
the platinum. When the sweep direction is reversed and the potential increasing, the
hydrogen is desorbed and then the platinum oxidizes [18]. An electric double layer
Is also visible as the at region between the hydrogen adsorption/desorption and
Pt reduction/oxidation, at about 0.4 0.5V vs. RHE. When a potential is applied
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Hydrogen desorption ) )
Pt oxide formation

QH ads
/ Pt oxide reduction

~ Hydrogen adsorption

Figure 2.3: A typical voltammogram with the area used to calculate the ECSA
highlighted.

to the electrode, it takes up a characteristic charge. This charge attracts ions of
opposite charge, forming an electrical double layer. The electrical double layer can
be characterized with a capacitance de ned by the change in charge as the potential
changes. For CV, the current density will be the product of this capacitance and the
scanning rate when no Faradaic processes occur, meaning no current is generated
by reduction or oxidation [8].

With the help of a CV measurement, one can calculate the electrochemical surface
area (ECSA). The ECSA is an important parameter of the catalyst and is used
when determining the area-speci ¢ ORR activity. Both the hydrogen adsorption and
desorption areas of the voltammogram can be used to calculate the ECSA, but in this
thesis it is calculated using the adsorption charge. The hydrogen adsorption charge
Qn ads IS calculated by integrating the part of the voltammogram that corresponds
to the hydrogen adsorption [6], since
z
Q= Idt (2.12)

The integration is done over the red area in Figure 2.3 but with the x-axis converted
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to time. The baseline for the integration is such that current stemming from the
electrical double layer is excluded. After obtaining)y ags, the ECSA is calculated
as

2 - QH ads[C]
ECSAn(M™=gr] = 210puC=cm3, 0:77 mp[Ugp] 10 (2.13)

where 210uC=cmj, is the charge of full coverage for polycrystalline platinum and
0:77 is a factor to correct for not all catalyst being used [6]. The magsp; is the
mass of the catalyst loaded onto the electrode.

2.3.3 IR drop and compensation

The potential di erence between the WE and RE in an electrochemical cell will
not be equal to the voltage applied due to a loss of voltage caused by the solution
between these electrodes. This voltage loss is equalifo whereR is the resistance
of the solution. Because of this, the potential di erence E between the WE and
the RE will be

E= V IR (2.14)

where V is the voltage applied. The potential di erence can thus be calculated
by compensating for theiR term with a resistanceR,. One method that can

be used to measurdr, is electrochemical impedance spectroscopy (EIS). At high
frequencies, the impedance of the electrical double layer will be close to zero since
it is a capacitance. Then, the only resistance will be that of the solutiorR, [19].

2.3.4 Rotating disk electrode

When evaluating electrocatalysts, the rotating disk electrode (RDE) method is com-
monly used. This is due to the method's simplicity and ability to give a meaningful
prediction of the electrocatalyst's performance in an MEA [5]. The commercial avail-
ability of the components needed, like rotators and disks, at an acceptable cost is
also a reason for the popularity of RDE [20]. RDE is performed in a three-electrode
cell, and is a technique where the WE is a disk that is rotated around its vertical
axis. The disk could be made from many di erent materials, for example glassy
carbon (GC), and has a radius of 0.1 1:.0cm It is surrounded by an insulating
sheath with a signi cantly larger radius. Only one face of the disk is exposed to the
electrolyte and the RDE pumps solution towards the disk through its rotation. Once
the solution hits the solid electrode it is thrown outwards. With some theoretical
work, a di usion layer is de ned where di usion is the only mode of transportation.
From this layer, one can derive the current density of the WE at potentials where the
electrode reaction is mass control limited. The expression for this current density is
the Levich equation [8]

ja=0:6MFD*3¢ 61 172 (2.15)

wheren is the number of electrons of the reactiorf; = 96 485 C=mol is the Faraday
constant, D is the diusion constant, c is the concentration of the electroactive
species dissolved in the electrolyte, is the kinetic viscosity of the electrolyte and
I is the rotation rate of the RDE with unit rad/s.
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The limited di usion layer and establishing of a high rate and steady-state mass
transport makes the RDE method suitable for studying the kinetics of interfacial
processes [17]. This includes the ORR activity of fuel cell catalysts, which is usually
measured while the electrode is rotating at600 rpm[6]. When measuring the ORR
activity, the electrolyte in the electrochemical cell needs to be saturated with O
Using 0:1 M HCIO, saturated with O, as the electrolyte, the parametersy = 4,
Do, =1:93 10 ®cm?=s, ¢o, = 1:26 10 3mol=, pco, = 0:01009cm=s, and

I = 1600rpm can be used in the Levich equation to achieve a theoretical current
density of about 6 mA=cm? [5]. When studying fuel cell catalysts with RDE, the
catalyst is coated as a thin Im on a GC disk, ideally 0:2um [6]. This is performed
by preparing an ink containing catalyst and solvent and then letting it dry on the
GC disk.

In the region0:75 1:00V vs. RHE of an ORR polarization curve, there is a steep
slope as seen in Figure 2.4 which is the mixed kinetic-di usion control region [6].
Below this there is at region where the current is limited by the speed of di usion,

in range 0:20 0:70V. As mentioned before, the current here should be about
6 mA=cm?. The quality of the coated thin Im on the GC disk has a great impact

on the ORR polarization curve. A good quality Im should be uniform and cover
the entire disk of the electrode. A worse coating leads to a less negative and more
inconsistent current density in the region0:80 1:00V vs. RHE which means that

it has a lower activity [21].

Figure 2.4: A typical voltammogram for an electrode coated with Pt/C catalyst
in an O,-saturated electrolyte.
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The catalytic activity is usually determined by the current at0:90V vs. RHE. This
potential is chosen in order to minimize the impact of mass-transport losses which
can not be excluded at potentials lower thar0:90V vs. RHE, where the current
density is higher [6]. To correct for mass-transport losses, the Koutecky Levich
equation [5]

.11 (2.16)

| Ik lg
is used, wher@y is the kinetic current, i4 is the di usion limited current and i is the
current measured at0:90V vs. RHE [6]. The di usion limited current is measured
at 0:4V vs. RHE or elsewhere in the at region of Figure 2.4. Bothy and i are
background corrected. Background correction is done by performing the same CV
measurement in a N-purged electrolyte. This current will be subtracted from the
current measured with the Q-saturated electrolyte to get a background corrected
ORR current, eliminating current contributions from sources other than the ORR
[6]. The Pt mass-speci c activity (MA) is then estimated by dividing iy with the
mass of platinum loaded onto the WE:

MA = K . (2.17)
Mpt
The Pt area-speci ¢ activity (SA) is calculated in a similar manner, is divided by
the ECSA and mass of platinum (or just the ECSA if it is not mass normalized) in
the Im: i
SA= — 2.18
ECSAs mp; ( )

The current iy is negative by convention, meaning that the MA and SA will be
negative as well. In the results however, the MA and SA will be presented as their
absolute value.

2.4 Other catalyst characterization methods

In addition to electrochemical techniques, many other methods exist that can be used
for characterizing fuel cell catalysts. The size of Pt nanoparticles can be measured
with both x-ray di raction and transmission electron microscopy (TEM) [22]. As
discussed by Mauyrhofer et al. larger nanoparticles, which have a lower specic
surface area, require a higher platinum loading in RDE measurements in order to
spread across the entire electrode disk [23]. TEM can also be used to display the
morphology of the carbon support. The surface area of the carbon support can
be measured with the Brunauer-Emmet-Teller (BET) method [22]. This method
calculates the surface area from measurements of physical adsorption of a gas on a
solid surface, usually utilizing nitrogen [24].

Zeta potential is a measure for the surface charge of nanoparticles and colloids and
could be seen as a degree of electrostatic repulsion between particles [25]. For Pt/C
catalysts, it could be related to agglomeration. Liu et al. [26] found that an increase
of the ionic strength, by addition of NaCl, lead to a decreased zeta potential, an
increased agglomerate growth rate and a worse stability. Both zeta potential and
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agglomerate size in an ink used for RDE was found to be related to the pH of
said catalyst ink by Inaba et al. [27]. A larger pH resulted in a zeta potential of

larger magnitude and smaller agglomerates and they found that this had a positive
e ect on the stability of the ink, as well as the measured SA. Inaba et al. used
electrophoretic light scattering and dynamic light scattering to measure the zeta
potential and agglomerate size, respectively.

Khandavalli et al. [28] measured the rheology of two di erent carbon supports, with
and without platinum. When adding ionomer to a catalyst ink, the viscosity de-
creased and the two supports had a minimum viscosity at di erent ionomer/carbon
weight ratios (I/C). A decreased viscosity indicates a decrease in the size of the
agglomerates, which was veri ed with ultra-small-angle x-ray scattering. This indi-
cates that ionomer stabilizes carbon agglomerates and that di erent carbon supports
have di erent optimal I/C ratios [28].
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Methods

To measure the ORR activity of a catalyst, some preparation is needed. First, an
ink must be prepared my mixing the catalyst with a solvent. A few microlitres of the
ink is then deposited onto the GC disk of the electrode where it is dryed. Lastly, the
ECSA and ORR activity can be measured with the electrode in an electrochemical
cell.

3.1 Ink preparation

Two di erent commercial Pt/C catalysts were used, Catalyst A and B. Both catalyst
have a metal content of abouts0wt% and they have a patrticle size of 5.1 5:7 nm
and 3.4 4:9nm respectively. The support material for catalyst A is high surface
area carbon with a surface area of80nt=g and catalyst B has a durable high
surface area carbon support with a surface area 800 nt=g.

Several inks were prepared in order to study the ink recipe's e ect on the quality of
the coating. For each ink, a cleane@0 ml glass vial was used. The vial was placed on
a precision balance (OHAUS ExploréM ) where the catalyst is added. The balance's
ilonizer was used before and after adding the catalyst to remove static charges.
Ultrapure (UP) water from a PURELAB Chorus 1 with a purity of 182 M\Wem
was then added, before other solvents to prevent spontaneous combustion of the
catalyst when adding alcohol. After this, 2-Propanol AnalaR NORMAPUR Reag.
Ph. Eur., Reag. USP, ACS, VWR (IPA) was added and the lid of the vial was
closed to hinder evaporation. Lastly, an ionomer, Na ol PFSA 5wt% Dispersion
D520CS, was added as part of a solution where it had been further dispersed to
1wt% with UP water for the purpose of making it easier to work with by lowering
the viscosity. For each ink, the aim for the ionomer/carbon weight ratio (I/C) was
0.25 1.0. The aim for the water:alcohol ratio and the Pt loading were varied
in order to study their e ect on the quality of the coating. For catalyst A, inks
with alcohol contents of about 10, 19 and1:5vol% alcohol and a Pt loading of
about 20.0ug=cm? were prepared. Two additional recipes fot9 vol% alcohol were
prepared with Pt loadings of 10.0 and®5:0ug=cn?. Two inks were made per recipe,
as well as an extra ink with24:0vol% alcohol and Pt loading20:0pug=cm?. The
recipes of all inks made are shown in Table 3.1.

For catalyst B, the aim for the Pt loading was20.0ug=cm? for all inks and only
one inks was made per recipe. Inks were made with 10, 19, 22 &%d/ol% alcohol.
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The intention for the ink with 25vol% was to put a smaller volume of ink on the
WE in order to reduce the risk of the ink spreading outside of the GC disk. Thus,
the catalyst content per volume was increased in order to keep the Pt loading at
20ug=cm?. Two additional inks with 22 vol%were prepared, inks 16 and 17 in Table
3.1. After dispersion of the inks, a few microlitres of 0.2 d:0 M KOH (Honeywell
Fluka™) were added successively to increase the pH, measuring the pH with a
Metrohm 913 pH meter after each addition of KOH. In total, about19ul of 0:2M
KOH was added to ink 16 which increased the pH from 4.1 to 6.1. For ink 17,
50ul of 0:2M KOH increased the pH from 4.1 to 7.5 an@ul of 1:0M KOH was
then added, which further increased the pH to 9.5. Inks 18 and 19 were made to
investigate the in uence of KOH on the catalytic activity. 7ul of 1:0 M KOH was
added to ink 18 and the measured pH of ink 18 and 19 were 8.0 and 4.2, respectively.

Table 3.1: The ionomer/carbon weight ratio, alcohol content and Pt loading of
every ink made for this study. The Pt loading assumes thatOpl of ink dries on a
5 mm diameter disk except for ink 15 which assumeégul of ink. KOH was added to
ink 16 and 17, which then had a measured pH of 6.1 and 9.5, respectively.

Alcohol Pt loading

Ink Catalyst 1/C [Volos]  [uglcm 2]

042 21.3 20.0
0.39 213 19.9

1 A 0.41 11.2 19.5
2 A 0.40 111 19.5
3 A 0.40 19.1 19.9
4 A 0.38 19.3 19.9
5 A 048 21.4 19.6
6 A 0.45 215 19.8
7 A 0.40 244 19.6
8 A 0.42 195 34.8
9 A 0.41 195 34.8
10 A 0.44 193 10.0
11 A 0.43 19.2 10.0
12 B 0.36 11.1 19.5
13 B 0.45 194 19.8
14 B 0.44 22.0 19.8
15 B 043 25.1 195
16 B 0.44 21.8 19.8
17 B 043 214 19.8

B

B

After mixing catalyst, UP water, 2-propanol and ionomer, the inks were dispersed us-
ing a Hielsher UP400St ultrasonic disperser with @ mm sonotrode (S24d3). During
the dispersion, the vial is placed in cold water to avoid an increase in temperature.
The energy input of the dispersion wa$200 Wswith an amplitude of 50 % for all
inks.
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3.2 Working electrode preparation

The WE used for the RDE measurements consists of a glassy carbon (GC) disk with
a diameter of0:5cmin a polyether ether ketone (PEEK) tip as seen in Figure 3.1a.
The GC disk rst needs to be polished. This is done by using a polishing cloth, AD;
and UP water. A small amount of ALbO; was added to the polishing cloth which
was then wetted with UP water before mixing it with a pipette tip to form a slurry.
The electrode is then polished by making a gure eight on the slurry and polishing
cloth, ten times in both a clockwise and anti-clockwise direction. Afterwards, the
WE is rinsed with UP water and wiped with acetone and a lint-free tissue. To check
if the GC disk is clean, it is put under a Leica DVM6 microscope where it should
look like Figure 3.1b. The microscope is used with an FOV 12.55 objective and the
exposure, gain, ring light (RL) and coaxial light (CX) set to185ms 1:00, 60 and
50, respectively. In case the electrode is not clean, the step of wiping with acetone
and lint-free tissue is repeated until the electrode is clean.

(a) The working electrode.  (b) A clean GC disk, surrounded by an insu-
lating material, as seen in a microscope.

Figure 3.1: A clean working electrode and a microscope image of it from above.

Once the WE is polished, it and the tip of a micropipette is treated with an OHAUS
static ionizer, ION-100A, to remove possible static charges to make the coating
process easier. AOpl aliquot of ink is then deposited with a micropipette onto the
0:5cm GC disk. If the ink spreads outside of the GC disk, it is cleaned up with a
lint-free tissue and the electrode is once again cleaned with acetone. WitQul of
ink successfully deposited onto the GC disk, the ink is dried while the electrode is
spinning at 700rpmand a small ow of N, is directed at the ink at an angle. The
rotation and ow of N, is controlled with an in-house build device.

Once the ink is dried, it is inspected under a microscope with the same setup as
when the cleanliness of the WE was checked. The coating is also studied with RL
and CX set to 100 and 60 respectively and 50 and 80 respectively. These extra
settings help with evaluating the coating and distinguish between homogeneous and
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inhomogeneous coatings. Aside from the homogeneity and uniformity, the micro-
scope is also used to make sure that the ink covers most of the GC disk and that it
has not spread outside of the GC disk.

3.3 Electrochemical measurements

The measurements for the ECSA, SA and MA of the catalysts were performed in
electrochemical cells. An RHE was used as the RE, speci cally a Gaskatel Mini-
Hydro ex, and a platinum sheet electrode (Metrohm) was used as the CE. An
assembled setup is shown in Figure 3.2. The WE is mounted on the RDE rotator
(Metrohm) which is connected with red and green banana connectors to a poten-
tiostat (Metronm). The CE and RE are connected with black and blue banana
connectors respectively. Gas is supplied through the red tubes in Figure 3.2, one
cell receives N and the other receives @ The WE and CE are then moved between
the cells, depending on what environment the measurement protocol requires.

RDE rotator

Gas inlets

N

REf \CE

Figure 3.2: The RDE setup. Two cells, one completely assembled to the right and
one missing the working and counter electrodes to the left.
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3.3.1 Cleaning of the electrochemical cell

Before doing any measurements, the glassware used must be thoroughly cleaned.
The cell vessel and its accessories are rst cleaned with normal dish soap. The cell
vessel is then lled with, and its accessories soaked ihyol% Mucasol (Schiilke) in
UP water for at least 30 min. The cell vessel is then rinsed eight times with UP
water. The lid and its o-ring and the gas inlets are rinsed fa80 sand the rest of the
accessories are rinsed f&0 swith UP water. After rinsing the cell vessel, it is lled
with 95 %sulphuric acid (VWR) to stand over night. The next day the cell is rinsed
eight times with UP water again. It is then rinsed three times with the electrolyte to
remove any trace of UP water before being lled witi200 ml of electrolyte. Lastly,

the cell is assembled with lid, gas inlets and plugs as seen in Figure 3.2. The
electrolyte used is0:1 M HCIO, from Fisher Chemical. Two cells were prepared
for each measurement, one saturated with Nand one with O,. Bubbling with the
respective gases for the two cells was performed for at le@tmin with a ow of
0:11=min. Cleaning of the Q saturated cell was done every measurement day and
the N, saturated cell was cleaned every third measurement day.

3.3.2 Measurements of the electrochemical surface area

Before measuring the ORR activity, the ECSA of the coating is measured. The elec-
trode is mounted on an RDE rotator and submerged into the electrolyte saturated
with N,. In the case of air bubbles on the coating, these are removed by turning
on the RDE rotator to 2000 3000 rpmand dipping the tip of the electrode up and
down into the electrolyte. The WE, RE and CE are all connected to a potentio-
stat. First, the sample is pre-treated by sweeping the potential over the range 0.04
1:2V vs. RHE for 60 cycles with the scan ratd 00 mV=s. Then the potential is
swept over the same range once again but with a slower scan ra2®,mvV=s. This
measurement is used to calculate the ECSA, as explained in Section 2.3.2. The CV
curve is integrated over the hydrogen adsorption region, the marked area in Figure
2.3 and the integrated charge is then used in Equation 2.13 to calculate the ECSA.
This equation also needs the mass of platinump, which is calculated based on the
amount of catalyst in the ink and the amount of ink deposited onto the GC disk.

3.3.3 Measurements of the oxygen reduction reaction activ-
ity

After measuring the ECSA, the same cell with M saturated electrolyte is used to
perform a background measurement. This is done by sweeping the potential between
0.04 and1:05V vs. RHE at a speed ob mV=s for two scans. The WE and CE are
then moved to another cell which contains electrolyte saturated with ©and its
own RE. The WE, CE and RE are all connected to a potentiostat again and the
potential is swept over the same range and at the same speed as the background
measurement for two scans. For this measurement, the rotation of the RDE rotator
Is turned on to rotate at 1600 rpm a speed commonly used in literature [5, 6, 20].

An electrochemical impedance spectroscopy (EIS) measurement is also done in the
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O, saturated electrolyte. This is done at0:7V vs. RHE in the frequency range
100 kHzto 1 Hz The resistance measured when the imaginary part of the impedance
IS zero is the resistance of the solution. This measured resistance is used to com-
pensate for theiR drop in the measured potential in the background and ORR
measurements.

After compensating for theiR drop, the current from the background measurement
Is subtracted from the ORR measurement to obtain a background corrected cur-
rent. The background corrected currents at 0.4 an®:9V in the rst scan in the
positive direction are used in Equation 2.16 to obtain the kinetic current. Dividing
this current by mp; or the (not mass normalized) ECSA yields the MA and SA,
respectively.
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Results and discussion

This chapter presents and discusses the results of the experiments performed. The
discussion highlights the in uence of alcohol content, as well as platinum loading, on
the quality of coatings for RDE measurements and the results of said measurements
for catalyst A. For catalyst B, the discussion instead focuses more on the stability
of the ink and if this could be improved by adjusting the pH of the catalyst ink.

4.1 Alcohol content

The in uence of the water:alcohol ratio of the ink on the coating quality was inves-
tigated for both catalysts. For catalyst A, this included testing three ratios, both
visually with microscopy and electrochemically with RDE. Two inks were made per
recipe in case there were errors or other sensitive parameters during the ink forma-
tion. For catalyst B, four water:alcohol ratios were tested but it proved di cult to
achieve a uniform coating with any of them. Thus, most of the time for this catalyst
was spent varying di erent parameters during ink formulation and not verifying the
results with multiple inks per recipe. Only one ink was therefore made for each of
the water:alcohol ratios tested with catalyst B. Furthermore, no RDE measurements
were performed to test how the water:alcohol ratio a ects the ORR activity for these
inks.

An alcohol content of 11vol% was used as a starting point since about0 vol%
IPA has been commonly used at PowerCell Group AB previously. Most literature
however use a higher alcohol content, 24 @&5vol% [6, 20, 27, 29] and thus, the
di erence between a lower and a higher water:ratio was investigated.

4.1.1 Coating qualities

Inks with a higher alcohol content tended to spread out more on the GC disk, likely
due to the lower surface tension of IPA compared to water [29]. This made it easier
for these inks to cover (close to) the entire GC disk, but also made it easier to
spread outside of the disk, making the coating process more di cult. This is shown
in Figure 4.1 where Figure 4.1a had41vol% IPA and does not cover the entire
disk as opposed to Figure 4.1b witl21:5vol% IPA. In Table 3.1, these are inks

1 and 5, respectively. No noticable di erence was observed between inks with 19
and 21:5vol% IPA. For ink 7 in Table 3.1, with 24:4vol% IPA, it was not possible
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