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Abstract

In order to store large quantities of intermittent renewable energy, proton

exchange membrane water electrolyzers (PEMWE) can be used to produce

hydrogen which can then be used in a fuel cells to retrieve the energy. One

limitation of PEMWE is that the catalysts used, commonly platinum and

iridium, are scarce and expensive. In this work, two methods are studied to

reduce the loading of iridium. The first method is to reduce catalyst loading of

a state-of-the-art IrOx catalyst. Modelling predicted that, for a catalyst with

poor electronic and protonic conductivity and high catalyst activity, reducing

the loading should result in increased performance. The effects of the reduced

loading will be studied to determine catalyst utilization and, if it is poor, study

why that is the case. The second method is to combine nickel with iridium to

increase the efficacy of the catalyst which, for similar loadings, should provide

increased performance.

To test both methods catalyst coated membranes (CCMs) were made using

inkjet printing. Ir8NiOx was synthesized in-house using an alkaline aqueous

reaction while commercial IrOx, by Tanaka Kikinzoku Kogyo (TKK), was used

for comparison and the loading study. To print the anode, Ir8NiOx inks were

made by combining propylene glycol (PG), water, and Nafion while IrOx inks

contained PG, isopropanol (IPA) and Nafion. To print the cathode, platinum

supported on carbon inks were made similarly to the IrOx. The density, vis-

cosity and particle size of each ink were measured to ensure that the fluid

properties were compatible with the inkjet printer. These properties are im-
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portant because they affect the ability of stable droplets to form as well as if

clogging of print nozzles will occur. Four CCMs of Ir8NiOx at about 1 mg/cm2

and 4 CCM batches of IrOx at about 0.25, 0.5, 0.75 and 1 mg/cm2 were suc-

cessfully printed; each IrOx batch includes one of each loading. Testing in

a membrane electrode assembly (MEA) was conducted on three of the four

Ir8NiOx and 12 of the 16 IrOx CCMs. The remaining CCMs were used only

for characterization of the catalyst layer through scanning electron microscopy

and energy dispersive X-ray spectroscopy.

As the loading of the IrOx catalyst layers decreased, the i-V curve per-

formance was similar for the first two of the three tested batches. However,

the third tested batch showed the 0.5 and 0.75 mg/cm2 cells were similar but

the high (1 mg/cm2) and low (0.25 mg/cm2) loadings had better and worse

performance, respectively. These results partially validate the previously men-

tioned model. The benefits of reduced loading were not as drastic as predicted

since the increase in kinetic losses was made up for by decreased ohmic losses.

Since the effect of decreased loading was not as drastic as the model suggested,

electrical conductivity testing was done under compression from 0-95 psig in

an attempt to mimic the in-cell compression. It was found that the higher

the compression, the higher the electrical conductivity but it did not match

measurements of the electrical conductivity of IrOx TKK in literature. This

could simply be due to the different method of measurement so, further in-

vestigation into the electrical conductivity of the IrOx catalyst is required to

determine the cause of this discrepancy.

Ir8NiOx cells were found to have worse performance on an i-V curve as

well as low electrochemical active surface area (ECSA) when compared to the

IrOx cells. The lower performance was primarily due to the instability of the

Ir8NiOx catalyst layer as through SEM imaging it was found that a significant

portion of the catalyst left the layer likely due to delamination caused by
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trapped oxygen bubbles. Additionally, low ECSA could be due to the Ir8NiOx

catalyst having a lower surface area, the catalyst layer having a higher packing

density, or the catalyst not having as rough of a surface when compared to

IrOx. Although overall performance was low, when normalized by the ECSA

it was found that the Ir8NiOx performed better on a site to site basis. In

addition, the kinetic activity was found to be similar to the IrOx however the

ohmic and mass transport losses were larger resulting in the performance loss

described above.
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Chapter 1

Introduction

1.1 Motivation

Climate change continues to be one of the most pressing challenges that the

world is facing. To help combat the effects of CO2 and other greenhouse

gas emissions, many countries have put in place climate action plans to try

and reduce emissions. Twenty-six countries have proposed to have net-zero

emissions by 2050 [1]. In March of 2022, Canada released their vision to reduce

emissions to 40-45% below 2005 levels by 2030 [2]. To achieve this requirement

there will need to be substantially more investment in, and improvement of,

renewable energy technologies and energy storage. Renewable sources, such as

wind and solar, have the downside of being intermittent since it is not always

windy, nor is it always sunny. This intermittency occurs on both small, as the

weather changes day to day, but also on a large scale through seasonal patterns.

To make up for the times where there is less renewable energy available, the

wind and solar energy that is generated needs to be stored for later use.

There are many methods that can be used to store renewable energy which

include pumped hydro, batteries, hydrogen, and flywheels [3]. The Fraunhofer

Institute for Solar Energy Systems [4] detailed how much potential energy each

method could store along with how long it could discharge. Hydrogen storage

has a large capacity, i.e. about 10 MWh to 100 GWh, and a variable discharge

rates from days to months, making it an ideal candidate for seasonal energy

storage.

In addition to energy storage, hydrogen can also be used in other processes
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including transportation, metal production, ammonia, fertilizer, synthetic fuels

and chemical processes which means that when produced from a renewable

source can have the potential to decarbonize multiple sectors [5].

Hydrogen produced with renewable energy is known as green hydrogen. It

is produced by water electrolysis which simply takes water and uses electricity

to split the water into hydrogen and oxygen through a chemical reaction, as

will be explained further in section 1.2. Currently there are four main types of

water electrolysis cells categorized into high and low temperature operation.

High temperature systems consist of solid oxide electrolyzers [6]. At low to

moderate temperatures, technologies include alkaline (fluid electrolyte) [7],

proton exchange membrane (PEM) [8] and anion exchange membrane (AEM)

[9] electrolyzers which have the advantage of quick ramp up times. Being

able to operate quickly and flexibly is important due to the intermittency of

renewable sources.

PEM water electrolyzers (PEMWE) have the advantages of a compact

design due to the solid polymer membrane, they can operate with hydrogen

back pressure and at higher current densities [5]. Additionally, operating at

low temperatures allows for a faster ramp up time than high temperature

methods. PEMWE’s also create the high purity hydrogen that is required for

low temperature fuel cells and other processes [10]. The primary downside

to the PEMWE is the use of precious metals such as iridium and platinum

as catalysts for the chemical reactions which are scarce and costly. While

increased production can benefit from the component cost cuts associated with

”economies of scale”, catalyst costs remain constant due to the small supply

of iridium and platinum [11]. The only way to reduce the cost of the catalyst

is to reduce the amount of precious metals used (i.e. the loading). It has been

reported that only about 7.25 tons of Ir is produced each year and that even

using half of this amount per year for PEMWEs would not be sufficient to

meet energy demands at current catalyst loadings [12]. It has been proposed

that to have a meaningful impact on energy storage and, for example use

green hydrogen to displace fossil fuels in the transportation sector, it would

require an Ir loading of just 0.01 mgIr/W which corresponds to a geometric
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loading of 0.05 mgIr/cm
2 at 1.79 V [13, 14]. Other perspectives put forward

include conservative and optimistic estimates of 0.1 and 0.04 mgIr/W at 1.58

V by 2050 which correspond to 0.23 mgIr/cm
2 and 0.1 mgIr/cm

2, respectively

[15]. These required loadings are far lower than presently available commercial

electrolyzers, which have loadings of about 2 mgIr/cm
2. Thus, the study of

the reduction in Ir catalyst loading within PEMWEs must be explored further.

The focus of this thesis will be on PEMWEs and how to reduce Ir catalyst

loading.

1.2 Function and Characterization of PEMWE

This section will explore what an electrolzyer is, what it does, and how it can

be tested and characterized.

1.2.1 Chemistry

An electrolyzer operates by utilizing electricity from an external source to

”split” water into its components, hydrogen and oxygen gas. Oxygen, protons

(H+) and electrons are produced through the oxygen evolution reaction (OER)

(Equation 1.1),

2H2O + Energy 4H+ + 4 e– + O2 (E°= 1.23 V) (1.1)

at the anode. The protons migrate through a proton exchange membrane

(typically Nafion) and are reduced by the electrons at the cathode through

the hydrogen evolution reaction (HER) (Equation 1.2),

4H+ + 4 e– 2H2 (E°= 0 V) (1.2)

which is considered the reversible hydrogen electrode (RHE) with a reaction

potential of 0 V. The overall reaction is then (Equation 1.3),

2H2O + Energy 2H2 + O2 (E°= 1.23 V) (1.3)

which occurs at 1.23 V vs RHE under standard conditions. This reaction

potential changes with temperature and pressure as described by the Nernst
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equation,

E(T, P ) ≈ E° +
∆S°rxn(T − T °)

nF
− RT

nF
ln

(︃
ΠP

i (ai)
νi

ΠR
j (aj)

νj

)︃
(1.4)

where E° is the standard cell potential, ∆S° is the change in standard

entropy for the reaction, T is the temperature, T° is the standard temperature

(25°C), n is the number of electrons transferred in the reaction, F is Faraday’s

constant, R is the universal gas constant, a is the activity of a reactant or

product, and ν is the stoichiometric coefficient for a given species. The activity

of water as a pure liquid is 1 and the activities of the hydrogen and oxygen

gas are governed by their partial pressures compared to the standard pressure

at 1 atm.

The OER is slow, and requires an electrocatalyst to decrease the activation

energy [8]. Typically Ir based catalysts are used for the OER under acidic

conditions and platinum based catalysts for the HER. As such, the anode will

be the focus of this work.

The OER occurs at the interface between the catalyst, ionomer Nafion, and

the reactant water. The catalyst acts as a place for intermediate reactions to

occur as the water is split into protons, electrons and oxygen. The catalyst can

then transfer the electrons while the ionomer transfers the protons. There are

many proposed mechanisms for the OER [16, 17]. One proposed mechanism

is given in Eqns 1.5 - 1.8 where S is an active site on the catalyst layer [18].

H2O + S S OH + H+ + e– (1.5)

S OH S O + H+ + e– (1.6)

S O + H2O S OOH + H+ + e– (1.7)

S OOH S + O2 + H+ + e– (1.8)

For the catalyst to be the most effective, the effect on the adsorption of

species cannot be too strong or too weak as outlined by Sabatier’s principle
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[18]. If the adsorption is too weak then the intermediates do not form on the

catalyst and the reaction does not proceed. If the adsorption is too strong

then once the intermediate forms on the catalyst layer it will not leave the

catalyst blocking any further reaction from occurring. This can also be seen

in a volcano plot by Fan et. al. [19] which shows IrO2, RuO2, and Ti(Ir)O2 as

catalysts with a good balance of intermediate binding. Although the activity

of Ir and Ru based catalysts are similar, Ir based catalysts are used over Ru

due to IrO2’s durability in the acidic environment created by the OER [20,

21].

1.2.2 The Membrane Electrode Assembly

To perform water electrolysis with a proton exchange membrane, a PEMWE

cell is required which is known as a membrane electrode assembly (MEA).

These MEAs are made up of the following components: the solid polymer

electrolyte membrane; anode and cathode catalyst layers; porous transport

layer (PTL); gas diffusion layer (GDL); microporous layer (MPL); and a bipo-

lar plate for both anode and cathode. Figure 1.1 shows the layout of the

PEMWE and the reactions at both anode and cathode.

The bipolar plates are made out of titanium for the anode side and graphite

for the cathode side. These plates work as the current collectors which transfer

electrons to and from their respective sides of the cell; they also contain flow

channels for the initial transport of water to the cell as well as excess water

and oxygen out of the anode side, and excess water and hydrogen out of the

cathode side of the cell.

The material used for a PTL is typically titanium or platinized titanium.

The PTL transports water to the anode catalyst layer as well as allows oxygen

to move back through it to leave the cell. This movement of oxygen is impor-

tant as the build up of gas in the layer can reduce the amount of water able to

reach the catalyst, therefore reducing the efficiency of the cell. The PTL also

transports electrons from the bipolar plate to the anode catalyst layer. Hav-

ing good contact between the PTL and catalyst layer allows for lower charge

transport losses and more of the layer to be utilized.
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The cathode GDL is made of carbon paper. On one side it contains an

extra layer which is the MPL. The GDL/MPL are attached in one layer and is

placed on the cathode side to transport the hydrogen gas out of the cell as well

as conduct electrons for the HER. The MPL is facing the catalyst layer as its

purpose is to decrease contact resistance between the GDL and the catalyst

layer [22].

The polymer electrolyte membrane is made of an ionomer known as Nafion.

Nafion is a sulfonated tetrafluoroethylene-based polymer which contains sul-

fonic acid groups that are able to transport hydrogen ions (protons) across it

while being insulative to electrons. Since it is a solid structure, yet still quite

thin, it separates the two sides of the cell while allowing the cell to be com-

pact. These membranes come in many different thicknesses where the general

trade-off is that thicker membranes have less hydrogen crossover but have more

ohmic resistance. Hydrogen crossover is when the hydrogen from the cathode

side comes back through the membrane to the anode side which can decrease

the efficiency of the cell and create an explosive mixture with oxygen creating

a safety hazard [23]. Thinner membranes have the opposite effects, less ohmic

resistance but can be prone to a higher chance of crossover.

Lastly there are the two catalyst layers comprised of Ir-based catalyst at

the anode side and platinum supported on carbon (Pt/C) at the cathode side.

Both layers contain an ionomer, typically Nafion, to bind the layer together

and provide proton transport to and from the membrane. The catalyst layers

are where the reactions occur with the OER at the anode on the Ir-based

catalyst and HER at the cathode on the platinum. On the anode side electrons

are transferred from the PTL to the anode catalyst layer and protons are

transferred to the membrane by the Nafion. On the cathode side protons

are received from the membrane through the Nafion and electrons from the

MPL/GDL. The catalyst layers also required a porous structure to allow the

transport of water and oxygen at the anode, and hydrogen at the cathode. As

stated before Ir-based catalysts are used specifically for their high activity and

durability [8, 20, 21].
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Figure 1.1: Schematic of the PEMWE MEA with components and reactions.

1.2.3 Catalyst Layer Fabrication Method

The catalyst layer can be applied to an MEA in two ways. The first is to print

the catalyst onto the membrane making a catalyst coated membrane (CCM)

and the second is to print the catalyst onto the PTL or GDL which is known

as a gas diffusion electrode (GDE), catalyst coated substrate (CCS) or porous

transport electrode (PTE).

It has been found for PEM fuel cells that the CCM method provides better

performance [24, 25]. There have been attempts to use GDE/CCS for PEMWE

[26, 27] which used electrodepostition to deposit the catalyst onto the PTL.

Following fuel cells, in PEMWE the most popular way to deposit the catalyst

is directly coating the membrane (the CCM method) [12, 28–31].

There are a few different ways to deposit the catalyst onto a PEM to create

a CCM. Possible techniques include Dr. Blade, hand painting, spray coating

and inkjet printing [32–35]. Each has benefits and drawbacks as to their use.

Inkjet printing offers two main advantages: precision in loading and in

placement. This means that catalyst layers can be accurately deposited in any

area or shape within the bounds of the printer while allowing for small loadings
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with good uniformity when using an optimized catalyst ink [28]. Additionally,

inkjet typically does not require a large amount of ink and catalyst compared

to other methods. It only takes about 2 mL to print multiple CCMs of 1

mg/cm2.

Other benefits of inkjet printing include the increase in layer height com-

pared to aerosol spraying which could improve layer porosity and the smooth-

ness of the layers [35]. In turn the increased porosity should improve mass

transport.

The main downside to inkjet printing is the possibility of nozzles being

clogged by agglomerates. This can be improved by ensuring particle size is

low and that the colloid is stable and does not settle quickly.

In this work, inkjet printing will be used where the catalyst is directly

applied to the membrane to make CCMs which will be assembled into MEAs.

This will provide well tuned catalyst loading and uniform catalyst layers while

using small amounts of catalyst ink.

1.2.4 Performance and Characterization

Once the MEA is made, there are various ways to characterize and define the

performance of the cell and its components. These include in situ techniques

such as polarization curves (pol. curves), linear scan voltammetry (LSV), elec-

trochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) [36].

Ex situ tests such as energy dispersive X-ray spectroscopy (EDX/EDS), scan-

ning electron microscope (SEM), transmission electron microscope (TEM),

optical microscopes, and conductivity tests can be used to see physical char-

acteristics of the catalyst layers [36]. Each of the in situ electrochemical char-

acterization methods will be explained briefly as well as why testing in a cell

is important.

Polarization Curves

Polarization curves show the overall performance of a cell as it defines the cur-

rent that a particular applied voltage can produce or vice versa. This provides

the amount of power required to run the electrolzyer cell. Ideally the pol.
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curve would be flat at 1.23 V since this is the theoretical potential for water

electrolysis. There are three distinct regions to a pol. curve that provide in-

formation on different processes that occur during operation corresponding to

losses in performance, causing the deviation from the ideal curve. The differ-

ence between the actual potential and the theoretical potential is known as the

overpotential, which will ideally be minimal. High overpotentials decrease the

efficiency of the electrolyzer, requiring more voltage or higher catalyst loading

to reach the same performance. Figure 1.2 shows an example pol. curve as

well as the regions where particular losses occur.

The first is the low current range where the kinetic losses of the reaction

dominate. Kinetic losses consist of the activation energy to start the reaction

for both the anode and cathode. Due to the low activation energy of the HER

at the cathode, the anode OER losses dominate. Since the OER losses are

dominant they can be studied by performing another technique, LSV. LSV

can be used to generate a current vs voltage plot by changing the voltage at

a constant rate from low to high and measuring the corresponding current.

The voltage scan rate must be small enough to have a good resolution to look

at the small current ranges at which the kinetic processes occur. By looking

at this region the kinetic parameters can be found which provide information

about the catalyst activity and associated losses. The general equation is the

Butler-Volmer (BV) equation,

i = i0

(︂
−e

−αcFη
RT + e

αaFη
RT

)︂
(1.9)

where i is the current density measured during the LSV, i0 is the exchange

current density, αc is the cathode transfer coefficient, αa is the anode transfer

coefficient, F is Faraday’s constant, η is the overpotential found by subtracting

1.179 V (ideal potential at 80 °C) from the applied potential, R is the ideal

gas constant and T is the temperature of the cell [36]. The sign convention

from the typical BV equation was switched to say that a positive current was

generated when applying voltage.

The kinetic parameters within the BV equation are normally estimated
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by using the Tafel equation seen in its simplest form in Eqn. 1.10 [36]. The

assumptions to use this equation are that the overpotential is high (>0.1V),

there is only one electron transferred during the reaction, and the process is

a one step reaction that is irreversible [36]. In the case of water electrolysis

the reaction is a complex four electron transfer process which is why this is

considered an estimate. Using these approximations the BV equation can be

simplified to the Tafel equation,

η =
2.3RT

αaF
log(io)−

2.3RT

αaF
log(−i) (1.10)

where the 2.3 constant is added for the purpose of changing from an original

natural log base to a log 10 base. The Tafel slope is given by Eqn. 1.11 which

is found by using overpotential on the y-axis and log(i) on the x-axis and

provides information about the reaction rate or how much voltage is required

to increase the rate of reaction [36]. In addition the exchange current density

represents the activity of a catalyst as it relates to a higher reaction rate.

New catalysts are explored to ensure that the most active catalysts are being

utilized. The activity of the catalyst can be expressed in either A/cm2 or

A/gcat.

Slope =
2.3RT

αF
(1.11)

Following the kinetic region is the linear ohmic region. In this region the

ohmic losses are dominant following Ohms law (V=IR). Ohmic losses consist

of the overall resistance of each component. Ohmic losses are due to the

electrons going through the PTL, GDL/MPL and the catalyst layers, contact

resistance between these components and the catalyst layers, as well as the

proton transport through the Nafion membrane and catalyst layers.

Finally, at high current density there can be mass transport losses which

occur when there is insufficient water brought to the electrode and when oxy-

gen bubbles can not escape the catalyst layer. The structure of the catalyst

layer is important as low porosity or pore size in the catalyst layer and trapped

bubbles can impede the flow of water.
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If a catalyst has a high enough activity the losses due to charge and mass

transport may dominate. If this is the case, reducing the catalyst loading

(which can reduce the catalyst layer thickness) may be beneficial since there

is a reduced transport length.

Figure 1.2: Example of the electrolysis polarization curve and the different
regions of losses.

Cyclic Voltammetry

Cyclic voltammetry (CV) is performed by sweeping the voltage at a given scan

rate in mV/s forward and backwards for one or multiple cycles [36]. CV can be

used to estimate the electrochemical surface area (ECSA) of the catalyst layer

and double layer capacitance (Cdl). Peaks will form along the curve where

oxidation (positive current) and reduction (negative current) of species occur

[36]. Figure 1.3 shows an example CV for an IrOx catalyst. IrOx contains

some Ir(III) and Ir(IV) so when the CV starts a peak forms first due to the

oxidation of Ir(III) to Ir(IV) at about 0.8 V followed by a second peak due

to Ir(IV) to Ir(V) around 1.2 V. Following the second peak the OER begins

at about 1.5 V as seen by the sharp increase in current. On the backwards

sweep if there is a negative peak, mirrored over the x-axis from the positive
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peak, then the reaction is reversible. If the peaks are offset then the reaction

is partially reversible as is seen in Figure 1.3. These negative peaks represent

a reduction of the Ir which brings the Ir back from Ir(V) to Ir(IV) and then

Ir(IV) to Ir(III). ECSA is proportional to the area under the curve from 0.4

to 1.25 V, as found by Tan et. al. [37]. For a given catalyst, the catalyst layer

double layer capacitance is usually proportional to the ECSA. The double layer

capacitance can be found using the equation [36],

Cdl =
(∆l

2
)

ν
(1.12)

where ∆l is the current gap between the oxidation and reduction sweeps at

the flat region of the CV, in this case about 0.2 V, and ν is the scan rate in

V/s. The double layer capacitance is another indicator of the catalyst area

within the catalyst layer.

Figure 1.3: Example CV for a catalyst containing IrOx.
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Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a process that is used to find

the timescales for different physical phenomena occurring in a PEMWE [36].

Impedance is measured at different potentials by perturbing the cell with a

sinusoidal current/voltage input and measuring the voltage/current response

at different frequencies. The impedance is then obtained as the voltage to cur-

rent ratio and is broken down into real and imaginary components as the ratio

itself is a sinusoidal signal. The real component consists of ohmic resistances,

while the imaginary component can contain inductive and capacitive effects.

The impedance spectra is usually visualized using a Nyquist plot where the

real and imaginary components are graphed on the x and y axes respectively

[36]. On an example plot (shown in Figure 1.4) the first point on the x-axis is

the high frequency resistance (HFR) which is also the ohmic resistance of the

cell. This represents the ohmic resistance because the capacitance effects do

not show an impedance at high frequencies so in this region only the ohmic

resistance is found [36]. The larger the HFR, the more losses there are in

the ohmic region. The real component of the diameter of the curve gives the

charge transfer resistance, or in the case of Figure 1.4, where there are multi-

ple portions of the curve then there might be more than one charge transfer

resistance. The larger the charge transfer resistance, the slower the reaction is.

Additionally, the double layer capacitance of the catalyst layer can be found

from the peak of each section [36].
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Figure 1.4: Example of a Nyquist plot. Tests go from high to low frequency
as the curve goes from low to high resistance.

RDE vs Cell Testing

OER catalysts are tested in RDEs and MEAs, but there are major differences

between the two methods that need to be explored. The differences will help

explain why, even though promising catalysts have been shown in an RDE or

three-electrode cell, there is still a need for further testing in an MEA.

RDEs are used for initial catalyst characterization at low current densities

usually below 10 mA/cm2. MEA allows for testing in more realistic operating

conditions and higher current densities. However, MEAs tend to not perform

as well as an RDE per gram or per active site of catalyst [14]. The changes

in performance are due to the RDE operating in low current density, using

rotation to minimize mass transport losses (the action of spinning brings more

reactant to the surface), as well as the thinner catalyst layer being in contact

with a liquid electrolyte, therefore having better ion transport. In an MEA the

layers are usually thicker due to using a higher loading (100’s of µg to mg scale)

and depend on the structure of not just the individual catalyst particles, but

the entire catalyst layer to determine the transport of water, oxygen, electrons

and protons. Requiring a larger amount of catalyst, along with equipment and

extra setup, hinder the use of MEAs as well, in favour of RDE testing for initial
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screening [38]. Further, if the catalyst has a low electrical conductivity, the

losses are more pronounced in an MEA due to the thicker layer and contact

resistance with a PTL. In comparison, in an RDE the layer is so thin that

these effects are minimized [39].

The membrane of the MEA can also cause losses which are not seen in

RDE testing. Ion transport from the catalyst layer into the membrane could

deteriorate the membrane and cause poisoning, possibly limiting the proton

transport and therefore increasing losses [40].

While the performance of the RDE is better than in an MEA, the durability

of the catalyst has been found to be less when using RDEs due to oxygen

bubbles blocking active sites over the long testing periods [41].
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1.3 Literature Review

Currently, Ir-based catalysts are the best available to use for OER. As ex-

plained in section 1.2.1 Ir-based catalysts have superior activity while main-

taining durability in acidic media [19–21].

Since Ir catalysts are expensive [42, 43], finding ways to reduce the amount

of Ir used is essential for the further commercialization of PEMWEs [13–15].

This thesis will look at two different ways of approaching reduction of Ir load-

ing. The first method of reduction is to simply reduce the loading of an Ir

catalyst layer with low electrical conductivity and high activity. The second is

to increase the activity of the Ir catalyst by combining Ir with another metal.

1.3.1 Variations in Loading

Ahadi [44] found that the through-plane conductivity of a catalyst layer can

be up to three orders of magnitude less than the in-plane conductivity showing

the need for more investigation of through-plane effects. Mandal et. al. [29]

aimed to look at the through-plane electrical conductivity and found that

Umicore Ir had higher electronic and protonic conductivity for similar Nafion

volume fractions than IrOx from TKK. Moore hypothesized that electrical

conductivity might limit the performance of anode PEMWE electrodes [45].

If this is the case, decreasing the amount of iridium in the anode catalyst layer

might improve cell performance by decreasing ohmic resistance and increase

catalyst layer utilization. Moore et. al., then used this data to create a model

in which he predicted where the catalyst layer is being utilized [45]. Based

on the protonic and electronic conductivity, Moore’s model suggests that, for

Umicore Ir, a large amount of catalyst layer was utilized whereas the more

active IrOx TKK utilized only a thin slice of the layer close to the PTL-CCM

interface. So, the expected trend to see when reducing the loading of a catalyst

with low electrical conductivity and high activity is a reduction of the slope

in the ohmic region of polarization curves while maintaining the same kinetic

performance therefore increasing overall performance.

Many loading studies have been done and show a variety of trends [12,
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13, 46–52]. Figure 1.5 shows the overall cell performance at 2 A/cm2 and

the current density achieved at 1.5 V iR-free for different loadings in each

study. The composition of the cell and the catalyst used determines the cell

performance, which is why there is a wide range of voltages seen for cells at

similar anode loadings. When loading decreases, it is common for the overall

performance to decrease [12, 13, 46, 47, 49, 50, 53]; these losses might not

be due to the low catalyst layer loading or activity, however, but due to poor

connectivity within a layer at low loadings due to crack formation. Cracks

could cause a decrease in the in-plane conductivity, particularly for electron

transfer. In-plane conductivity was studied and, when low, has been shown to

limit catalyst utilization as the reaction was observed to be not uniform across

the catalyst surface [54–56]. Even though the overall performance decreases,

it is not significant in the case of Babic [50], Lewinski [46] and Taie [12] until

loadings are below 0.1 mg/cm2.

Alia [48] found that the performance remained about the same over a small

IrO2 loading range of 0.1-0.4 mg/cm2 which is promising.

Jang [51] observed improved performance with decreased loading, but the

conductivity of IrO2 from Alfa Aesar was not known. Jang attributed the in-

crease in performance at low loadings to a decrease in layer thickness, allowing

for less proton transport losses. However, it could be argued charge transport

was limiting. Given that IrOx TKK has a low electrical conductivity, accord-

ing to Moore, this trend should also be observed. Taie [12] and Fujita [57]

have both used IrOx TKK at various loadings. Taie studied very low load-

ings of less than and equal to 0.17 mg/cm2. Ultra low loadings between 0.026

and 0.17 mg/cm2 had better performance than a commercial MEA with a 2.5

mg/cm2 loading from Greenerity GmBH. However, when all the low-loading

catalysts fabricated by the same process are compared, the overall performance

decreased as loading decreases. Fuijita fabricated CCMs from 0.1 to 1 mg/cm2

and found that the performance at 2 A/cm2 at 50°C is similar for all loadings

above and including 0.3 mg/cm2. Jang and Fujita’s results support the idea

that current iridium loadings for active catalysts, such as IrOx, are unneces-

sarily high and an optimum loading could be achieved that provides a better

17



trade off between catalyst layer activity and charge transport losses. This sup-

ports Moore’s model for IrOx loadings between 0.3-1 mg/cm2. Perhaps there

is a range of loadings where the decrease in ohmic losses is optimized.

In this work loadings of 0.25-1 mg/cm2 of IrOx TKK will be printed using

inkjet printing and tested in a PEMWE to determine if the trend Fuijita

showed is seen at 80°C and at current densities as high as 4 A/cm2, as well

as validate the proposed hypothesis and numerical model. In addition further

investigation will be conducted on the through-plane electronic conductivity

of the anode catalyst layers.

Figure 1.5: a) Overall performance at 2 A/cm2, and b) kinetic performance
at 1.5 V for various studies. Cell architecture and catalyst vary. Testing
was performed at 80°C except for Babic’s which was at 60°C. References and
catalysts used are Lewinski (Ir-NSTF) [46], Rozain (IrO2 Surepure Chemicals)
[47], Bernt (IrO2 on TiO2 from Umicore) [13], Alia (IrO2 Alfa Aesar) [48],
Hegge (IrO2 Alfa Aesar + IrOx nanofibers) [49], Taie (IrOx TKK) [12], Babic
(IrO2 on TiO2 from Umicore) [50], Jang (IrO2 Alfa Aesar) [51], Buhler (IrO2

Alfa Aesar) [52].
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1.3.2 Iridium Bi-Metallic Catalysts

Combining metals together has been done for thousands of years [58]. One

of the most commonly known being the invention of the bronze by combining

copper and tin [59]. Bronze is more durable than the initial metals used to

create it [60]. Combining materials can enhance properties to exceed what

can be done by the individual components. The enhancement of a metals

properties is why looking at Ir bi-metallic catalysts could be beneficial to the

enhancement of the water oxidation catalyst and reduce the Ir loading by

replacing portions with another metal.

Two properties that could be enhanced when adding other metals to Ir

is the d-band electronic structure [61] and the geometry of the catalyst [62].

The electronic band structure affects the catalysts binding energy with oxygen

atoms and intermediates as they adsorb and desorb from the catalyst surface.

The geometry can open new areas for active sites.

To improve the electronic structure as well as create different geometries,

other D-Block elements have been combined with Ir, including manganese [63],

platinum [64], gold [65], nickel [66, 67], cobalt [68–70], iron [62], rhodium [71],

tungsten [72], copper [73] and ruthenium [74].

Of the metals that can be combined with Ir, it would be ideal for upscaling

to choose one that is inexpensive, abundant, and has the best improvement in

performance. Figure 1.6 shows the cost and abundance of each material.
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Figure 1.6: Cost [42, 43] and amount mined/produced [75, 76] for each metal
that can be combined with Ir along with Ir itself. Logarithmic axis are base
100.

Inexpensive and abundant metals include Mn, Co, Ni, Fe and Cu. Co, Fe

and Ni have been directly compared by Wang et. al. in an RDE [62]. They

found that IrNi, IrCo, IrFe and IrO2 had mass activities of 0.732, 0.475, 0.382

and 0.115 A/mgIr at 1.53 V, and overpotentials of 283, 295, 302 and 342 mV,

respectively at 10 mA/cm2. IrNi has the higher performance in terms of mass

activity and Wang also found that it had the best durability. Wang explained

this was due to the IrNi catalyst having the most stable adsorption geometries

for oxygen intermediates. This means that the placement of the atoms allows

for good binding with the intermediates. The geometry forms due to dealloying

of the Ni off the surface of the Ir particles using acidic media. It improves the

specific surface area of the catalyst which further promotes the OER.

Pi et. al. also compared IrCo, IrFe, IrNi and Ir in acidic media finding

mass activities of 485, 557, 1203, and 492 A/gIr [77]. Again showing Ni to

have the highest activity.

IrCu and IrNi was tested in a three-electrode cell byWang [73] and Moghad-

dam [67], respectively, in the same laboratory both using an aqueous alkaline

synthesis method. Although they used different acidic solutions for testing the

electrodes, H2SO4 for IrNi and HClO4 for IrCu, they found similar activities

for their catalysts of about 140 A/gIr compared to IrOx which was 93 A/gIr
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at 1.48 V. They also found overpotentials of 270, 260, 310 mV for Ir8NiOx,

IrCu and IrOx, respectively at 1 mA/cm2.

Another comparison was made by Lv [78] between Ir, IrCo, and IrNi

nanoflower catalysts using an RDE. They found a mass activity of 125, 168

and 379 A/gIr for Ir, IrCo, and IrNi nanoflowers, respectively at 1.51 V.

Other IrNi catalysts compared to Ir/IrOx are given in Figure 1.7 where

IrNi has higher activity compared to Ir/IrOx catalysts from the corresponding

paper. Overall it also appears that IrNi has greater activity than Ir or IrOx.

Due to increased activity, and possibly stability, Ni is suitable to combine

with Ir compared to the other earth abundant elements. There are many ways

to make an IrNi catalyst which come in various oxide forms and structures.

The focus for the next part of this section will be on these synthesis methods

for IrNi and determining which one should be used to make the IrNi catalyst

which will be later tested in an MEA.

All of the IrNi catalysts listed previously have been tested in RDE’s and

other three-electrode cells which require less catalyst, on the µg scale, than an

MEA, on the mg scale. As discussed in section 1.2.4, moving to MEA testing is

required for future commercial use and there are performance differences that

must be explored. When the work in this thesis began there were no known

literature utilizing an IrNi catalyst in a PEMWE. As of 2023, there have been

at least three articles utilizing a combination of Ir and Ni in a PEMWE [27,

79, 80]. As the amount of literature at this scale is small it is necessary to

continue studying IrNi catalysts at the PEMWE scale.

There are many different synthesis processes used for the formation of IrNi

alloys and bi-metallic catalysts which include the popular polyol method [81–

85], physical mixtures [86, 87], alkaline aqueous reaction [67, 88, 89], high pres-

sure reactor [77], electron beam co-evaporation [90] and melting metal down

together [62]. For the IrNi synthesis, the process should be easily scalable.

The alkaline aqueous reaction was originally developed by Berkermann in

his dissertation [91] where iridium chloride was mixed with KOH to create

an oxide form. Moghaddam extended this method for use with Ni to make

an IrNiOx [67]. This is a simple synthesis method since it only requires the
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addition of the two metal salts, IrCl3 and NiCl2.6H2, and then is stirred for two

days in a 0.1 M KOH solution. From Wang et. al., following centrifugation

solid IrOx, and IrNiOx particles can be obtained [73]. Due to the simplicity

of the alkaline aqueous reaction, it can be done with available equipment at

room temperature with no extra calcination/heating steps, this will be the

method used to study the up-scaling of IrNiOx. Since MEA and RDE test

conditions and electrode structure are different, it is difficult to predict if a

well performing catalyst in an RDE will also perform well in an MEA so it

is reasonable to extend the testing of the aforementioned promising IrNiOx

catalyst to an MEA setup.

Figure 1.7: Mass activity of IrNi catalysts compared to Ir or IrOx catalysts
from the corresponding article. References are Nong [81], Wang [62], Moghad-
dam [67], Pi [77], Feng [82], Lv [78], Chen [87].
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1.4 Thesis Objectives

The objective of this thesis is to reduce iridium loading in two ways.

1. Reduce the loading of IrOx TKK catalyst layers to evaluate the effect of

catalyst loading.

• Research Question: Can reducing the loading of IrOx TKK decrease

ohmic losses while maintaining kinetic performance, in accordance

with Moore’s model?

• Hypothesis: Smaller loadings produce similar or better performance

on pol. curves due to same kinetic activity and decreased ohmic

losses therefore validating Moore’s model.

2. Evaluate the performance of an IrNi catalyst in a PEMWE.

• Research Question: Does the incorporation of Ni increase the per-

formance of an Ir based catalyst layer in a PEMWE while main-

taining a stable catalyst layer structure?

• Hypothesis: IrNi has increased overall performance due to enhanced

activity.
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Chapter 2

Methodology

2.1 Catalyst Synthesis

As discussed in Chapter 1, Ni has been shown to enhance the electrical prop-

erties of Ir catalysts for water oxidation. The goal of this work is to scale up

the catalyst made by Moghaddam [67] and test its performance in an MEA. In

the work done by Moghaddam [67] the reaction took place in a total volume of

22.5 mL using 59.7 mg of IrCl3 and 3.2 mg of NiCl2 precursors. For this work,

the process was scaled up since about 100 mg of catalyst powder is needed

to make an ink for inkjet printing. In addition, Moghaddam drop coated the

catalyst directly from a dilution of the original reaction solution whereas here

there is a need for precipitation of the catalyst so it can be re-dispersed in the

appropriate solvents during ink preparation. This is where a modified proce-

dure by Wang [73] was used to precipitate the Ir8NiOx particles. The following

sections will go over the exact process used to prepare and run the reaction,

as well as the precipitation of the Ir8NiOx catalyst particles.

2.1.1 Catalyst Preparation

Reaction

To synthesize the Ir8NiOx catalyst powder the method used by Moghaddam

et. al. [67] was scaled up. First, 0.704 g of IrCl3.xH2O (Pressure Chemical,

PCC Item 5730) and 0.0646 g of NiCl2·6H2O (J.T.Baker Chemical Co., Prod.

2768, 98%) were combined in a 500 mL round bottom flask, giving an atomic

ratio of 8:1 Ir:Ni which is why it is referred to in this work as Ir8NiOx. Next,
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100 mL of triply distilled water (TDW) (See Appendix A.1 for distillation

procedure) was used to disperse the solid. A magnetic stir rod was added to

the flask and it was spun on a magnetic stir plate (Corning, PC-351) at the

3rd tick mark on the dial (≈100 rpm) until most of the solid at the bottom

of the flask was suspended (About 5-10 min). Then 22.5 mL of 1 M KOH

(Sigma-Aldrich, 99.99%, LOT: MKCD8556) was added dropwise in groups of

4-7 drops every 10 seconds using a pipette. The solution is initially brown and

after the addition of KOH the colour becomes a dark purple. After KOH was

added parafilm was placed on the top of the flask and 50 holes were poked into

the parafilm using a needle. The purpose of this is to allow oxygen in. The

solution was left on the magnetic stirrer at ≈100 rpm for at least two days to

allow the reaction to go to completion.

Catalyst Powder Precipitation

The primary difficulty with making the catalyst was the scaling up of the

process and attempting to precipitate enough catalyst to make an ink. This is

due to the fact that the Ir8NiOx catalyst disperses very well in water. So, when

cleaning of the catalyst is performed between centrifugation, tert-butanol must

also be used or else the yield is incredibly small, likely only a few milligrams.

To precipitate the catalyst powder a modified method of the one found in

the IrCu study by Wang et al. [73] was used. Before beginning to precipitate

the catalyst, the flask was placed in an ice bath which had table salt (NaCl,

Fisher Chemical, Certified ACS, LOT: 223105) added to it to further decrease

the temperature to as low as -10 °C. To precipitate the powder, 250 mL of tert-

butanol (Fisher Chemical, LOT: 224104) was added to the Ir8NiOx solution

while continuing to stir for 10 mins. Then stirring was stopped and another

100 mL of tert-butanol was added. The solution was left to sit still for 30

min then poured equally into twelve 50 mL centrifuge tubes. The tubes were

then centrifuged at 4500 rpm using a SX4400 attachment (Beckman Coulter,

Allegra X-30R centrifuge) for 20 min with the temperature set to 0 °C. After

centrifuging the supernatant was decanted into a 500 mL Erlenmeyer flask

with a small portion of fluid, probably about 5 mL, remaining in each tube.
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The solid which was left at the bottom of each tube was transferred to four

of the tubes. Any solid remaining in the original flask was rinsed using 40

mL of supernatant which was spread across the four tubes. They were then

all filled to about 40 mL each using the previous supernatant. The solid was

re-dispersed by shaking the tubes. The four tubes were placed in a table

salted ice bath for 10 mins. They were then centrifuged again at the same

conditions as above. Once complete, the supernatant from each tube was

decanted and the solids were transferred to just two tubes. 80 mL of a 80:20

tert-butanol:water by volume solution was prepared and added equally to each

of the remaining two centrifuge tubes. They were again placed in a table salted

ice bath for 10 min, then centrifuged again at the same conditions as before.

After decanting the supernatant this final time, the two tubes were placed in

a vacuum desiccator (Kimax with 40/35 Pyrex Brasil Lubricate) and run for

two hours to dry the solid. The tubes were left in the desiccator until the

powder was to be collected and used.

Powder Preparation

Once the catalyst was to be used, the centrifuge tubes were taken out of the

desiccator and the solid was scraped into a mortar. Using the mortar and

pestle the solid was ground into a fine powder that was then scraped out of

the mortar and into a vial to be weighed to determine the yield.

2.1.2 Ex Situ Characterization

To characterize the precipitated Ir8NiOx Transmission Electron Microscopy

(TEM) and Energy Dispersive X-ray Spectroscopy (EDS or EDX) was used

(JEOL JEM-ARM200CF S/TEM). To prepare the sample a small amount of

the catalyst powder was placed in a small centrifuge tube and isopropanol

(IPA) (Fisher Scientific, LOT: 223457, ACS Plus) was added. It was then

bath sonicated for a couple minutes to try and break up any agglomerates

and get a few very small particles to disperse throughout the solution. Once

dispersed, a pipette was used to take out a small portion of the solution and

place 1-2 drops onto a copper grid. The grid was then placed in a watch glass
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and left in an oven at 60 °C for two days to allow the IPA to fully evaporate.

Then the sample was brought for testing. TEM uses an electron beam that

is transmitted through the sample and scattered. Based on the thickness

and material of the sample it will show up lighter or darker in the image. In

addition elements can be identified with EDS due to the way that the elements

interact with the electron beam. When the sample is excited by the electron

beam it ejects a core shell electron which then is replaced by an outer shell

electron. This reduction in electron energy level releases the energy as an X-

ray which is different for each element allowing the approximate composition

to be known.

2.2 Electrode Fabrication

2.2.1 Catalyst Ink Development

To bring the catalyst into an MEA it must first be deposited onto either a

membrane or the PTL. In this case, it was deposited directly onto the mem-

brane, as is common practice as well as for the potential for better performance

as explained in section 1.2.3. This was done with inkjet printing (DMP-2800

Series, Dimatix) and therefore required a suitable ink. The method for mak-

ing an ink can be complicated due to the requirements for viscosity, surface

tension, and particle size to be in a certain range for the printing cartridges.

The values from the manufacturer, Dimatix, are given in Table 2.1. There are

two sets of values, one for a 10 pL cartridge and one for a 2.4 pL cartridge

(Samba cartridges). When this project started the 10 pL was used, however

since then the lab has transitioned to using Samba cartridges as the 10 pL

cartridges are no longer available.

Table 2.1: Dimatix print nozzle ideal ink properties

Cartridge Nozzle Size, Viscosity, Surface Tension, Ideal Particle/Aggregate Size pH
dn (um) µ (mPa·s) γ (mN/m) (µm)

DMC-11610, 10 pL 21.5 10-12 28-33 < 0.2 4-9
Samba, 2.4 pL 18.5 4-8 28-32 < 0.2 Neutral
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Each ink that is made attempts to fit into each fluid property range, but

even when not exactly in the range, an ink can still work as this is just the

manufacturers suggestion for printing an ideal droplet. In a paper by Derby

[92] inkjet printing in general is discussed along with what they found to be the

ideal fluid properties for an ink. They characterize the fluid by the Ohnesorge

number, which is the ratio of viscous to surface tension effects given by,

Oh =

√
We

Re
=

µ√
γρdn

(2.1)

where We is the Weber number, Re is the Reynolds number, µ is the dynamic

viscosity, γ is the surface tension, ρ is the density and dn is the characteristic

length of the nozzle from which the droplet is formed. When it was first

introduced, a value Z, which was defined as the inverse of the Ohnesorge

number,

Z =
1

Oh
(2.2)

was used as the standard to compare to. They found that inks were printable

within the range of 10 > Z > 1 where values less than 1 were too viscous

and values greater than 10 formed multiple droplets instead of one uniform

droplet. Derby also noted that the Weber number needed to be greater than

four to overcome the surface tension at the nozzle tip. These parameters will

serve as the targets for properties of the inks. For this work, Samba cartridges

are primarily used, which have a smaller ideal range for Z of 3.1-5.8.

The primary components of the ink are the catalyst followed by an additive

to increase the viscosity, a solvent, and an ionomer. The anode catalysts used

in this thesis are the Ir8NiOx previously mentioned and the state-of-the-art

IrOx catalyst which is made by Tanaka Kikinzoku Kogyo (TKK) (TKK, ELC-

0110, SA = 100). The results section will compare these two anode catalysts.

On the cathode side, platinum supported on carbon (TKK, 46.7 wt.% Pt

metal) is used. The additive used is propylene glycol (PG) (Sigma-Aldrich)

which is used to increase the viscosity of the ink. Solvents used in this work are

IPA and DI water (Millipore, Direct-Q 5 UV Ultrapure DI water, 18 MΩ·cm).

The solvent is used to disperse the catalyst particles. Finally, the ionomer

used is Nafion (Ion Power Inc., Liquion LQ1105 1100EW 5%) which is used to
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transport the protons through the catalyst layer and to the Nafion membrane

when in an MEA.

The specifics of the ink recipes used can be found in Table 2.2. The viscosity

and particle size results will be given in the results section 4.2 for Ir8NiOx and

section 3.1 for IrOx.

IrOx TKK is the state-of-the-art catalyst which the Ir8NiOx will be com-

pared to. The recipe used to make the IrOx TKK ink for the samba cartridge

was 2.4 mg of a 1:1 PG:IPA ratio, 117 mg of IrOx and 780 mg of Nafion (5

wt.%).

Table 2.2: Ideal ink recipes for each nozzle and catalyst type

Catalyst Cat. Amount, PG, IPA, DI Water, Nafion, Nafion, Nozzle
(mg) (mg) (mg) (mg) (mg) (wt%)

IrOx 117 2080 390 0 780 25 10 pL
IrOx 117 1235 1235 0 780 25 Samba

Ir8NiOx 117 2100 0 900 780 25 Samba
Pt/C (46.7%) 37.5 1.6 1.5 0 321 30 10 pL / Samba

Ink Preparation Procedure

The procedure for making the inks, whose recipes were given in the previous

section, is as follows. First, the catalyst mass was measured into a vial. In the

case of IPA being used as the solvent, PG must be added first, since adding

IPA directly to the catalyst powder may create a fire hazard. In the case

of water being used as the solvent, it can be added directly and the PG is

added after. The specified amount of both solvent and additive were added in

the order described above. Then a magnetic stir bar was added and the ink

magnetically stirred at 1100 rpm for 5 mins. The ink was then bath sonicated

(Branson 1800) for 30 mins. Following that the ink was taken out of the

bath and re-weighed and tared so the addition of the ionomer is accurately

measured. Nafion was added to the ink dropwise using a pipette while the

ink was in the sonication bath. The spacing between drops is five seconds to

allow the ionomer to disperse. Once the desired mass was met, the ink is bath

sonicated for 15 min. Following this, the ink was probe sonicated (Branson

S-4000 Ultrasonicator) at 20 amplitude for 15 min, alternating for 2 mins ON
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and 1 min OFF. Before probe sonication it was ensured that the magnetic stir

bar was removed as this could damage both the stir bar and the sonication

probe if left in. Also, during probe sonication the vial was placed in a water

bath and parafilm was wrapped around the top to keep the ink temperature

from increasing too much and decrease the liquid lost through evaporation,

respectively, as the probe can become quite hot. After probe sonication the

magnetic stir bar was returned to the ink and the ink was placed on a magnetic

stir plate spinning at 300 rpm until it was ready to use. Ideally it is used within

a day or two of making the ink to make sure that the ink is still stable.

2.2.2 Ink Characterization

Viscosity and Density Measurement

To begin characterizing the ink, the kinematic viscosity and density are mea-

sured. As noted above, the dynamic viscosity is required to help determine

if the ink will jet (be pushed out of the nozzle) well during printing but it is

also needed, alongside the density, because the dynamic viscosity is used for

particle size measurements. The density is needed to convert the measured

kinematic viscosity to dynamic viscosity using the relation

µ = νρ (2.3)

where µ is the dynamic viscosity, ν is the kinematic viscosity and ρ is the

density.

The density was simply measured using a 1 mL vial. The vial was placed

in another container so it did not fall over and was put on the weigh scale and

tared. Then ink was transferred into the vial up to the 1 mL line and weighed.

The mass was recorded four separate times, removing the ink and adding it

back each time, and the average was taken. Then the density was found as

the average mass divided by the 1 mL volume, which is also equivalent to 1

cm3.

To measure the viscosity a Zeitfuchs cross-arm viscometer (Cannon Instru-

ments) was used. The full apparatus is shown in Figure 2.1.
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Figure 2.1: Setup for measuring the kinematic viscosity of an ink.

The process for using the viscometer is as follows. First, a 4 L beaker

was filled with de-ionized (DI) water in which a heater (Electra Inc. MODEL

3150SS) was submerged. Using a stand with clamps, a temperature probe was

placed in the water such that the tip is close to where the viscosity measure-

ment takes place near the bottom of the viscometer. The temperature was set

to 32 °C and time was allowed for the water temperature to stabilize, which

can take up to a couple of hours. This temperature was chosen since it is
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the starting temperature that the nozzles are set to when printing. Next, the

viscometer was lowered into the water such that the area where the ink sits

is submerged. A level was used to ensure that the viscometer is as vertical as

possible since we want to maintain the same effect of gravity between measure-

ments. The ink was added using a syringe to the cross-arm of the viscometer

where it stayed for 15 min to allow the temperature of the ink to also rise to

32 °C. This area is shown in Figure 2.2.

Figure 2.2: Area where the ink is inserted and left to heat to 32 °C.
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A small piece of parafilm was used to cover the openings at the top to limit

evaporation of the ink. After the 15 minutes a rubber bulb was used to apply

pressure to push the ink over the hump in the cross-arm and into the capillary.

Once the ink has flowed a few centimeters down the capillary, the bulb was

taken off as the ink will stay in motion due to gravity. There is a line at the

bottom of the measurement area. Once the ink reaches the line a stopwatch

was started and once the ink crosses the line above the measurement area

the stopwatch was stopped and the time recorded (See Figure 2.3). The test

was repeated until the difference in the values was less than 2% and then the

measured times were converted to seconds and averaged (tavg).

The kinematic viscosity was found by multiplying the average time by a

calibration constant. The manufacturer provided a certificate of calibration

shown in Appendix A.2 with the calibration constant C = 0.009463 mm2

s2
. Since

this constant is dependant on the acceleration due to gravity it is corrected

for the specific value at the location the viscometer is used. At the University

of Alberta the gravitational constant is 9.812 m2/s [93]. Using the correction

equation given on the certificate the corrected calibration constant is,

Ccor =
9.812

9.801
· 0.009463mm2

s2
= 0.009474

mm2

s2
. (2.4)

So the kinematic viscosity is found as,

ν = tavg · 0.009474
mm2

s2
. (2.5)

Multiplying by the density gives the dynamic viscosity.
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Figure 2.3: Measurement area of the viscometer showing the lines where the
timer was started and stopped.

Particle Size Measurements

The catalyst inks used in this work are colloidal suspensions which to be

printed well require a particle size on the order of 200 nm. To determine

particle size the Litesizer 500 (Anton Paar) was used along with the Kalliope

Software (Version 2.28.0) to run dynamic light scattering (DLS).

The following DLS theory along with how the Litsizer and Kalliope obtain

and analyse the data is a summary from the Anton Paar Litesizer reference

guide and white papers [94–96]. For a more in depth mathematical description

of the algorithms and analysis tools used by the software see reference [96].

Particles at this size are subjected to movement caused by the random

collisions with other particles known as Brownian motion. The diffusion of
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a particle through Brownian motion is determined by the temperature of the

solution, viscosity and the hydrodynamic diameter of the particle, assuming a

perfect sphere.

The DLS technique shines a 658 nm laser at the colloidal solution where the

light is then scattered by the particles in solution. In this work a backscatter

angle of 175° was used since it is good at measuring turbid samples. The fluc-

tuations of this scattered light over time can be used to determine the particle

size. Larger particles will move slower and have less fluctuation in scattered

light whereas the smaller particles will cause more fluctuations to occur. At

small time intervals these fluctuations in light intensity are put through a cor-

relation function which decays rapidly for small particles and decays slower

for large particles. The Kalliope software then uses a cumulant model to an-

alyze the correlation function using either the ISO 22412 standard or a more

advanced algorithm developed by Anton Paar. The advanced algorithm was

used in this work. Analysis of the correlation function yields the polydispersity

index as well as the diffusion coefficient for a given particle. The polydispersity

index provides information on how many different particle sizes are present in

a sample which is given as a percentage. A polydispersity value less than 10%

is considered to be almost monodisperse. Using the diffusion coefficient the

hydrodynamic diameter can be calculated by rearranging the Einstein-Stokes

equation,

D =
kbT

3πµDh

(2.6)

where D is the diffusion coefficient, kb is Boltzmann’s constant, T is tem-

perature, µ is dynamic viscosity and Dh is the hydrodynamic diameter. The

assumptions made by the algorithm are that the sample is monomodal (only

one particle size present), particles have spherical shape, and the particles are

well dispersed with little aggregation. As will be seen in future chapters these

conditions are not met. However, Anton Paar also implements a non-negative

least squares algorithm with Tikhonov regularization analysis which is able to

better analyze samples with high polydispersity. In this work the ”General”
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analysis model was used to get a more accurate representation of the various

particle sizes. For this work the particle sized obtained from the Litesizer will

be used as an estimate for the average particle size to see if it is reasonable to

assume that the ink will be jettable.

The procedure to run these experiments begun with cleaning a quartz cu-

vette by rinsing the inside and outside with IPA followed by acetone (Sigma-

Aldrich, 270725, HPLC ≥99.9%). A fibre cloth (Texwipe, TX1109, Techni-

cloth II), which was dampened with acetone, was used to clean the outside of

the cuvette further. Dust or other particles on the walls of the cuvette could

effect the measurement. Next, 1 mL of ink was added to the cuvette and

placed in the DLS equipment. The inks viscosity will be given in the results

section but the appropriate dynamic viscosity was used for each ink at 32°C.

The refractive index of solution and each metal was not found exactly.

For simplicity, the solution refractive index of propylene glycol at 25°C, which

is 1.43, was used as it makes up the majority of the inks [97]. In addition

Scott Storbakken found that changing the refractive index between 1.3299

and 1.4290 resulted in a 33.8 nm difference in measured particle size. This

error is acceptable since the particle size is considered as an estimate [98]. For

the material, Pt metal was selected in the Kalliope software which contains

the refractive index and other optical parameters. Storbakken also did a sen-

sitivity analysis of the refractive and absorbance parameters and found that

his results did not change. The metal refractive index for the Ir8NiOx and

IrOx catalysts the refractive index was changed to 1.3 as this is the measured

value for IrOx thin films [99] but the other optical properties did not effect

the results. These DLS tests primarily serve as an estimate for the particle

size to get a sense of whether it will clog the printer nozzles or not so the

optical parameters of the metals and solution were considered to be sufficient.

Tests were run at 32°C to match the viscosity test. Following the DLS test the

average hydrodynamic diameter and polydispersity index were found utilizing

the ”advanced” cumulant model and the ”general” analysis which was then

used to help guess whether an ink would be print well.
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2.2.3 Inkjet Printing

As described in the introduction, inkjet printing is a precise and material

saving process which is why it will be used for this work.

Once an ink is ready to be tested it is prepared for the inkjet printer.

This device (Dimatix materials inkjet printer DMP-2800 Series, Fujifilm) uses

piezo-electrics to push ink through a small nozzle to create picolitre size drops

which ideally create a uniform catalyst layer due to the precise placement of

droplets as well as their small volume.

The process for inkjet printing starts by bath sonicating the ink for 30 min

followed by 60 min of degassing. While this was being done to the ink, the sub-

strate was prepared. Nafion 212 (Ion Power Inc., NR-212, LOT: R2J101045M)

was used as the substrate and was prepared by first cutting a 2 inch by 2 inch

square for each CCM to be printed. For example, when printing four CCMs

a piece of length 8 inches and width 2 inches was used. The Nafion sheet is

comprised of the Nafion set between two plastic layers, one thin and one thick.

The thin layer is removed and the Nafion sheet is pressed against the back of

a clean silicone mat which has holes cut out where the printing is to occur.

Then an approximately 4 cm x 4 cm piece of aluminum foil (Alcan) was cut,

labelled and weighed as this is the initial mass which will be used to deter-

mine the loading of the CCMs. The foil was also pressed onto the back of the

silicone sheet then placed on the printer plate which was preheated to 60°C.

Once placed in the desired position, the vacuum was activated which sucks the

sheet onto the plate ensuring it does not move during printing. Now that the

substrate was in its final position, the printer’s Fiducial camera was used to

determine the coordinates which will be printed over. This was done so that

each catalyst area is 23 mm x 23 mm, i.e. a 5.29 cm2 active area. This allows

for a slight buffer room of catalyst area for when assembling the cell later to

be 5 cm2. The key ink jetting parameters are the applied voltage, waveform,

temperature and cleaning cycles. These are shown in full in section A.3.1 of

the Appendix. Briefly, the voltage is 40 V, the waveform is a multi-pulse ar-

rangement where two initial pulses happen to prime the droplet before a third
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stronger pulse fires the droplet out of the nozzle, the nozzle temperature is set

to 32°C, and the cleaning cycles occur at the start of printing a layer as well as

every 180 seconds after. The cleaning cycle consists of the printer jetting some

ink into a cleaning pad to try to ensure that agglomerations are not clogging

the nozzles.

Once settings and placement were finalized, the printing was started. After

a few layers were printed the aluminum foil was removed and placed in an oven

for 5 min at 80-90°C to remove excess solvent. Then the foil with catalyst was

weighed to assess the current catalyst loading. If the loading was below the

desired amount the aluminum foil was replaced back under the silicone sheet

and more layers were printed until the desired loading was reached. For the

Ir8NiOx CCMs, the goal was 1 mg/cm2. For the IrOx loading study the target

loadings were 0.25, 0.5, 0.75 and 1 mg/cm2. For the Pt/C the target loading

was 0.1 mg/cm2. A finished set of CCMs is shown in Figure 2.4.

Figure 2.4: Inkjet printer with CCMs on vacuum plate.
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Once the desired loading was reached the foil was left in an oven overnight

(≈17 hours) at 80-90°C to allow any residual liquid to evaporate which will

then give a more accurate loading when weighed the following day. The CCMs

themselves were covered and left to dry in air.

For this work the anode side (Ir8NiOx or IrOx) was printed first followed

by the cathode side (Pt/C). After printing the anode side, microscope images

were taken to see what the layer looks like on the surface at 20x and 80x

magnification (See section 2.3.1). The primary feature that is observed is the

formation of cracks during printing which could potentially effect connectivity

of the layer. The formation of cracks will be discussed in the results chapters.

Then the Nafion sheet was removed from the the thicker plastic backing, turned

over and placed back on the backing with the side with no catalyst layer facing

up. This is where the Pt/C was printed. Once both sides have been printed

the CCMs are left to dry in air until used.

For this work four CCMs at 1 mg/cm2 Ir8NiOx (E1, E2, E5, E6) and

16 IrOx CCMs of various loadings (ML11-ML26) were made, which will be

discussed in the results chapters.

For the Ir8NiOx layers, SEM images were taken before and after testing

(E1-E2 and E5-E6) and for the IrOx layers a specific batch (ML19-ML22) was

made to look at the cross section and surface using SEM.

2.3 Ex Situ Characterization

2.3.1 Imaging

Optical Microscope

Images of the surface of the anode catalyst layers on the Nafion membrane

were taken at both 20x and 80x magnification (Leica MC170 HD) to observe

any surface characteristics, which were primarily crack formation during the

ink drying process and indentations in the catalyst layer after testing in an

MEA.
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SEM

SEM (ZEISS EVO 10 SEM) imaging was performed by Jiafei Liu on Ir8NiOx

and IrOx CCMs to look at the layer thickness, structure, and possible degra-

dation after testing. In addition, EDX was performed on the Ir8NiOx CCMs

to try to understand how Ni ions might dissolve, degrading the catalyst layer

and moving into the Nafion membrane. Four 1 mg/cm2 Ir8NiOx CCMs were

sent to SEM/EDX, one without being put in a cell and three tested. Get-

ting a before and after look at the layer will give an idea of how the layer

changes in terms of the structure and elemental composition due to testing.

Four IrOx samples were sent for SEM with loadings of 0.241, 0.567, 0.808 and

0.993 mg/cm2.

The samples were prepared by first cutting a portion out of the center of

the CCM. Liquid nitrogen was poured into a small dish. Using two tweezers

the sample was held in the liquid nitrogen and, after five seconds of allowing

it to become rigid, the sample was snapped in half. Each half of the sample

was then placed on an SEM stub with the cross section facing the outside

for imaging as well as the anode catalyst layer facing upwards for surface

images. Before the sample was imaged a solution containing carbon is applied

to the inner edge of the sample to ensure there is adequate contact (electrical

connection) between the sample and the rest of the SEM stub. Once images

were received they were analyzed using ImageJ software.

The SEM images of the catalyst layer cross-sections can be used to find

the thickness and porosity. Thickness can simply be measured on the image

itself as the scale is known. Based on the measured thickness, the catalyst

layer composition and assuming the density of each component, the porosity

can be estimated. This can be done by first calculating the total volume, VT ,

VT = ACLtCL (2.7)

where ACL is the geometric catalyst layer area of 5.29 cm2 and tCL is the

catalyst layer thickness. Next the theoretical volume, Vth, of the catalyst

layer can be calculated using the equation,

40



Vth = Vcat + VN =
mcat

ρcat
+

mN

ρN
=

ACLLcat

ρcat
+

ACLLcatWN

(1−WN)ρN
(2.8)

where Lcat is the catalyst loading in mg/cm2, ρcat is the density of the

catalyst given as 11.7 g/cm3 for both Ir8NiOx and IrOx (This is taken from

the density of IrO2 since TKK did not report the density of their catalyst and

the density of Ir8NiOx was not measured), ρN is the density of dry Nafion

given as 2 g/cm3, and Wn is the solid mass fraction of Nafion. Then the void

space, Vvoid, is given by

Vvoid = VT − Vth (2.9)

and the porosity percentage can be calculated as,

ϕ =
Vvoid

VT

× 100% (2.10)

where ϕ is the porosity percentage.

2.3.2 Through-plane Conductivity

The electrical conductivity of the catalyst layer contributes to cell resistance

as it may promote or deter electron transfer if it is high or low, respectively.

In Section 1.3.1 it was found in literature that the IrOx TKK catalyst has low

electronic conductivity and could benefit from decreased loading. To validate

the electrical conductivity of the IrOx catalyst layers previously found in litera-

ture, a setup was needed to measure the through-plane electronic conductivity

and do so under compression to simulate the conditions inside an MEA.

To measure the conductivity of each catalyst layer, four loadings of approx-

imately 0.25, 0.50, 0.75 and 1 mg/cm2 were inkjet printed onto gold coated

copper plates with a catalyst layer area of about 5.29 cm2. An example of

the coated gold plate is shown in Figure 2.5. Then once the layer was dry, a

copper block, also covered in a layer of gold with a contact area of 4 cm2, was

placed centered on top of the catalyst layer.

A potentiostat (VersaSTAT4, Princeton Applied Research, Ametek) was

connected to the block and gold plate using a 2-probe method shown in Figure
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2.6. At each loading chronoamperometry was done at 50 mV until the current

stabilized. Then an LSV was run from 0-0.1 V at 0.01 V/s. The resistance

can be found from the slope of the LSV graph using Ohms Law (V=IR). Then

the through-plane conductivity can be found using the following equation,

σ =
t

R · A
(2.11)

where σ is the conductivity, t is the layer thickness (estimated using SEM

images of different loadings), R is the layer resistance, and A is the area of the

block in contact with the layer which is 4 cm2.

The sequence of chronoamperometry and LSV was repeated at pressures

of 5, 10, 15, 20, 40, 60, 80, and 95 psig to study the effect of compression on

the resistance and conductivity of the catalyst layer. Compression was applied

using a pressurized line from a pressurized nitrogen tank. The pressure was

measured using a flow meter (Cole-Parmer, 00307OX) and a valve to maintain

the pressure.

Figure 2.5: Example of the catalyst layers coated on the gold plate along with
the gold plated block used to transfer the force and electrical signal to the
catalyst layer.
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Figure 2.6: Setup for catalyst layer through-plane electrical conductivity tests
under compression using 2-probe method.
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2.3.3 Profilometery

In the process of compressing the catalyst layers to look at how conductiv-

ity changes, the catalyst layer may deform and change its thickness which is

relevant to equation 2.11. To investigate the thickness after compression an

Alpha-Step IQ (KLA-Tencor) profilometer was used at the University of Al-

berta nanoFAB. The Alpha Step uses a stylus which was dragged over the

surface of the desired material in a straight line which senses the displacement

of the stylus relative to a defined datum, which in this case is the gold plate,

measuring the step height. The purpose was to look at the step height change

from the gold plate to the catalyst layer which was left uncompressed possibly

providing validation for the thickness obtained from SEM imaging and then

the portion at the center that was compressed. Two line scans of 3 mm length

were conducted for each of the four IrOx loadings, 0.964, 0.723, 0.468 and 0.241

mg/cm2. The first step height measured was then taken as the uncompressed

height.

2.4 Electrochemical Testing

2.4.1 Cell Assembly

The final step in preparing a cell for testing is assembling the CCM into the

Scribner electrolysis cell fixture. It is built by combining the components

given in Table 2.3, which also shows some thicknesses which are important

for determining the pinch value. This ”pinch” is part of what determines the

compression and contact that the plates impart onto the CCM. The standard

pinch value used in this work is 67 µm. More on the pinch value can be found

in section A.4 of the Appendix.
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Table 2.3: Cell components and corresponding thickness

Component Material Thickness (µm)
PTL Platinized Titanium 274

MPL/GDL Sigracet 28BC 240
Catalyst Layer Various 4

Lamination Sheet Plastic 75
Gasket PTFE-Coated Fibreglass Fabric 152.4

Membrane N212 50
Anode Bipolar Plate Platinized Titanium 9500
Cathode Bipolar Plate Graphite 12900
Current Collectors Gold Plate 1400

The first step was cutting out a piece of lamination plastic which is the

same size as the bipolar plate area. Then a 5 cm2 square was cut out of the

centre of the lamination sheet. The CCM to be tested was then placed in

the lamination sheet such that the catalyst area completely encompasses the

5 cm2 opening. Then the sheet was put into a folded piece of paper, to protect

the catalyst layer, and sent through a lamination device (GBC Fusion 1100L)

to give a rigid CCM. Next, two 152.4 um PTFE-coated fiberglass fabric sheet

gaskets (McMaster-Carr, 8577K83) were cut out to cover the bipolar plate

area, again with a 5 cm2 hole in the middle. Holes are punched out of the

gaskets and laminated CCM in the location with alignment pegs which hold

all the cell components together until the cell is screwed together. Next the

platinized titanium PTL (Bekaert Fibre Technologies) and MPL/GDL (sgl

carbon, Sigracet 28BC) are cut out to 5 cm2 squares using scissors and a

knife, respectively. The first gasket was placed down on the graphite bipolar

plate followed by the MPL/GDL with the darker side, the MPL, facing up

towards where the CCM will be. Next the CCM is placed on top with the

cathode side in contact with the MPL/GDL. The PTL is placed on top of the

anode catalyst area followed by the second gasket.

Before sealing the cell, pressure paper (Fujifilm, LLLWPS, LOT: 0982191804)

was placed over the PTL and the cell was sealed. The pressure paper is used

to ensure that there is appropriate compression. The bipolar plate screws were

turned in a star pattern to compress evenly up to a torque of 50 in-lbs. The
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cell is then opened and if there is good compression levels, i.e. defined flow

channels, then the pressure paper is removed and the cell is resealed and ready

for testing.

2.4.2 Experimental Setup

This section shows the test stations and apparatus used to test an MEA. In

the following sections the various methods for preparing and testing the cell

are explained. The order of tests that will be conducted are as follows:

1. Conditioning, CV

2. Polarization Curves, LSV, EIS, CV

The actual electrolzyer test station and a schematic are shown in Figures 2.7.

The setup when on the fuel cell test station is shown in Figure 2.8 for reference.
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Figure 2.7: a) Electrolyzer setup, b) Schematic of Electrolyzer setup.
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Figure 2.8: Electrolyzer cell connected to the fuel cell test station for when
doing CV tests. a) Actual setup, b) Schematic.

2.4.3 Conditioning

Conditioning is the first method used after a new cell has been assembled.

It is used to remove impurities from the catalyst layer and also allow for a

more stable performance to be measured when doing polarization curves. The

procedure for conditioning is as follows:

1. The 2 L externally heated water reservoir in Figure 2.7 was filled with

DI water (Millipore, Direct-Q 5 UV Ultrapure DI water, 18 MΩ·cm) up

to a few inches above the heaters so that the water level does not go

below the heaters over the course of the conditioning.

2. The water reservoir was then heated to 83°C since there is a couple of

degrees lost when transporting the water from the tank to the cell.

3. Hydrogen outlet and water lines were attached to the cell. Cell current

collectors were connected to the power source (BK Precision 1688B)
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which controls the power to the cell and the arduino board which is used

to independently measure the current collector voltage.

4. A peristaltic pump (MTI Corp., EQ-BK-380-2) was used to control the

flow of water to the cell. The flowrate speed was set to 31.6 rpm to

achieve a final flowrate ranging from 29-30 mL/min. This flowrate was

estimated by pumping into a beaker and timing how long it takes to fill

up to 50 mL. This was repeated four times to ensure that the flowrate

was within 29-30 mL/min.

5. The cell was heated to 80°C using the temperature controller.

6. The power source was turned on and an in-house program was used to

set the desired current step and duration to be applied.

7. The cell is conditioned as per Table 2.4 for IrOx cells and the first Ir8NiOx

cell and Table 2.5 for subsequent Ir8NiOx cells. As will be discussed in

the results section the Ir8NiOx did not perform as well under high current

densities, so the conditioning current was lowered as to not completely

degrade the cell before testing.

Table 2.4: Applied current and time for conditioning IrOx cells and first
Ir8NiOx cell (E1)

Time (s) Current (A)
600 0
900 0.1
900 0.5
1200 1
1200 5
1200 10
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Table 2.5: Applied current and time for conditioning subsequent Ir8NiOx cells
(E5, E6)

Time (s) Current (A)
600 0
900 0.1
900 0.5
1200 1
1200 4

2.4.4 Cyclic Voltammetry

Cyclic voltammetry is a method typically used to see oxidation and reduction

processes. In this case it will be used to investigate the oxidation peaks of Ir

which will allow the measurement of the ECSA. CV’s were run after condi-

tioning and polarization curves to see how each process effects the ECSA. CV

was run using the Biologic SP-300 potentiostat and the Scribner fuel cell test

station (850e Multi Range) following the steps below:

1. Once the cell was at room temperature after running conditioning or pol.

curves/LSV/EIS the anode side was filled with DI water by running the

pump.

2. Then all inlet and outlet tubing was disconnected from the cell and on

the anode side they were capped to hold the water in the cell.

3. Then the cell was brought over to the fuel cell test station. The hydrogen

lines were connected to the cathode side of the cell while keeping the cell

anode side closed.

4. The fuel cell test station and corresponding program were started. The

temperature was set to 30 ◦C for both the cell and hydrogen while the

flowrate was set to 0.2 L/min for hydrogen and 0 L/min for nitrogen.

5. The potentiostat was connected to the cell. Using the EC-Lab program,

a cyclic voltammogram was run from 0.005 to 1.5 V at a scan rate of

40 mV/s for 11 cycles with the last cycle being the one analyzed in the

results.
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6. Once done the fuel cell test station was turned off and the cell was

returned to the electrolyzer test station.

The method used to calculate the ECSA was proposed by Tan et. al. [37].

The first step is to find the total anodic charge by integrating from 0.4-1.25 V

while correcting for the double layer charging estimated at 0.2 V. For example

see Figure 3.9 a) for cell ML14. Then use the following equation to estimate

the ECSA,

ECSA =
AI

AgeoSqL
(2.12)

where AI is the integrated area for anodic charge between 0.4-1.25 V,

Ageo is the geometric area of the catalyst layer, S is the voltage scan rate,

q is the deprotonation charge constant approximated by Tan to be 440 ± 14

µC/cm2
ECSA, and L is the catalyst loading.

2.4.5 Polarization Curves

Polarization curves are found to observe the overall performance of the cell.

The procedure is given below:

1. After doing the first CV the electrolzyer test station was set up the same

way as for the conditioning (Water reservoir at 83°C, cell at 80°C and

the flowrate at 29-30 mL/min (31.6 rpm)).

2. Polarization curves were obtained using the power supply by first allow-

ing the cell to stabilize at 0 A for 10 minutes and then using the in-house

code to apply current densities from 0.02 to 0.2 A/cm2 in 0.02 A/cm2

increments (0.1-1 A in 0.1 A increments) and from 0.2 to 4 A/cm2 in

0.2 A/cm2 increments (1-20 A in 1 A increments) and then reversed to

go backwards at the same intervals. The cell was run for 2 minutes at

each current density and the data was averaged over the last 10 seconds.

Three forward and backward sweeps were run in total. Since it is a long

continuous test if the water began to run low it was refilled between

curves during the 10 min stabilization period at 0 A.
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2.4.6 Kinetic parameters

After getting the polarization curve using the power supply, the kinetic pa-

rameters were measured using the Biologic potentiostat.

1. Maintaining the same cell conditions as it was with the polarization

curve the cell was disconnected from the BK precision power source and

connected to the Biologic potentiostat.

2. Using linear scan voltammetry, the potential was scanned from 1.3 to

1.75 V with a scan rate of 2 mV/s to give a high resolution to the kinetic

region. If at any time the current would approach 10 A the test was

stopped since this is the current limit of the potentiostat.

2.4.7 EIS

The EIS test can be performed immediately after obtaining the LSV.

1. Again, the cell was tested on the electrolyzer station set up and main-

tained at 80°C and the water flowrate is set to 29-30 ml/min for the

duration of the tests.

2. Galvanostatic EIS measurements were performed at constant current

densities of 0.02, 0.2, and 0.2 A/cm2 with the amplitude of each wave

being 30, 60 and 150 mA, respectively. The frequency range of the each

test starts at 100 kHz and goes down to 20 mHz.

Resistance and capacitance values can be found by fitting the impedance

spectra, i.e. the impedance vs frequency signal, using an equivalent circuit

which for PEMWE is shown in Figure 2.10, where L1 is an inductance which

is due to effects from crossing of wires and how the electric and magnetic

fields interfere with one another. R1 is the HFR, while R2 and R3 are the

charge transfer resistances for the first and second semicircle, respectively,

and Q2 and Q3 are constant phase elements (CPE). The equivalent circuit was

modelled such that the first semicircle (Q2 + R2) corresponds to the cathode

and the second semicircle (Q3 + R3) corresponds to the anode [36]. An ideal
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EIS curve containing capacitance forms a perfect semicircle from which double

layer capacitance can be directly calculated, however it is typical for curves

to be slightly depressed vertically due to the catalyst layers not being ideal

capacitors which is accounted for by the CPE. The curve fitting software used

in this work, EC-Lab, calculates a pseudo capacitance from the CPE value

using the equation,

Ci =
(RiQi)

1
ai

Ri

(2.13)

where i is the index for the first or second semicircle, Ci is the capacitance,

Ri is the charge transfer resistance and ai is a constant factor associated with

the CPE fit. The psuedo capacitance can be related to the double layer for

the associated anode or cathode. Then the double layer capacitance can be

related to the surface area within the catalyst layer and compared to values

obtained from CV.

Figure 2.9: Example of a Nyquist plot with data fitted using an equivalent
circuit. Tests go from high to low frequency as the curve goes from low to
high resistance.
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Figure 2.10: Equivalent circuit used to fit EIS data for PEMWE.
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Chapter 3

Study of Reducing IrOx Anode
Catalyst Layer Loading for
Improved Cell Performance

3.1 Ink Characterization and Printing

The IrOx ink presented in section 2.2.1 was analyzed to measure the density,

viscosity, and particle size. The IrOx TKK Samba ink was found to have a

density of 0.886 g/cm2, viscosity of 5.38 mPa·s, surface tension of 24.95 mN/m

(found for a 1:1 PG:IPA solution by Jasper Eitzen), which corresponds to a

Z value of 3.76. The viscosity is in the correct range of 4-8 mPa·s while the

surface tension is slightly below the desired range for the Samba cartridge of

28-32 mN/m. Even so, the Z value is between 1-10 so the ink should still be

jettable assuming an appropriate particle size [92].

Figure 3.1 shows the particle size distribution obtained from DLS. The

average hydrodynamic diameter is 194.17 ± 14.24 nm with a polydispersity

of 20.3 ± 5.1% which is suitable for printing. The average hydrodynamic

diameter is fairly constant over the course of the 10 runs but begins to increase

just above 200 nm by the 10th run which could be a sign of agglomeration.

The cathode side was made using the standard Pt/C ink given in sec-

tion 2.2.1. The Pt/C TKK Samba ink was found to have a density of 0.910

g/cm2, viscosity of 5.353 mPa·s, surface tension of 24.95 mN/m (found for a

1:1 PG:IPA solution by Jasper Eitzen since the PG:IPA ratio is about 1:1),

which corresponds to a Z value of 3.83. The average hydrodynamic particle
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size is found from Figure 3.2 to be 291.90 ± 49.22 nm with a polydispersity of

24.45 ± 2.24%. Although the average hydrodynamic diameter is higher than

200 nm the ink may still be printable as inks with an average diameter under

1000 nm have been printed and the properties for this ink are similar to that

of the IrOx ink above meaning that both should print well as they are within

the majority of the guidelines for printable inks.

Figure 3.1: DLS light sensitivity distribution of the 1:1 PG:IPA IrOx TKK ink
made for the Samba cartridges.

Figure 3.2: DLS light sensitivity distribution of the 46.7% Pt/C TKK ink.
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Four IrOx TKK catalyst layer loadings were printed, i.e., 1, 0.75, 0.5 and

0.25 mg/cm2 where the loading was measured as discussed in section 2.2.3.

Four batches were made with the cells being shown in Table 3.1. CCMs ML11-

ML14, ML15-ML18, and ML23-ML26 were tested whereas ML19-ML22 were

used for characterization of the catalyst layers given in Section 3.2. As can be

seen in Table 3.1 the amount of layers it takes to form a layer of a specified

IrOx loading can vary by about 2-5 layers when using the Samba cartridges

whereas Pt loading was printed more consistently after batch 1.

Table 3.2 shows the loading and layers required to make cells ML5, ML6,

ML9 and ML10. These CCMs were fabricated utilizing an older generation

of cartridges (Dimatix Mat. Cartridge 10 pL, DMC-11610). The 10 pL car-

tridge nozzles were heavily used prior to printing these cells, therefore prone to

clogging, which resulted in 2-3 times as many layers needed to reach a similar

loading to the cells made with the next generation Samba cartridge. However,

ML5, ML6, ML9 and ML10 will be discussed only briefly in Section 3.3.5 to

show some effects of varying the pinch value.

Table 3.1: CCMs printed for electrochemical and ex-situ testing using the
Samba cartridges.

Batch Cell Anode IrOx TKK No. IrOx Layers Cathode Pt No. Pt/C Layers)
Loading (mg/cm2) Loading (mg/cm2)

1

ML11 1.078 20 0.111 18
ML12 0.794 15 0.111 18
ML13 0.510 9 0.111 18
ML14 0.269 5 0.111 18

2

ML15 1.064 15 0.111 9
ML16 0.723 9 0.111 9
ML17 0.468 5 0.111 9
ML18 0.284 3 0.111 9

3

ML19 0.993 14 0.117 10
ML20 0.808 10 0.117 10
ML21 0.567 7 0.117 10
ML22 0.241 3 0.117 10

4

ML23 1.007 22 0.146 9
ML24 0.737 14 0.146 9
ML25 0.510 9 0.146 9
ML26 0.255 5 0.146 9
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Table 3.2: CCMs printed for electrochemical testing with changes to compres-
sion using the 10 pL cartridges. *Made by Manas Mandal.

Cell IrOx TKK Loading (mg/cm2) No. IrOx Layers Pt Loading (mg/cm2) No. Pt/C Layers)
ML5 0.255 10 0.105 30
ML6 0.99 49 0.105 30
ML9* 0.99 - 0.1242 -
ML10* 0.285 - 0.1242 -

3.2 Initial Ex Situ Characterization

3.2.1 Optical Microscopy

Figure 3.3 shows the images taken with the Leica optical microscope for the

IrOx TKK catalyst layer of each CCM with each batch in columns and loadings

from 1 to 0.25 mg/cm2 in rows from top to bottom. The main difference

between the CCMs is that the amount of cracks increases with a decrease in

loading which means the higher loadings have more uniform layers. It can also

be noted that the grain size of the cracked areas decreases with a decrease in

loading.

The difference in lighting is not a reflection of the uniformity and catalyst

coverage. It is primarily due to the exposure time used to take the image, with

higher exposure times leading to brighter images. The brightness and contrast

was adjusted using ImageJ software to try and achieve a similar view of the

layer for all CCMs.

Although there are differences in the amount of layers printed, all batches

have a similar number and size of cracks. The only exception may be Batch

2 which appears to have more cracks in the 1 mg/cm2 layer. Cracking in the

catalyst layer has primarily been studied for fuel cells but can be related to

electrolyzers as the only difference is the catalyst. The ink and deposition

process remains the same. The primary causes of cracking are due to the

drying process where evaporation of solvents happens faster at the surface

than inside the layer causing a difference in stress from the shrinkage of the

layer [100] and excessive bending of the membrane since the catalyst layer is

more rigid than the membrane [101]. If more material is being deposited at

once, i.e. less layers printed, then the difference in evaporation rate between
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the top of the layer and bottom may be higher possibly leading to more cracks

as seen with Batch 2.

The impacts of cracks on performance are a challenge to determine as it

is difficult to control crack formation but it has been found in the case of fuel

cells that it can be beneficial or harmful. Cracks could be positive in that

they improve mass transport by providing pathways for gas to leave and water

to go deeper into the layer [102, 103]. Cracks could have a negative effect if

they cause islands to form in the catalyst layer, meaning that there is less

connectivity particularly for electron transport which would lead to less area

of the catalyst being utilized therefore lowering performance [101]. In addition

cracks could have a negative effect on the durability of the catalyst layer which

could decrease performance over time [104, 105].

Figure 3.3: Optical microscope images at 20x magnification of the anode side
of each CCM. a-p corresponds to ML11-ML26. Each column is a batch and
each row is a different loading with 1 mg/cm2 at the top and 0.25 mg/cm2 at
the bottom. Exposure and brightness was adjusted in each image to see cracks
formed during printing.
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3.2.2 Catalyst Layer Thickness and Porosity

Figure 3.4 shows cross section images each loading at 5000x magnification.

Each layer was imaged in 3 locations and the catalyst layer thickness was

measured 10 times for each image with the measurements approximately 2

µm apart. There were 30 measurements in total for each loading.

Figure 3.5 shows the average thickness for each loading. A linear trend

between loading and layer thickness is observed which means the layer does not

compact as more layers are printed on top of the original ones. Furthermore,

based on the linear regression, every 0.1 mg/cm2 results in an additional 0.5

µm of added thickness. An Alpha Step stylus profilometer was also used for

validation of the layer thickness as shown in Figure 3.5 which follows a similar

trend as the measurements from SEM. The Alpha Step measurements (see

section 2.3.3) were made on catalyst layers printed on gold plates which could

lead to some differences in thickness. Due to not being printed in the same

way, the SEM measurements are used for the linear fit. Since, the loadings

at 0.576 and 0.993 mg/cm2 have a large standard deviation in layer thickness,

t-test statistical analysis was applied to ensure that each loading truly has a

different average thickness. The t-value and P-value were calculated and are

given in Table 3.3 which shows that there is a statistical difference between

the layers as the P-value is less than 0.05 rejecting the null hypothesis that the

means of each set are the same. This was done against subsequent samples

of data since if one is statistically different than the one closest to it then it

will also be statistically different than the other sets of data. In addition, the

t-value is greater than the standard t-value at a 95% confidence interval for a

2-tailed t-test with 58 degrees of freedom (30+30-2) which is about 2.00 again

indicating a statistical difference.
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Figure 3.4: SEM images of 5000x magnification IrOx Layers. a) ML19 0.993
mg/cm2, b) ML20 0.808 mg/cm2, c) ML21 0.567 mg/cm2, d) ML22 0.241
mg/cm2. The faint grey lines above the catalyst layer were the guidelines used
to indicate where measurements were taken.
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Figure 3.5: Catalyst layer thickness depending on the the IrOx TKK loading
using both SEM images and stylus profilometry. Error bars are the standard
deviation.

Table 3.3: T-tests between samples for layer thickness

Cells Samples Compared Loading’s Compared (mg/cm2) t-value P-value (95% CI)
ML19 vs ML20 0.993 vs 0.808 10.6 2.94*10−15

ML20 vs ML21 0.808 vs 0.567 6.4 3.00*10−8

ML21 vs ML22 0.567 vs 0.241 10.3 1.04*10−14

The porosity was calculated as shown in section 2.3.1 for the layers that

SEM was performed on which are ML19-ML22. Then using the linear equation

for thickness from Figure 3.5 the theoretical thickness of all the tested CCM

catalyst layers was found and therefore their porosity.

Figure 3.6 displays the porosity as a function of catalyst loading which

shows the porosity of the imaged samples ML19-ML22, which have 25 wt.%

Nafion loading, initially decreasing from 51.8% to 45.7% from 0.24-0.81 mg/cm2,

respectively and then up to 54.1% at 0.99 mg/cm2. So there is no distinct trend

when it comes to the porosity of the measured samples ML19-ML22. However,

if the linear trend is assumed for the tested cells then the porosity obtained

from the calculated thicknesses is constant at 50.7%. These values differ from

that found by Mandal [106] who obtained a porosity of 22% for a 25wt.%

Nafion IrOx catalyst layer. The difference could be due to the different ink
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recipe and print nozzles used. Mandal used 10 pL whereas the Samba car-

tridge was used in this work. This also makes sense given that he also saw a

catalyst layer thickness of 3.3 µm for a 1.035 mg/cm2 layer.

Figure 3.7 shows a 20000x magnification image of the four IrOx catalyst

layers to view the internal structure which can be seen to be uniform, porous

and visually similar between all loadings. Since the structures are not visibly

different in these images it shows that the porosity is likely also similar but

may have some variation depending on where the catalyst layer thickness is

measured.

Figure 3.6: Calculated porosity of SEM imaged and tested catalyst layers.
Measured thickness was used for ML19-ML22 and calculated theoretical thick-
ness was used for the remaining cells.
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Figure 3.7: SEM images of ML19-ML22 (a-d) at 20000x magnification showing
the internal structure of the IrOx catalyst layer.

3.2.3 Uniformity and Adhesion

As seen in Figure 3.5, for some of the catalyst layers there is a large standard

deviation which shows that the variation of thickness of the layer can be up to

± 1.5 µm. Ideally the inkjet printing would result in perfectly uniform layers

but due to inconsistencies with nozzles, droplet size, and catalyst particle size

throughout the course of printing multiple layers there is some deviation from

a flat surface. The change in thickness of up to 1.5 µm is significant due to the

fact that it could make up a large percentage of the catalyst layer thickness

since the average of the layers measured are only 1.26-5.46 µm thick.

Figure 3.8 shows SEM images for ML19 at 1000x, 500x, 200x and 100x

magnification which show that on a larger scale the layer contains small bumps

which are the likely cause of the standard deviation previously discussed. This

is similar for all CCMs imaged. Bumps and cracks could be formed by the

clogging of nozzles during printing which result in inconsistencies. Since the

small bumps appear to be present at random and not in uniform lines or

forming ridges, it is more likely that this is due to how the catalyst layers

dries on the membrane surface or satellite droplets when the droplet is jetted
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from the nozzle. If it were purely nozzles clogging then there would be defined

lines of ridges and valleys where catalyst ink was not printed. But beyond

the small µm sized bumps the layer is quite uniform in terms of thickness

however there are still cracks that cause discontinuities in the layer as seen

previously in Figure 3.3. Images of the other samples ML20-ML22 are given

in the Appendix (Figures C.1-C.3).

Adhesion of the catalyst layer to the Nafion membrane below appears to

be good as there is only slight separation in small sections such as the circled

section on Figure 3.8 a). Other than this location there is good contact between

the catalyst layer and the membrane. This is similar for all CCMs imaged.

Adhesion between the catalyst layer and membrane is important to maintain

as this allows the efficient transfer of H+. Areas with poor adhesion will result

in an increased cell resistance as there is less area to move H+ ions to the

membrane.

Figure 3.8: SEM images of ML19, 0.993 mg/cm2 IrOx TKK at a) 1000x, b)
500x, c) 200x, d) 100x.
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3.3 Electrochemical Characterization

3.3.1 Cyclic Voltammetry

CV was run before and after the pol. curves to see what degradation occurs

over the beginning of life of a cell. Figure 3.9 shows the CV curves after 11

cycles in order to allow the CV to stabilize. The figure shows that the area

under the curve between 0.4 and 1.25 V, which is used to estimate the ECSA

and correspond to iridium oxide formation, increases with increasing iridium

loading as expected.

Figure 3.10 shows the ECSA, calculated using equation 2.12, for each cell

which shows a nearly constant ECSA with an increase in loading except for

batch 2, ML15-ML17. Assuming a uniform layer, this was expected since the

ECSA normalized by the mass of the catalyst and the same catalyst is used.

Relating to literature, in Tan’s work [37] they found ECSA for IrOx TKK

of around 80 m2
ECSA/gIr but here it is between 25-60 m2

ECSA/gIrOx. They used

a Nafion percentage of 5 wt.% whereas in this work it is 25 wt.%. In addition

they used an RDE so there was a liquid electrolyte and very low loadings in

the µg range. Due to the increased coverage by the liquid electrolyte compared

to the solid electrolyte used in this work, this difference in ECSA makes sense.

Mandal [106] found an ECSA of 28 m2
ECSA/gIrOx for a 1 mg/cm2 catalyst layer

with 35 wt.% Nafion compared to the 41.3 and 59.2 m2
ECSA/gIrOx of this works

1.007 (ML23) and 1.064 mg/cm2 (ML15) catalyst layers at 25 wt.% Nafion,

respectively. This difference could be due to the porosity of the sample as his

sample had a porosity of 15% whereas this works has a porosity of 54.1%. A

higher porosity should allow for more area to be exposed for reactions to occur

therefore increasing the ECSA.

Figure 3.10 also shows that the ECSA maintained a similar value before

and after running the pol. curves. This indicates that the processes involved

in testing the cell performance is not negatively effecting the ECSA within the

cells beginning of life.

Figure 3.11 shows a closer look at the region used to estimate the double

layer capacitance. The double layer capacitance was estimated using equation
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1.12 at 0.2 V by looking at the magnitude of the current gap between the

oxidation and reduction portions of the curve. Ideally this region is flat as

the double layer is established. However, in the case of IrOx there is not a

stable double layer region as the catalyst is already in oxide form and the

curve quickly diverges as reactions begin and there is faradaic current. Lower

loadings experience a flatter more stable double layer than higher loadings.

This may be due to there being more reaction sites in a layer with higher

loading.

Figure 3.12 shows the calculated double layer capacitance for each cell

before and after the pol. curves. The higher loading cells have a higher double

layer capacitance which is expected since the value is not normalized by mass.

However, the double layer capacitance does not increase at the same rate as

the loading which is unexpected. The change from 0.25 to 1 mg/cm2 for ML26-

ML23 is only 1.4x when it should be 4x. This may be due to the beginning

of oxidation and reduction peaks occurring sooner (lower voltages) for higher

loadings. In addition the curves before the pol. curves in Figure 3.11 show

more deviation here from the after pol. curve CVs than when looking at the

oxidation peaks at higher voltage. This is also seen in Figure 3.12 where the

before pol. curve double layer capacitance is about 8-10 mF/cm2 higher than

the after pol. curve CVs. Although the ECSA was not lowered for all cells due

to testing, the double layer capacitance did. Since the region used to estimate

the double layer capacitance was not flat it may be inaccurate and in section

3.3.4 the capacitance found by EIS will be taken as being potentially more

accurate.
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Figure 3.9: CV curves for each cell showing the stable 11th cycle from 0-1.5 V.
a) ML12-ML14, b) ML15-ML17, c) ML23-ML26

68



Figure 3.10: ECSA comparison between all cells separated by batch before
and after polarization curves.
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Figure 3.11: CV curves for each cell showing the stable 11th cycle from 0-0.4
V to show the electric double layer region. a) ML12-ML14, b) ML15-ML17,
c) ML23-ML26
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Figure 3.12: Double layer capacitance comparison between all cells separated
by batch before and after polarization curves.

3.3.2 Polarization Curves

Figure 3.13 shows the polarization curves for batch 1 ML12-ML14 which shows

a slight decrease in performance initially in the kinetic region below 0.5 A/cm2

and then the curves converge at 4 A/cm2. This means that the amount of

iridium can be reduced by 4x without significantly impacting cell performance.

Figure 3.13 also shows the iR-free curves for batch 1 which shows the

performance with the ohmic losses subtracted. The ohmic losses at 4 A/cm2

are 265, 242 and 232 mV for ML12, ML13 and ML14, respectively showing

that the losses are greater for the higher loading cases which was expected due

to having a thicker catalyst layer and the fact that even the most conductive

phase is likely to result in significant losses which can be observed in the HFR.

It also shows that the kinetic losses are greater for the lower loading cells which

was not expected since, based on Moore’s model, the layer utilization was the

same. This means that there is more layer utilized in the higher loadings than

initially thought and some of that utilized area is lost due to the reduction in

loading which could be due to a higher electrical conductivity or compression

effects. However, the overall performance curves remain the same due to the

ohmic losses being higher for the higher loading cells. This shows that the
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ohmic and kinetic losses have an even trade off.

To ensure repeatability two more batches were tested. The pol. curves for

batches 2 and 4 are shown in Figures 3.14 which shows the same trend seen

previously and 3.15 which shows the low and high loading cells with lower and

higher performance, respectively, than expected. The difference at 4 A/cm2

between ML23 (1.007 mg/cm2) and ML26 (0.255 mg/cm2) is 44 mV. The iR-

free curves loading trend for batches 2 and 4 match that of batch 1 as the

iR-free performance decreases with decreased loading.

In order to analyze the differences between batches further, the three cells

with the similar loading of 0.75 mg/cm2 are compared and the maximum

difference is obtained. Figure 3.16 shows the difference in pol. curves and

iR-free pol. curves between the three batches for a loading of ≈0.75 mg/cm2,

respectively. The voltage difference at 4 A/cm2 between cells ML12 and ML16

is 35.9 mV for regular pol. curves and 3.2 mV for the iR-free curves. The 1,

0.5 and 0.25 mg/cm2 cells had regular pol. curve differences of 12.7, 34.3 and

2.5 while the iR-free differences were 0.5, 18.0 and 5.5, respectively. Those

curves in full can be found in the Appendix Section C.0.2. Overall, this shows

that there can be variation within batches on the order of 35.9 mV. This is

primarily due to changes in the ohmic resistance of the cell which could be

due to the differences in printing and possibly cell assembly. Ohmic resistance

will be discussed further in section 3.3.4.

The 35.9 mV difference between batches is on the same order as the differ-

ence found in Figure 3.15 between loadings. Therefore we can consider that

Ir loading has a negligible effect on performance.
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Figure 3.13: Polarization and iR-free curves of batch ML12-ML14.

Figure 3.14: Polarization and iR-free curves of batch ML15-ML17.
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Figure 3.15: Polarization and iR-free curves of batch ML23-ML26.

Figure 3.16: Polarization and iR-free curves of the ≈0.75 mg/cm2 cells ML13,
ML17 and ML25.
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Taie et. al. [12] and Fujita et. al. [57] also studied IrOx TKK at different

loadings. Figure 3.17 shows the cell overpotential, obtained using equation 1.4

and subtracting the new potential from the standard potential of 1.23 V for

OER, at 2 A/cm2 for each study along with this work. iR-free overpotential

was used for comparison since each study used a different Nafion membrane,

cathode catalyst loading and Fujita’s tests were done at 50 °C whereas this

work and Taie’s tests were at 80 °C. The theoretical overpotential is 1.21 V

and 1.18 V at 50 and 80 °C, respectively. The figure shows that the results of

this work are in line with literature as there is less than a 50 mV difference

for similar loadings. In the future we would like to go to loadings less than

0.1 mg/cm2 to reach a loading where significant loss in performance could be

observed. Fujita found at 0.2 mg/cm2 further loading reductions started to

severely effect performance whereas Taie found a significant decrease below

0.011 mg/cm2.

Figure 3.17: iR-free overpotentials at 2 A/cm2 [12, 57].
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3.3.3 Linear Scan Voltammetry

Figure 3.18 shows the BV plots for each batch which did not turn out as

expected where the anode portion of the curve is offset by about 0.2 V. The

loading also appears to effect where this point is as the Tafel curves shift to the

right with decreasing loading. This is the same effect seen in the polarization

curves since the low loading cells have more losses initially and then due to

the lower ohmic resistance eventually perform the same as the higher loading

cells. The kinetic parameters were extracted from the range of 4-80 mA/cm2

using Tafel analysis.

Figure 3.19 shows the Tafel slope for each cell compared to Taie’s study

[12]. The Tafel slope for this work is similar across all loadings. Taie’s data

continues the trend from this work as they went to lower loadings and once

they reached 0.039 mg/cm2 the Tafel slope began to increase substantially.

Figure 3.20 shows the exchange current density for this work as a function

of the catalyst loading compared to literature data. The values for this work

decrease slightly with an increase in loading which is not expected since it is

the same catalyst which should have the same inherent activity. This shows

that the whole catalyst layer is not being utilized. However, when multiplied

by the loading there is still less kinetic losses for the higher loading cells as

seen in the iR-free curves previously.

It was found that, at both the low and high loadings, the exchange current

density is much lower in this work than literature for other cells using IrOx or

IrO2 [12, 28]. This could be due to error in choosing an appropriate section to

extract the kinetic parameters due to the complexity of the OER compared to

the standard Tafel assumptions.
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Figure 3.18: Butler-Volmer plots for a) ML12-ML14, b) ML15-ML17, c) ML23-
ML26
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Figure 3.19: Tafel slope comparison between all cells in this work and Taie et.
al. loading study [12].

Figure 3.20: Comparison of exchange current density normalized by the mass
of catalyst. Taie et. al. [12], Mandal et. al. [28].
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3.3.4 Electrochemical Impedance Spectroscopy

Figure 3.21 and 3.22 shows the Nyquist plots and related frequency plots,

respectively, for all cells at 0.1 A. The raw data for each cell as well as the

fitted curve are plotted. The fitted curve was found using the equivalent circuit

in Figure 2.10. Table 3.4 contains the fitting parameters for each cell at 0.1,

1 and 10 A and will be used alongside the plots to determine the effects of

loading on the impedance of a cell.

The equivalent circuit consists of R1 which represent the ohmic resistance

defined by the most conductive phase in the HFR which is found from R1

by multiplying by the catalyst area, Q2 and R2 which represent the cathode

catalyst layer, and Q3 and R3 which represent the anode catalyst layer. The

pseudo capacitance associated with Q2 and Q3 would then correspond to the

double layer capacitance of the cathode and anode, respectively.

In Figure 3.21 two semicircles can be observed for each cell. The first

semicircle is thought to represent the cathode while the second larger semi-

circle represents the anode. Figure 3.23 shows the pseudo capacitance for

each semicircle, found using equation 2.13, of each cell along with the double

layer capacitance from the CVs. Pseudo capacitance was found for the 0.1 A

Nyquist plot to avoid transport effects. C2, corresponding to the first semicir-

cle, is similar across all loadings for each batch. This was expected since the

cathode for all cells should be similar with only small variations in Pt loading.

Figure 3.23 shows that both the pseudo capacitance C3 and double layer

capacitance increase with loading but C3 is much larger in magnitude than

the double layer capacitance from the CVs. This is likely due to two factors.

First, the double layer capacitance found from CV in section 3.3.1 may not

be accurate due to presence of faradaic current. Second, the conditions the

CV and EIS experiments were run under are completely different. CV is run

at 30 °C while EIS is run at 80 °C. CV has flowing hydrogen at the cathode

while EIS has static hydrogen just produced by the running of the cell. Table

3.4 shows the value of C3 for each cell at various applied currents which shows

that the value of C3 decreases as the current increases. This makes sense as
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the higher current promotes more oxygen evolution which displaces area where

the double layer forms due to gas bubbles.

The width of each semicircle along the x-axis corresponds to the charge

transfer resistance. The second semicircle being larger than the first one in-

dicates a larger charge transfer loss in the anode. This is expected, since

the more sluggish oxygen evolution reaction occurs at the anode. Figure 3.25

shows the change in R3 across all cells for each applied current. R3 goes up

slightly as loading decreases for batch 1 which is expected since there is less

catalyst available to help the reaction proceed. Batch 2 and 4 go up and

down but follow the same trend a bit more loosely. R3 also decreases with

an increase in current which again is expected since the overpotential is larger

which creates a larger driving force for charge transfer.

Figure 3.21 shows a difference in the slope of the curve between the begin-

ning of the curve and 0.03 Ω on the y-axis. This slope creates a distinction

between the first and second semicircles with the first semicircle disappear-

ing into the second semicircle. Figure 3.24 shows simulated EIS curves which

were made by holding all parameters constant except for the CPE, Q3. It was

found that decreasing the value of Q3 caused an increase in the slope and less

distinction between the semicircles. Then comparing this result to the values

of Q3 in Table 3.4 there is a decrease of Q3 with a decrease in loading which

corresponds to the increase in slope seen in the Nyquist plots. The decrease

in Q3 also means a decrease in the capacitance of the layer which makes sense

for a decrease in loading as there is less catalyst area for the double layer to

form over.

Figures 3.26 shows the HFR for each cell used to calculate the iR-free

curves. The general trend is that the HFR increases slightly with loading

which is why the pol. curves converge at high current densities since the

kinetic losses are offset by the ohmic losses. In Moore’s model it was predicted

that the performance of low loading cells did not just match that of higher

loadings but surpassed them. It is possible that the HFR should be larger

than what is seen here due to IrOx’s low electrical conductivity. This could

mean that the catalyst layer is more conductive than initially theorized. This
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will be discussed further in Section 3.4.

Figure 3.21: Nyquist plots for each batch of cells at 0.1 A from 100 kHz to 20
mHz. a) ML12-ML14, b) ML15-ML17, c) ML23-ML26
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Figure 3.22: Frequency vs real and imaginary components of the impedance
for each batch of cells at 0.1 A from 100 kHz to 20 mHz. -Im(Z) vs log(freq)
a) ML12-ML14, c) ML15-ML17, e) ML23-ML26. Re(Z) vs log(freq) b) ML12-
ML14, d) ML15-ML17, f) ML23-ML26
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Table 3.4: Fitting parameter values for EIS performed at 0.1, 1 and 10 A along
with the pseudo capacitance related to each respective CPE and the double
layer capacitance from the previous CVs.

Cell Current L1 R1 Q2 a2 R2 Q3 a3 R3 Pseudo C2 Pseudo C3 Cdl

(A) (H) (Ω) (F·sa−1) (Ω) (F·sa−1) (Ω) (mF/cm2) (mF/cm2) (mF/cm2)
ML12 0.1 8.64E-09 0.0133 0.561 0.756 0.0246 0.892 0.959 0.141 28.091 163.315 19.143
ML13 0.1 8.86E-09 0.0121 0.267 0.884 0.0153 0.720 0.921 0.146 25.942 118.587 19.259
ML14 0.1 8.82E-09 0.0116 0.253 0.886 0.0147 0.430 0.909 0.150 24.683 65.377 14.693
ML15 0.1 9.12E-09 0.0121 0.278 0.900 0.0148 2.193 0.910 0.145 30.266 391.505 30.648
ML16 0.1 9.00E-09 0.0117 0.183 0.970 0.0119 1.252 0.904 0.148 30.342 209.181 20.633
ML17 0.1 8.89E-09 0.0113 0.280 0.907 0.0132 0.871 0.923 0.147 31.628 146.519 18.398
ML23 0.1 8.86E-09 0.0114 0.330 0.896 0.0141 1.384 0.929 0.143 35.300 244.574 22.017
ML24 0.1 8.60E-09 0.0119 0.193 0.977 0.0116 0.934 0.903 0.149 33.260 151.244 18.507
ML25 0.1 8.94E-09 0.0113 0.315 0.900 0.0146 0.711 0.928 0.146 34.735 119.232 17.328
ML26 0.1 8.72E-09 0.0117 0.325 0.898 0.0129 0.449 0.902 0.153 34.893 66.989 15.491
ML12 1 6.96E-09 0.0133 0.397 0.820 0.0118 0.990 0.882 0.0151 24.543 112.659 19.143
ML13 1 6.72E-09 0.0120 0.323 0.870 0.0091 0.653 0.893 0.0170 27.045 75.950 19.259
ML14 1 7.20E-09 0.0116 0.717 1.000 0.0074 0.257 0.846 0.0187 143.420 19.510 14.693
ML15 1 7.68E-09 0.0120 0.270 0.905 0.0095 2.087 0.882 0.0155 28.846 263.911 30.648
ML16 1 7.52E-09 0.0116 0.303 0.892 0.0096 1.191 0.916 0.0151 29.920 164.752 20.633
ML17 1 7.33E-09 0.0112 0.319 0.898 0.0084 0.862 0.900 0.0159 32.414 106.960 18.398
ML23 1 7.17E-09 0.0114 0.395 0.863 0.0115 1.494 0.945 0.0133 33.422 238.264 22.017
ML24 1 7.00E-09 0.0116 1.124 0.929 0.0124 0.454 0.836 0.0128 161.957 33.143 18.507
ML25 1 7.38E-09 0.0113 0.392 0.888 0.0087 0.670 0.896 0.0164 38.200 79.591 17.328
ML26 1 7.20E-09 0.0109 1.929 0.132 0.0007 0.246 0.864 0.0262 5.18E-17 22.233 15.491
ML12 10 7.25E-09 0.0129 0.697 0.508 1.69E-10 2.440 0.649 0.0053 3.47E-08 46.295 19.143
ML13 10 6.74E-09 0.0015 2.199 0.664 0.0051 4.258 0.020 0.0110 45.459 4.12E-64 19.259
ML14 10 7.10E-09 0.0116 47.420 0.597 0.0019 0.312 0.882 0.0035 1833.107 25.040 14.693
ML15 10 7.55E-09 0.0121 55.370 0.645 0.0018 1.066 0.803 0.0038 3121.540 55.256 30.648
ML16 10 7.35E-09 0.0116 138.800 0.702 0.0010 0.738 0.823 0.0042 11975.572 42.763 20.633
ML17 10 7.46E-09 0.0112 30.940 0.549 0.0020 0.409 0.911 0.0031 630.080 42.519 18.398
ML23 10 7.10E-09 0.0113 197.300 1.000 0.0005 0.986 0.790 0.0046 39460.000 46.819 22.017
ML24 10 6.99E-09 0.0116 71.330 0.926 0.0007 0.698 0.819 0.0044 11263.642 38.999 18.507
ML25 10 7.34E-09 0.0112 352.000 0.831 0.0006 0.731 0.809 0.0045 50944.949 37.852 17.328
ML26 10 7.19E-09 0.0116 46.690 0.621 0.0015 0.353 0.878 0.0037 1857.192 28.147 15.491

Figure 3.23: Pseudo capacitance for the first (C2) and second (C3) semicircles
from the Nyquist plots at 0.1 A compared to the double layer capacitance from
the CVs.

83



Figure 3.24: Nyquist plots from EIS simulations to show the effect of chang-
ing Q3. Q3 is in units of F·sa−1. Parameters kept constant are L=8E-9 H,
R1=0.011 Ω, Q2=0.33 F·sa−1, a2=0.9, R2=0.014 Ω, a3=0.9, R3=0.14 Ω.

Figure 3.25: Rct3 for each cell when the EIS applied current is 0.1, 1 and 10
A.
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Figure 3.26: HFR comparison between all cells separated by batch.

3.3.5 In-Situ Compression Effects

After finding that the performance of low loading cells is similar to high load-

ing cells at high current density it was questioned as to why the expected im-

provement in performance with reduced electrode thickness was not observed

considering that it was hypothesized electronic conductivity was limiting. It

was hypothesized that electrical conductivity was higher due to compression

of the cell. Figure 3.27 shows the surface of cell ML15’s catalyst layer after

testing which has indentations from the PTL. The effect of compression was

studied by testing the performance of the four cells seen in Table 3.5 at lower

compression. The pinch was changed from the standard value of about 67 µm

to about -8 µm which means that there will be little contact between the CCM

and PTL due to putting the cell together. Instead the contact will primarily

come from the swelling of the Nafion membrane when the cell receives water.

Figure 3.28 shows the pol. curves for each cell. The low compression cells

have significantly worse performance at 2 A/cm2 with a 394 mV and 114 mV

loss for the ≈ 0.25 mg/cm2 and ≈ 1 mg/cm2 cells, respectively. The HFR and

ECSA reflect this as the HFR for cell ML10 is about three times higher than

ML5, and the HFR for ML9 is just under twice as much as ML6 leading to

much higher ohmic losses. The ECSA decreased by 8.062 m2/gcat and 27.053

m2/gcat for the ≈ 0.25 mg/cm2 and ≈ 1 mg/cm2 cells, respectively. This may
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be due to less contact with the PTL which would restrict electron transport

as well as having less fibers PTL fibers touching the surface which due to any

cracks in the layers would lead to a lower ECSA.

Figure 3.27: SEM image of cell ML15 after testing showing the indentations
created by the PTL pushing into the CCM.

Table 3.5: Cell HFR and ECSA with pinch changed to test the effect of no
compression. These cells were printed with 10 pL cartridges.

Cell Loading (mg/cm2) Anode Gasket (µm) Pinch (µm) HFR (mΩ·cm2) ECSA (m2/gcat)
ML5 0.255 150 67 61.5 25.758
ML6 0.99 150 67 64 52.758
ML9 0.99 230 -8 106.75 25.705
ML10 0.285 230 -8 176.7 17.696
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Figure 3.28: Cell polarization curves for pinch values of 67 and -8 um.

3.4 Ex-Situ Compression Effects

For an ≈ 1 mg/cm2 IrOx TKK catalyst layer with 25wt.% Nafion, the through-

plane electronic conductivity was previously found be Mandal et. al. to be 154

µS/cm at 30% relative humidity and decreased to 44 µS/cm at 100% relative

humidity [29]. However, the effect of compression was not studied. To measure

the effect of compression more closely, the through-plane conductivity was

measured by a compression cell under various pressures, previously explained

in Section 2.3.2 and calculated using equation 2.11.

Figure 3.29 shows the sheet resistivity as it changes with catalyst layer

thickness. This graph should be representative of equation 2.11 but when linear

fitting is done the fit does not go through (0,0). Instead it goes through about

1.3 µm. So, to calculate the conductivity the linear fit was forced through

zero. The reason for the deviation could be that the compressed thickness is

not being accounted for, as the thickness in Figure 3.29 is the uncompressed

thickness. Profilometry was conducted on each compressed catalyst layer but

the compressed area thickness was not determined. Another possibility could

be a change in electrical conductivity with loading or the gold block may be

able to puncture or scrape the catalyst layer and make some direct contact with
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the gold plate below also leading to an increase in the resultant conductivity.

Figure 3.30 shows the conductivity at various pressures found from the

linear fits, where the conductivity increases linearly with pressure likely due

to better contact between the gold block and the catalyst layer.

Comparing to the values found by Mandal, the 44-154 µS/cm range falls

above the conductivity found in this work [29]. The deviation from literature

indicates that the compression of the cell as well as the loading are important

to consider when determining catalyst layer through-plane electronic conduc-

tivity.

Given the discrepancy in conductivity with literature as well as an unex-

pected intercept in Figure 3.29, more testing is required to come to a conclusion

regarding the conductivity of these layers.

Figure 3.29: Sheet resistance as a function of the catalyst layer thickness.
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Figure 3.30: IrOx TKK catalyst layer through-plane conductivity as a function
of pressure.
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Chapter 4

Ir-Ni Catalyst Upscaling and
Assessment in a PEMWE

This chapter focuses on preparing Ir8NiOx through an alkaline aqueous reac-

tion and upscaling to an MEA using inkjet printing. First the preparation of

the ink is discussed followed by what happened when the catalyst was printed

and subsequently tested and characterized in an MEA.

4.1 Catalyst Characterization

The catalyst synthesis was done twice separately to make two batches of cat-

alyst particles following the procedure outlined in section 2.1. The yield for

batch 1 and batch 2 was 426.1 and 369.9 mg, respectively due to slightly dif-

ferent temperature conditions during precipitation as well as the amount of

re-dispersion achieved between each washing cycle. Inkjet printing requires

about 117 mg of IrOx per batch which means that a few batches of ink were

made with each batch of catalyst powder.

TEM/EDX for batch 1 and 2 are shown in Figures 4.1 and 4.2, respec-

tively. The samples could not be imaged at a higher magnification with good

resolution due to interference from the hydrocarbons contained in the tert-

butanol used to precipitate the catalyst. The hydrocarbons are decomposed

by the electron beam into a layer that accumulates on the surface of the par-

ticle of interest obstructing the view and the effect increases with increased

magnification [107, 108]. Due to the limited amount of particles measured the
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agglomerate size measured here is not representative of each batch entirely.

The TEM images show an agglomerate of the Ir8NiOx catalyst. An approxi-

mate size for the agglomerates found in each batch is given by the characteristic

diameter of the smallest circle that can encapsulate the entire particle. The

batch 1 agglomerate is about 814 nm and batch 2 contains two particles, 1760

nm and 1290 nm. Compared to the original synthesis by Moghaddam et. al.

[67] the particle size found in this work is orders of magnitude larger as they

found the particle size to be 1-2 nm. The difference in particle size indicates

that it is unlikely that the catalyst that was made here is the same as the

original paper. The discrepancy in size may be due to differences in procedure

when precipitating and handling the catalyst after synthesis. Differences could

also occur from the act of scaling up the size of the reaction.

The elemental composition obtained by EDX and shown in the previous

figures is in Table 4.1. The atomic Ir:Ni ratio is not in the expected 8:1 at.%

range [67]. Batch 1 and 2 have an Ir:Ni atomic ratio of 495:1 and 3.27:1 at.%,

respectively. The reason for the discrepancy appears to be that in Moghad-

dam’s work [67] the Ir-Ni ratio, obtained by ICP-MS, was found for the non-

precipitated particles in a bulk solution which focuses on the bulk properties,

whereas this work looked at the individual precipitated particle aggregates.

This suggests that the bulk Ir-Ni ratio may be 8:1 at.% but each individual

particle could have a higher or lower atomic ratio. This is seen in the ex-

tremely low Ni signal in batch 1’s particle compared to batch 2 which actually

had more Ni than expected. This may have an impact on the electrochemical

performance of the catalyst in an MEA since not all the Ir particles contain

Ni and therefore do not benefit from the enhanced bi-metallic properties. An-

other explanation could be that since the EDX is primarily a surface reading

that the Ni is mostly below the surface.

Oxygen has the highest atomic percentage at 69.4% and 33.1% for batch

1 and 2, respectively. Rutile-type IrO2 has an O:Ir ratio of 2:1 at.% Iridium

while IrOx, which is considered amorphous meaning it contains Ir(III) and

Ir(IV), has an O:Ir ratio between 2:1 and 1.5:1 at.% [109, 110]. Using these

two ratios as typical structures, it can be seen that the 7.01:1 and 1.27:1 at.%
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are atypical. The difference in O:Ir ratio may be due to a number of factors.

Firstly, the exact structure of the Ir8NiOx catalyst is not known so how the

presence of Ni offsets the Ir is unknown and there could be extra hydroxide

and water molecules attached to the catalyst. Secondly, as stated above there

is tert-butanol present which contains some hydroxide groups contributing

to the overall oxygen content. Finally, there are also traces of potassium

which suggest that the KOH used in the reaction to form the catalyst has

not been completely washed away. The potassium will likely also decrease cell

performance due to possible migration of K+ ions into the Nafion membrane

which could hinder the motion of protons to the cathode.

In addition to the presence of K, there are also traces of Cl. This again is

due to the catalyst precursors containing Cl and insufficient washing during

centrifugation. Further washing could have been done but this would greatly

reduce the catalyst yield which is already only enough to fabricate a few inks.
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Figure 4.1: TEM/EDX results for Ir8NiOx batch 1 at a 200 nm scale. a) TEM
image, b) Ir, c) Ni, d) Cl, e) K, f) O
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Figure 4.2: TEM/EDX results for Ir8NiOx batch 2 at a 1 µm scale. a) TEM
image, b) Ir, c) Ni, d) Cl, e) K, f) O

Table 4.1: Elementary composition of Ir8NiOx catalyst found by EDX for
batches 1 and 2.

Element (keV) Mass% Sigma Atom%
Batch 1 Batch 2 Batch 1 Batch 2 Batch 1 Batch 2

O K (Ref.) 0.525 29.27 7.35 0.89 0.1 69.4 33.1
Cl K* 2.621 7.33 11.36 0.47 0.13 7.85 23.08
K K* 3.312 13.23 5.32 0.64 0.09 12.84 9.81
Ni K 7.471 0.03 6.5 0.13 0.13 0.02 7.97
Ir M 1.977 50.14 69.47 2.18 0.56 9.9 26.04
Total 100 100 100 100
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An idea of the precipitated aggregate particle size was found, but to get a

look at the initial particle size of the catalyst in solution, DLS was done on a

sample of the catalyst dispersed in water (magnetically stirred at 700 rpm for

10 min, bath sonicated for 30 min and degassed for 15 min before DLS tests).

The particle size distributions obtained by DLS are shown in Figures 4.3 and

4.4 for batch 1 and batch 2, respectively. The resulting average hydrodynamic

diameter for batch 1 was 340.6 ± 19.4 nm with a polydispersity of 26.3%. Runs

1 to 10 occurred one after another and over time trended downward from 362.9

to 312.6 nm. The decrease in particle size over the ten runs could be due to

good stability or to larger particles settling over that time period. Batch 2 had

an average hydrodynamic diameter of 322.1 ± 41.1 nm with a polydispersity

of 25.0%. For batch 2 the hydrodynamic diameter trended upwards from run

1 to run 6 (292.8 to 400.8 nm) and then fell back down to just below the

run 1 value by run 10 (280.6 nm). The increase and subsequent decrease in

particle size for batch 2 could indicate that the colloid is unstable as particles

agglomerate up to a larger size and then settle out, leaving smaller particles

to be detected. Although the average particle size is similar between batches,

the curves for each run overlap less in batch 2 which could also be a sign of

increased particle agglomeration. Batch 2 will be looked at in more depth in

section 4.6 at the end of the chapter.

The particle size found using DLS, ≈300-400 nm, show much smaller par-

ticles sizes than that found using TEM, ≈800-1800 nm. This could be due

to two factors. First, only three particles were measured using TEM whereas

DLS covers a much larger area, so the DLS is likely to be more accurate at

assessing the overall average size of the catalyst. In addition, since DLS is

performed with the catalyst suspended in solution, it is more representative

of the state the particles will be in when in an ink. Secondly, before DLS was

performed, the catalyst solution was prepared by magnetically stirring at 700

rpm for 10 min, bath sonicating for 30 min, and degassing for 15 min. The

stirring and sonication can break up agglomerates which can result in a lower

measured particle size as seen here.
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Figure 4.3: DLS light intensity distribution for Ir8NiOx from batch 1 in water.

Figure 4.4: DLS light intensity distribution for Ir8NiOx from batch 2 in water.
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4.2 Ink Characterization

Using the first batch of Ir8NiOx catalyst powder, a catalyst ink was developed

using the recipe given in section 2.2.1 following the process outlined by Manas

et. al. [28]. The composition was altered from Mandal’s work as the IPA

was replaced by DI water and the ratio of PG to solvent was changed to about

2.33. The change of solvent from IPA to water is due to the Ir8NiOx dispersing

better in water. The ratio of PG to water was optimized based on data from

Khattab et. al. [111]. This Ir8NiOx ink was found to have a density of 1.003

mg/cm3, viscosity of 6.85 mPa·s, theoretical surface tension of 47.36 mN/m,

and a Z value of 4.33 using the methodology in sections 2.2.1 and 2.2.2. A

Z value of 4.33 is in the range of usability of the Samba cartridge. Since the

surface tension was not experimentally measured, it was interpolated from

Khattab’s work [111].

The particle size distribution graph found by DLS is shown in Figure 4.5.

The average hydrodynamic diameter and polydispersity are 385.5 ± 35.44 nm

and 27.3% ± 3.7%, respectively. There was no distinct trend over time during

the runs as the particle diameter began at 411.7 nm, peaked at run 6 at 448.3

nm, was the lowest at 334.7 nm in run 8 and finally returning to close to

the start at 409.5 nm in run 10. Although the hydrodynamic diameter isn’t

below the ideal 200 nm for the Samba cartridge, the majority of the particles

are below 1000 nm which indicates that the ink might be viable for printing

without significant clogging. This recipe was used to print the four CCMs

shown in Table 4.2.
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Figure 4.5: DLS light sensitivity distribution for Ir8NiOx ink with 2.33
PG:water mass ratio.

Table 4.2: Ir8NiOx CCMs printed for electrochemical and ex situ testing using
the Samba cartridges.

Cell Anode Ir8NiOx No. Ir8NiOx Layers Cathode Pt No. Pt/C Layers)
Loading (mg/cm2) Loading (mg/cm2)

E1-E2 0.99 31 0.09807 9
E5-E6 1.005 20 0.1046 10

4.3 Initial Ex Situ Characterization

Figures 4.6 and 4.7 show optical microscopy at 20x and 80x magnification,

respectively of Ir8NiOx and IrOx TKK catalyst layer surfaces. The primary

difference in these images is the colour. One reason is that the Ir8NiOx when

dried on the CCM became a green-brown colour. A brighter image can be

produced if the layer is thinner allowing more light to penetrate it. In this case

the Ir8NiOx is thinner than the IrOx TKK which can be observed more clearly

in Figure 4.8. Another possibility is that the exposure is much higher for the

Ir8NiOx case, causing it to be brighter. The IrOx TKK images are black with

only some texture being revealed as these are primarily very uniform layers.

The Ir8NiOx is less uniform as it has dark spots which may represent areas
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where the catalyst has agglomerated during the drying process.

Figure 4.6: Optical microscope images at 20x magnification of a) E1, 0.99
mg/cm2 Ir8NiOx and b) ML23, 1.007 mg/cm2 IrOx TKK

Figure 4.7: Optical microscope images at 80x magnification of a) E1, 0.99
mg/cm2 Ir8NiOx and b) ML23, 1.007 mg/cm2 IrOx TKK

Figure 4.8 shows three cross sections of both an Ir8NiOx (E2) and IrOx

TKK layer (ML19). The Ir8NiOx layer has an average thickness of 3.46 ± 0.37

µm compared to the IrOx thickness of 5.46 ± 0.80 µm.

Using equations 2.7-2.10 the porosity was calculated to be 27.8% and 54.1%

for the Ir8NiOx and IrOx TKK layer, respectively. For better performance of

an electrolyzer cell, a higher porosity is desired to improve the transport of

fluids throughout the catalyst layer [30]. Based on the lower porosity of the

Ir8NiOx it is possible that large transport losses could reduce the previously

shown improvement caused by combining Ir and Ni [67].

For the Ir8NiOx samples EDX was performed on the catalyst layer surface

to look at the elemental composition. Table 4.3 shows the elemental compo-

sition, found using a ZAF corrective algorithm, for the surface in Figure 4.9.

The spectra is given in the Appendix. The Fluorine, Sulphur and Carbon can
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be attributed to the Nafion in the catalyst layer as the electron beam does not

penetrate more than about 2 µm in depth [112]. The large relative errors of C

and F (>10%) are likely due to their low atomic number which EDX is known

to have difficulty detecting accurately [112]. The Ir8NiOx:Nafion mass ratio is

3:1 but if the mass percentage of all the components exclusive to Nafion (F,

S, C) in Table 4.3 are added up, the Ir8NiOx:Nafion ratio is about 1:4. This is

the opposite of what is expected. This could be due to a Nafion layer forming

at the surface which would cause the Nafion signal to be larger. Otherwise it

is unknown why the components of Nafion have such a large mass percentage.

The composition in Table 4.3 provides an Ir:Ni ratio of 16.8:1 which is

not consistent with the results from the TEM imaging of Batch 1 of catalyst

where the Ir:Ni ratio was 495:1. The difference between the TEM/EDX and

SEM/EDX may be due to only measuring one particle from Batch 1 using

TEM/EDX, so the EDX results using SEM/EDX may be more informative of

the catalyst layer composition. The Ir:Ni ratio in the CCM is 16.8:1 instead

of the expected 8:1 in the article [67]. The >10% relative error in the Ni

measurement may suggest that there is too little Ni to accurately detect. In

addition there is still evidence of contamination of the catalyst layer with K

and Cl. Both the high Ir:Ni ratio and the contamination are factors that could

detract from the overall cell performance.

Even though the ratio of Ir to Ni is much higher than is expected, it is

still an important step to test lab synthesized catalysts by different methods

which could still provide improved performance in an MEA to explore the

performance and state of the catalyst layer after testing. This will again show

why using an MEA is important for stepping towards commercialization and

confirm what parameters are important to optimize for an MEA compared to

an RDE. This difference will help catalyst synthesizers to try and fabricate

catalysts with properties more suitable for the MEA environment rather than

just RDE.
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Figure 4.8: SEM images at 5000x magnification before testing of a) E2, Ir8NiOx

0.99 mg/cm2, b) ML19, IrOx TKK 0.993 mg/cm2 where the vertical direction
displays the 3 cross sections used to estimate the thickness of each catalyst
layer.
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Table 4.3: EDX elemental composition of Ir8NiOx before testing (CCM E2).

Element Line s. Mass Norm. (%) Atom (%) rel. error (%) (1 sigma)
Hydrogen 0.00 0.00 10.00
Carbon K-Serie 19.14 31.46 14.30
Oxygen K-Serie 11.85 14.61 14.08
Fluorine K-Serie 46.10 47.90 11.75
Sulfur K-Serie 1.69 1.04 5.39

Chlorine K-Serie 4.64 2.58 4.03
Potassium K-Serie 1.58 0.80 5.17
Nickel K-Serie 0.26 0.09 18.16
Iridium M-Serie 14.74 1.51 4.14
Total 100 100
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Figure 4.9: EDX of Ir8NiOx CCM E2 at 2000x magnification. a) SEM image,
b) C, c) Cl, d) F, e) Ir, f) K, g) Ni, h) O, i) S.
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4.4 Electrochemical Characterization

4.4.1 Conditioning

As described in the methodology section, the first Ir8NiOx CCM tested, E1,

was conditioned using the same protocol as the IrOx TKK samples; however,

the protocol resulted in very large cell voltage (>2 V) that it was hypothe-

sized to damage the electrode. Therefore, for subsequent Ir8NiOx CCMs the

maximum current density of the conditioning procedure was decreased from 2

to 0.8 A/cm2 to try and preserve some performance and stability. Figure 4.10

shows the cell voltage over time during conditioning with each step being an

increase in the current density. The difference between the IrOx and Ir8NiOx

cells is about 100 mV at low current densities but quickly rises to 200-800 mV

by 0.8-1 and 2 A/cm2, respectively. The initial stability of the cell can be

seen by comparing any increase in voltage during a given current step. The

IrOx cells do not have a significant increase over time for all current densities

showing they are stable, whereas the Ir8NiOx cells are only stable up to 0.2

A/cm2. At 0.8-1 A/cm2 the Ir8NiOx cells have an initial peak and then the

voltage stabilizes but when run at 2 A/cm2 the voltage decreases to 2.042 V

after 7 mins 17 seconds and then begins to increase to a final voltage of 2.157

V. Within the last 13 minutes of the test the cell degrades by more than 100

mV (7.69 mV/min). As stated above this is why the conditioning protocol

was changed for the Ir8NiOx cells as this suggests that the layer is damaged

at high voltages as will be seen in later sections.
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Figure 4.10: Conditioning curves over time for each of the three tested Ir8NiOx

cells and the two tested IrOx cells. All cells have the same current steps up
until the 4th current step at 0.2 A which changes to 1 A for E1, ML15 and
ML23 and 0.8 A for E5 and E6.

4.4.2 Cyclic Voltammetry

To determine how well the catalyst is being utilized and how this utilization

changes due to running the cell, cyclic voltammetry was run before and af-

ter the pol. curves and it is shown in Figure 4.11. The ECSA and double

layer capacitance (Cdl) for each cell was found using equation 2.12 and 1.12,

respectively, and is shown in Table 4.4 along with the thickness and porosity.

Figure 4.11 shows there is negligible Pt HUPD. There are two peaks that

correspond to Ir(III) to Ir(IV) and Ir(IV) to Ir(V) oxidations of the catalyst

at about 0.8 and 1.2 V, respectively. Typically metallic Ir only has one peak

and contains some Pt HUPD whereas IrOx has 2 peaks and negligible Pt HUPD

[106]. This suggests that the Ir8NiOx catalyst is closer to being an amorphous

oxide rather than a metallic IrNi.

An alternative explanation for the two peaks could be that the first peak

would remain for Ir(III) to Ir(IV) oxidation but the second peak could be

Ni(II) to Ni(III). Lee et. al. [85] found that Ni(II) to Ni(III) happens between

1.2 and 1.3 V but only for the case in alkaline media. Since this work is in
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acidic media and the catalyst layer contains a small amount of Ni it is much

more likely that the second peak is dominated by the Ir(IV) to Ir(V) oxidation.

Table 4.4 shows that all of the Ir8NiOx cells decreased their ECSA after

acquiring the pol. curves, which could indicate degradation or restructuring

of the catalyst later. This can also be seen in IrOx cell ML15. It is common

to have some loss over the course of testing. Cell ML23 is similar before and

after suggesting that its structure is mostly stable.

The Ir8NiOx cells have 6-23x lower ECSA than the IrOx cells. There are 3

reasons for this trend. The first is that the catalyst sites are not as accessible

which could be due to the Ir8NiOx cells having a porosity 1.9x less than the

IrOx cells. Lower porosity increases the packing of the catalyst particles which

leaves less space for reactions to occur. Secondly, the Ir8NiOx catalyst may

have lower surface area than the commercial IrOx. This would need to be

verified by BET measurements which were not performed in this work. Lastly,

lower Ir8NiOx ECSA could also be due to non-uniformity of the catalyst layer

as seen in Figure 4.7 and catalyst layer degradation in the form of detachment

from the membrane which could have occurred during conditioning or pol.

curves.

The double layer capacitance of Ir8NiOx cells is also 30-78 mF (1.32-2.05x)

lower than than that of IrOx. This provides a similar result to that of the

ECSA that there is less capacitive charging meaning there is less area for

reactions to occur. It has also been found that the double layer capacitance is

a good indicator of the proportional difference in ECSA for a given layer [106].

In order to increase the number of active sites, one could decrease particle

size [113], increase particle or catalyst layer roughness [114], or increase cata-

lyst layer porosity [30] which are illustrated in Figure 4.12. Particle size can

be decreased by changing the ink composition which can determine particle

aggregation due to the effects of different solvents and additives [113]. Us-

ing dispersion or grinding techniques such as bath and probe sonication, ball

milling, and stirring time can also effect the particle size (See section 4.6).

The roughness of the particle or catalyst layer is also influenced by the ink

composition as well as deposition method [114]. Increased porosity can be

106



achieved by either adding a support or carbon can be used as a pore former

as described by Mandal et. al. [30]. In his work the carbon was added to

the catalyst ink, which will corrode to CO2 during cell operation, resulting

in increased porosity of the final Ir (Umicore) catalyst layer by 19% and the

ECSA by 31.6%. Using a support could also help reduce particle size and

improve the porosity of the layer by providing larger particles which will force

larger gaps to appear between particles. Supports currently being tested in

PEMWE are ATO, ITO, and FTO as they are able to resist oxidation while

providing electrical conductivity and stability [109].

Improving the porosity will also increase the thickness of the layer causing

the charge transport resistance of the layer to increase, adding to cell losses.

This was shown by Mandal [106] when comparing the use of pore former

with Ir from Umicore having high electrical conductivity and IrOx TKK with

low electrical conductivity. As stated above when the porosity of the layers

increased the performance of the Ir (Umicore) cells increased whereas for the

IrOx TKK cells had an increase in the kinetic region at low current densities

and a decreased performance at higher current densities due to the increased

electron transport losses.
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Figure 4.11: CVs of the three Ir8NiOx cells (E1, E5, E6) and two IrOx cells
(ML15, ML23) before and after doing the polarization curves. a) Entire graph,
b) Zoomed in on the Ir8NiOx curves for a better view.

Table 4.4: Calculated ECSA before and after pol. curves for the tested Ir8NiOx

and IrOx cells to compare ECSA and double layer capacitance with thickness
and porosity.
*For E5-E6 the values were assumed to be similar to that of E1.

Cell Anode Loading Layer Thickness Porosity ECSA Before Cdl Before ECSA After Cdl After
(mg/cm2) (um) (%) (m2/gcat) (mF/cm2) (m2/gcat) (mF/cm2)

E1 0.99 3.46 27.8 5.28 23.62 2.58 14.98
E5 1.005 ≈3.46* ≈27.8* 6.00 23.95 5.28 15.53
E6 1.005 ≈3.46* ≈27.8* 8.22 28.03 7.10 16.70

ML15 1.064 5.51 50.7 63.01 41.77 59.26 30.64
ML23 1.007 5.20 50.7 40.83 29.97 41.27 22.02
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Figure 4.12: Methods of increasing the surface area of the catalyst parti-
cles/agglomerates and the catalyst layer.

4.4.3 Polarization Curves

Figures 4.13 and 4.14 show the initial pol. curves along with the iR-free curves

for E1 and, E6 and E5, respectively. iR-free curves are found when the ohmic

losses are removed. The pol. curves of the two IrOx cells, ML15 and ML23

are given for comparison. Since some of the Ir8NiOx cell pol. curves changed

considerably between runs, each consecutive test is shown.

Figure 4.13 shows a much worse performance for Ir8NiOx than the state-

of-the-art catalyst as the cell voltage is higher at all current densities even

without the ohmic component. This is especially true at high current density

where the difference is about 900 mV at 4 A/cm2. All of the runs for E1 have

hysteresis with Run 1 having the largest increase in voltage on the backwards

sweep. Runs 2 and 3 for E1 reach 2 V before 1 A/cm2 indicating significant

degradation from the initial run. This confirms that going to high current

densities is not feasible with this catalyst in its current state as it appears
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to have significant mass transport losses which begin around 1.5 A/cm2 and

increase after 3 A/cm2. The hysteresis shows large kinetic losses accumulating

after the first run. Kinetic losses could be due to the catalyst dissolving off the

surface or from a build up of oxygen bubbles which eliminate access to active

sites.

In addition to conditioning E5 and E6 differently, for the pol. curves the

current density was varied up to a maximum of 2 A/cm2. E5 has three pol.

curves going from 0-1.2, 0-1.6 and 0-2 A/cm2 whereas E6 started with three

pol. curves from 0-1.2 A/cm2 and finished with a 0-2 A/cm2 curve. Figure

4.14 shows that when the potential and current are kept low (below 2 A/cm2)

hysteresis is reduced. It is speculated that the reason for the hysteresis being

reduced is that bubbles forming at the surface are not being removed fast

enough at high current densities causing increased losses on backwards sweeps

and subsequent runs that go above 2 A/cm2 as seen with cell E1 previously.

The low porosity of the catalyst layer could be the cause of the hysteresis

effect if bubbles are trapped in the only available pores or if bubbles created

within the layer can’t escape and then force their way out causing damage to

the layer.

Cell E6 showed repeatability at low current densities below 1.2 A/cm2.

Above 1.2 A/cm2 E5 Run 2 and Run 3 are higher than E6 Run 4 with a 100

mV gap at 2 A/cm2. The deviation is likely due to the higher current density

run in E5 Run 2 (0-1.6 A/cm2) compared to E6 Run 3 (0-1.2 A/cm2).

The Ir8NiOx cells also suffer from losses in the ohmic region which is shown

by the increased slope compared to the IrOx cells.

Overall these results make sense given the low ECSA and large slope of

each Ir8NiOx cell. Since the ECSA for the Ir8NiOx catalyst layers is low there

is less catalyst utilization and a higher voltage will be required to achieve the

same current as the IrOx which has a higher ECSA.
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Figure 4.13: E1 0.99 mg/cm2 polarization curves compared to IrOx cells ML15
and ML23.

Figure 4.14: E5 and E6 1.005 mg/cm2 polarization curves compared to IrOx

cells ML15 and ML23.
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If the pol. curves are normalized by ECSA instead of geometric area,

as shown in Figure 4.15, it was found that the performance per active site

is greater for the Ir8NiOx cells when current density is less than 2 A/cm2
geo

which reflects the trend from the initial paper [67]. Normalizing by the ECSA

provides a better representation of the activity of the catalyst. The improved

intrinsic activity of Ir8NiOx suggests that the catalyst is still performing well

on an individual active site level but fails to be accessible on the larger scale.

This improvement does break down for cell E1 when looking at Runs 2 and 3

as they deteriorate to be worse than the IrOx cells which again shows that the

Ir8NiOx catalyst layer is not stable at high current densities.

In section 4.4.2 the CVs suggest that the Ir8NiOx catalyst could be in an

amorphous form compared to the more crystalline rutile form of IrO2. It has

been found that amorphous structures are more active towards OER but are

less stable [115]. The possible amorphous structure of the Ir8NiOx catalyst

could also be a contributing factor to the instability at high current densities.
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Figure 4.15: a) Pol. curves of the Ir8NiOx and IrOx cells where the current is
normalized by the ECSA. b) Zoomed in area for clarity at low specific current
densities. Legend is the same for both a) and b).
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4.4.4 Kinetic Parameters

The kinetic parameters for each cell were extracted from Butler-Volmer (B-V)

plots, seen in Figure 4.16, using linear scan voltammetry data between 4-80

mA/cm2 as this region was the closest to linear and similar to regions analyzed

in other works using IrOx TKK [12, 106].

Figure 4.16 does not show the typical B-V plot. An ideal B-V plot is cen-

tered around an overpotential of 0 V. The curves found in Figure 4.16 are

unexpected and deserve further analysis. Perhaps modelling of the B-V equa-

tion could determine what parameters can cause of shift in the overpotential

away from 0 V.

Although the graph is not ideal, the kinetic parameters of Tafel slope,

current exchange density (i0) and transfer coefficient (α) were found for each

cell using Tafel analysis of the B-V curve using equation 1.10 and are given in

Table 4.5.

The Tafel slope for E5 and E6 are very similar whereas E1 is about 20

mV/dec higher. Again this is likely due to the catalyst layer deterioration

from the high current density pol. curves. Comparing E5 and E6 to the

IrOx cells, the Tafel slopes are only 5-7 mV/dec higher which is not a huge

difference compared to ohmic and mass transport losses seen in the latter

stages of the pol. curves. In addition the Ir8NiOx cells have larger current

exchange densities by up to 2 orders of magnitude. This also demonstrates

that the kinetics for the Ir8NiOx cells could be performing better. In literature,

hydrous IrOx has been found to have a Tafel slope of 35-50 mV/dec [12, 37,

89] and is related to the amorphous nature of the catalyst structure [116].

Mandal et. al. found that IrO2 has a Tafel slope around 44-49 mV/dec and

exchange current density on the order of 10−7 [28] but the Tafel slope has also

been reported to be around 60 mV/dec for IrO2 [116]. The values for hydrous

IrOx are similar to the ones obtained in this work. For various IrNi catalysts

the Tafel slope has also been found to range from 34-150 mV/dec. The Tafel

slopes of the Ir8NiOx cells in this work are at the lower end of this range which

shows the potential for good kinetics. However, the Tafel slope is difficult to
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measure as the linear region is not always obvious. Although there was an

attempt to use a similar current range to previous studies of 4-80 mA/cm2

[12, 28], the range that is used to find this linear region may be responsible

for differences in the Tafel slope and current exchange density.

The transfer coefficient for a 1 electron transfer reaction is between 0-1 but

in Table 4.5 the values of α are above 1. This is due to the OER being a 4

electron transfer reaction.

Figure 4.16: Butler-Volmer plots for E1, E5, E6, ML15 and ML23.

Table 4.5: Kinetic parameters obtained from Tafel plots for E1, E5, E6, ML15
and ML23.

Cell i0 (A/cm2
geo) Tafel Slope (mV/dec) α

E1 6.168E-07 62.975 1.112
E5 1.290E-08 40.003 1.751
E6 9.687E-09 38.098 1.839

ML15 3.922E-09 32.990 2.123
ML23 3.352E-09 33.357 2.100
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4.4.5 Electrochemical Impedance Spectroscopy (EIS)

Figure 4.17 shows the Nyquist plot at 0.1 A of Ir8NiOx cells E1, E5 and E6

alongside that of IrOx cells ML15 and ML23. The data was fit using the

equivalent circuit in Figure 2.10 and the fitting parameters for the 0.1 A tests

are given in Table 4.6.

Figure 4.17 shows the expected two semicircles found at low applied current

which theoretically corresponds to the cathode at the first partial semicircle

at low real resistance values and the anode at the second semicircle [36]. An

equivalent circuit can be formed using the assumption that the cathode and

anode should appear in the Nyquist plot at low current. The data is fit using

the equivalent circuit shown in Figure 2.10. The Kramers-Kronig transforma-

tion can be used to determine if the data is valid which is that the system is

causal, stable, linear, and time invariant [117]. It has been found that if the

data fits the equivalent circuit well then it is also likely that a system follows

these assumptions and is therefore valid to analyze [117]. All the curves in

Figure 4.17 fit well to the equivalent circuit so the data was assumed to be

valid.

Figure 4.17 shows that the Ir8NiOx cells have a less defined first semicircle

compared to the two defined semicircles in the IrOx curves. EIS modelling in

Figure 3.24 suggests that this could be due to low capacitance in the Ir8NiOx

catalyst layer which can also be seen by the value of C3 in Table 4.6 being at

least 3x lower for Ir8NiOx. In addition, the double layer capacitance of the

Ir8NiOx catalyst layers found in section 4.4.2 are half the value of the IrOx

catalyst layers further proving this point.

As stated above, typically it is proposed that the large semicircle represents

the anode side while the smaller semicircle represents the cathode side. If the

first semicircle is assumed to be the cathode then since both the Ir8NiOx

and IrOx used the same cathode, the first semicircle should remain the same.

At first glance this can not be determined due to the larger semicircle for

Ir8NiOx dominating. Using the fitted curves, Table 4.6 shows that the fitted

capacitance, C2, of the Ir8NiOx cells is about half that of IrOx and the charge
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transfer resistance is 8-77 mΩ higher for the Ir8NiOx cells. This indicates that

the first semicircle does not necessarily represent the cathode but possibly

another process occurring at the anode. This could be a side reaction or a

different part of the reaction mechanism as this may be different due to the

changes in catalyst composition [118]. It has been seen that for IrO2 that there

is no first semicircle but for IrOx it is possible to see which may again suggest

that the catalyst structure is responsible for changes in the high frequency

range of the Nyquist plot [106].

Another possibility for the first semicircle could be related to the double

layer capacitance of the anode. Table 4.6 shows the pseudo capacitance cor-

responding to each CPE as well as the double layer capacitance found in the

CVs previously. The values are similar when comparing the first semicircles

capacitance, C2, but are very different when comparing the anode capacitance,

C3, which, besides E1, is 3.5-5.5x larger for the Ir8NiOx cells and 11.1-12.8x

larger for IrOx. This suggests that the double layer capacitance of the anode

layer is better represented by the first semicircle than the second. This could

help explain the different values for the first semicircle between the catalysts.

The first semicircle may be representative of the catalyst double layer charging

and discharging at high frequencies and then as the frequency lowers the re-

action kinetics dominate leading to the larger semicircle. Finally, as described

in the previous chapter, the difference between the capacitance found from

the Nyquist plots and the CVs could simply be due to different operating

conditions.

The charge transfer resistance, R3, for the Ir8NiOx cells when compared to

that of the IrOx, is greater for E1 but is less for E5 and similar for E6. Cell E1

could have a larger charge transfer resistance due to the high current it was

exposed to during conditioning and pol. curves which may have deteriorated

the catalyst layer and washed Ni away leading to the difference seen between

E1 and E5-E6. The reaction rate constant can be a cause for the increase

of charge transfer resistance [118]. The reaction rate for E1 again may have

decreased due to deterioration of the catalyst layer. E5 and E6 however are

quite similar if not better than the IrOx cells which upholds the conclusion
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made in Figure 4.15, that the activity of the Ir8NiOx catalyst is similar or

higher than the IrOx TKK but does not have the stability to maintain it.

Figure 4.18 shows the Nyquist plots for currents of 0.1, 1 and 10 A. The

charge transfer resistance (semicircle diameter) decreases with increasing cur-

rent when going from 0.1-10 A for cell E3 and 0.1-1 A for E5-E6 which is to be

expected as the rate of reaction increases with the increased applied current.

When going to 10 A, E5 and E6 see a larger curve with an initial 45 degree

line followed by a loop that curves backwards at low frequencies. The 45 de-

gree line indicates mass transport losses occurring while the loop is difficult to

attribute to a process. In fuel cells these loops have been seen and are thought

to be due to side reactions or intermediate steps but it is unknown if this is

the same in the case of electrolzyers [118].

The HFR is equal to R1 in the equivalent circuit multiplied by the area

of the catalyst layer with the associated HFR in Table 4.7. For each Ir8NiOx

cell the HFR decreases, with E1 decreasing the most by 35.45 mΩ·cm2 then

E5 by about 10 mΩ·cm2, and E6 stays about the same with an increase in

applied current. E1, E5, and E6 converged to 79-82 mΩ·cm2 at 1 A of applied

current. IrOx cells remained about the same regardless of the applied current.

The HFR is ≈24-60 mΩ·cm2 larger for Ir8NiOx cells compared to IrOx at 0.1

A and about 18-25 mΩ·cm2 larger at 1 A. HFR at 10 A was not measured due

to an inability to fit the curves to the equivalent circuit.

The total performance, kinetic parameters and HFR have been found. Us-

ing these values the total performance pol. curves can be broken down into

its components of kinetic, ohmic, and mass transport and other losses. Fig-

ure 4.19 shows the pol. curves for E1, E5, and E6 compared to ML15 and

ML23 as well as the overpotential associated with each type of voltage loss.

Kinetic curves were plotted using the Tafel equation (Equation 1.10). Ohmic

losses were added to the kinetic curve by simply multiplying the value of R1

at 0.1 A by the current and mass transport + other losses were calculated by

subtracting the ohmic and kinetic losses from the total measured pol. curve.

The kinetic losses are similar for both catalysts whereas the ohmic losses and

especially the mass transport + other losses are more severe at 2 A/cm2 and
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are more pronounced as the current density increases for E1. Since the cell

assembly is identical besides the catalyst layers, the Ir8NiOx catalyst layers

should be the cause of the increased ohmic resistance. Since the HFR mea-

sures the most conductive phase in the catalyst layer it is possible that the

protonic conductivity of the Ir8NiOx catalyst layers is causing the increased

ohmic losses if it is assumed that the electronic conductivity is poor [29]. Mass

transport losses are likely due to the low porosity of the Ir8NiOx catalyst lay-

ers. Both improvements in structure and testing different amounts of Nafion

added to the Ir8NiOx ink are required to improve the cell performance.
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Figure 4.17: Plots from EIS tests for Ir8NiOx (E1, E5, E6) and IrOx TKK
(ML15, ML23) at 0.1 A. a) Nyquist Plot, b) -Im(Z) vs log(freq), c) Re(Z)
vs log(freq). b) and c) are used to show relation to frequency so all data is
present.
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Table 4.6: Fitting parameter values for EIS performed at 0.1 A along with
the pseudo capacitance related to each respective CPE and the double layer
capacitance from the previous CVs.

Cell Loading L1 R1 Q2 a2 R2 Q3 a3 R3 Pseudo C2 Pseudo C3 Cdl
(mg/cm2) (H) (Ω) (F.sa−1) (Ω) (F.sa−1) (Ω) (mF/cm2) (mF/cm2) (mF/cm2)

E1 0.99 0 0.023 0.003 0.845 0.029 0.041 0.734 0.289 0.096 1.657 14.983
E5 1.005 6.49E-09 0.018 0.675 0.613 0.091 0.447 0.984 0.094 23.261 84.981 15.528
E6 1.005 9.12E-09 0.016 0.255 0.829 0.022 0.393 0.910 0.146 17.503 59.152 16.788

ML15 1.064 9.12E-09 0.012 0.278 0.900 0.015 2.193 0.910 0.145 30.266 391.505 30.648
ML23 1.007 8.86E-09 0.011 0.330 0.896 0.014 1.384 0.929 0.143 35.300 244.574 22.017

Table 4.7: HFR of Ir8NiOx and the IrOx cells.

Cell HFR (mΩ·cm2)
at 0.1 A at 1 A at 10 A

E1 116.70 82.25 -
E5 91.25 82.10 -
E6 80.85 79.10 -

ML15 60.25 60.15 60.65
ML23 57.20 56.75 56.45
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Figure 4.18: EIS curves for Ir8NiOx (E1, E5, E6) at 0.1, 1 and 10 A. a) Nyquist
Plot, b) -Im(Z) vs log(freq), c) Re(Z) vs log(freq). b) and c) are used to show
relation to frequency so all data is present.
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Figure 4.19: Pol. curves showing the breakdown of losses a) E1 vs ML15 and
ML23, b) E5 and E6 vs ML15 and ML23. c) Overpotential of each cause of
voltage loss compared across E1, E5, E6, ML15 and ML23 which stack to form
the total overpotential experienced at 2 A/cm2.
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4.5 Final Ex Situ Characterization

Figure 4.20 shows catalyst layer surface SEM images of the tested Ir8NiOx and

IrOx (ML15) cells. They display the impressions made by the PTL fibers into

the CCMs as well as areas where the catalyst has been completely removed

from the PEM in the case of the Ir8NiOx catalyst.

Figure 4.21 shows the interface of each catalyst layer. It shows clearly that

the layer has detached from the PEM except for where a PTL fiber was. In

comparison, the IrOx layer is still intact as shown in Figure 4.20 d) and 4.21

b).

These images provide an explanation for the severe lack of stability of the

catalyst layer under operation which led to a decrease in overall performance,

especially at high current density. The loss of catalyst layer could also be one

of the factors for the decreased ECSA observed for the Ir8NiOx cells. Since

ECSA is found by normalizing by the mass of catalyst on the surface, the loss

of catalyst was not accounted for which means that the values for ECSA in

section 4.4.2 are lower than in reality.

In Figure 4.22, EDX is used to observe that the places where the PTL laid

on the CCM are precisely where the catalyst layer remains. Almost everywhere

else the catalyst layer has been lost. This could be due to a couple reasons

listed below:

• Bubble formation inside the catalyst layer causing the layer to be pushed

off.

• The catalyst layer washing away due to dissolution or corrosion.

It has been previously determined that there is likely significant mass trans-

port losses associated with going to high current densities and voltages where

large hysteresis shows that something is not allowing the reaction to proceed

efficiently. This could be due to bubbles building up at high current and not

being able to leave the catalyst layer. If enough pressure was built up it is

possible that the bubbles broke through the layer damaging it and the overall

structural integrity. If the loss of the catalyst layer was induced by bubbles
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forming under the surface then making the structure more porous could aid in

layer stability as there would be a pathway for the bubbles to escape without

damaging the layer.

Due to the addition of Ni and the amorphous nature of the IrOx, the

catalyst may dissolve at lower potentials than just pure IrOx. If the catalyst

itself dissolves at voltages around 2 V, which are experienced at 2 A/cm2, then

this catalyst may not be suitable for PEMWE.

Since the catalyst disperses well in water it was hypothesized that the act

of simply interacting with water could cause the catalyst to disperse back into

the water used for the reaction. To try and test this a sample of the E2 CCM,

which was not used in an MEA, was placed in a petri dish filled with water and

left to soak for 6 hours. It was observed under an optical microscope before

and after treatment and there were no noticeable changes made. It was then

put under more strenuous conditions by being placed in a water filled vial and

bath sonicated for 3 hours and this also did not show any change based on the

optical microscope observations. These tests seem to strengthen the idea that

either dissolution or bubble formation are responsible for the loss of catalyst

layer.

After considering the modes of degradation, the most likely is the delami-

nation of the layer due to oxygen bubbles trapped under the surface. This is

due to the primary area of catalyst loss occurring away from the PTL fibers. If

corrosion/dissolution was the cause it would occur near the PTL fibers where

the reaction is the most concentrated.

In addition to the proposed reasons above for the decrease in performance

and loss of catalyst layer, Ni2+, K+, or Cl+ could have migrated into the

Nafion membrane and blocked sites which are used to transport H+. EDX

was performed before (E2) and after (E1) testing on the full membrane and

catalyst layer interface but due to the sensitivity of the device there was no

evidence of significant amounts of these ions present in the Nafion membrane.
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Figure 4.20: SEM at 200x magnification of the surface of tested Ir8NiOx and
IrOx (ML15) CCMs, a) E1, b) E5, c) E6, d) ML15

Figure 4.21: SEM at 1000x magnification of the interface of tested Ir8NiOx

and IrOx CCMs, a) E1, b) ML15
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Figure 4.22: SEM (left) and EDX (right) showing the catalyst layer surface
and Iridium signal of the remaining tested Ir8NiOx catalyst layer, a) E1, b)
E5, c) E6.
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4.6 Repeatability

Using the second batch of Ir8NiOx catalyst particles, first mentioned in section

4.1, new inks were made for repeatability. However, these inks made with the

second batch of catalyst particles could not be printed. The main issue was

that the particle size was larger than when the previous batch was used. To

be clear this is a comparison between the inks made with batch 1 vs batch

2 not when they were simply dispersed in water as was shown in Figures 4.3

and 4.4. When dispersed in water the particle size was similar but as will be

shown in this section this is not the case when a ink containing water, PG and

Nafion is made.

Many attempts were made to create a suitable ink by decreasing the particle

size over the course of 3 weeks. A summary of all the treatments used are listed

below in the order that they were attempted, Figure 4.23, displays how the

hydrodynamic diameter changed throughout the testing.

The initial particle size of 3254 nm was undesirable. Probe sonication of

increasing amplitude only reduced the size to about 2592 nm. Following Test

6, the sample was magnetically stirred for 1 week at 350 rpm before continuing

the attempt to decrease particle size. Following this it was found that simply

leaving the ink on the magnetic stir plate at 350 rpm significantly reduced

the particle size to 458.3 nm (See Test 8). The focus from this point on was

trying to determine if further stirring at higher rpm or length of time would be

beneficial. Although some improvement was made as the lowest particle size

achieved was 412.9 nm, the ink remained unstable as the particle size increased

over the course of a few hours to 872.2 nm (Tests 12-15) which is not suitable

for printing.

Although probe sonication may be beneficial for breaking up large agglom-

erates, it was long term stirring that resulted in the more prominent decrease

in particle size. Ink stability still requires improvement if new inks are to be

printed successfully.

After the many attempts to formulate an ink using the second batch of

Ir8NiOx catalyst, it was decided that the project could not go further at this
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time due to time constraints, not being able to produce the same catalyst as

desired which was likely due to differences in reaction scale and precipitation

technique, ink fabrication, and the catalyst layer being unstable.

Treatments used in an attempt to decrease particle size:

1. Nov. 24, 2022: 30 min bath sonication and 65 min degas.

2. Nov. 30, 2022: Attempted printing ink and it didn’t work as can be seen

from the particle size (>3000 nm). So, the ink was bath sonicated again

for 30 min and degassed for 60 min.

3. Dec. 5, 2022: 15 min probe sonication at 40 amplitude for 2 min on

1 min off in an ice bath to maintain temperature. Then the ink was

degassed for 15 min.

4. Dec. 5, 2022: 15 min probe sonication at 60 amplitude for 1 min on

1 min off in an ice bath to maintain temperature. Then the ink was

degassed for 15 min.

5. Dec. 6, 2022: 15 min probe sonication at 80 amplitude for 1 min on

1 min off in an ice bath to maintain temperature. Then the ink was

degassed for 15 min.

6. Dec. 7, 2022: 15 min probe sonication at 100 amplitude for 1 min on

1 min off in an ice bath to maintain temperature. Then the ink was

degassed for 15 min.

7. Dec. 14, 2022: Took only 1 mL of solution this time to try to concentrate

it. 15 min probe sonication at 80 amplitude for 1 min on 1 min off in

an ice bath to maintain temperature. Then the ink was degassed for 15

min.

8. Dec. 14, 2022: This test was done with the ink right from the magnetic

stir plate without any sonication or degassing to compare this base case

to Test 7.
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9. Dec. 14, 2022: Probe sonicated 1 mL of ink from Test 7 again. 80

amplitude 1 min on 1 min off 15 min total. 15 min degas.

10. Dec. 14, 2022: After Test 9 the ink was recombined from Test 7 and 8

into one vial. Used the vortex mixer for 30 seconds and degassed for 1

hour.

11. Dec. 15, 2022: After Test 10 the ink was magnetically stirred for about

17 hours from 5:45pm to 10:55am at 700 rpm and then at 350 rpm until

2:56pm. Took directly off magnetic stir plate for DLS test.

12. Dec. 16, 2022: After Test 11 magnetically stirred for about 19 hours 45

mins from 4:45pm to 12:16am at 1100 rpm and then at 350 rpm until

12:26pm. Took directly off magnetic stir plate for DLS test.

13. Dec. 16, 2022: After Test 12 ink was left in the Litsizer 500 and DLS

was run again.

14. Dec. 16, 2022: After Test 13 ink was left in the Litsizer 500 and DLS

was run again.

15. Dec. 16, 2022: After Test 14 ink was left in the Litsizer 500 and DLS

was run again.

16. Dec. 19, 2022: Attempted printing and it still wasn’t working so this

sample was taken directly from the printer ink cartridge after failing to

print and DLS was run.
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Figure 4.23: The average hydrodynamic diameter after each test given in the
list above.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this work, two different methods were used to reduce the Ir loading in the

anode of PEMWE cells.

The first method of reducing Ir in the anode catalyst layer was to reduce

the layer thickness and therefore the loading of a low electrically conductive

and highly active catalyst layer. The electronic conductivity of IrOx TKK is

low, which according to numerical modelling by Michael Moore, predicted that

it should be possible to reduce catalyst loading while improving performance

[29]. The performance theoretically improves due to a reduction in ohmic

losses corresponding to easier charge transport through a thinner layer while

maintaining kinetic performance as the same amount of the catalyst layer is

being utilized. IrOx inks were developed by first adding PG to the catalyst

followed by IPA to help dispersion and then Nafion added as the ionomer.

The resulting ink had a Z value of 3.76 and an average particle diameter of

194 nm which are suitable for the Samba cartridges used. Four batches of

this ink were successfully printed to form the IrOx anode. An ink containing

platinum supported on carbon was printed on the other side of the membrane

to form the cathode. Each batch consisted of four loadings of approximately

0.25, 0.5, 0.75 and 1 mg/cm2 of IrOx. The SEM of each loading found that the

thickness of the catalyst layer increases linearly with loading while porosity

was maintained.

Once assembled in an MEA the IrOx cells were electrochemically char-
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acterized using polarization curves, cyclic voltammetry, linear sweep voltam-

metry and electrochemical impedance spectroscopy. Of the three IrOx loading

batches tested, the first two had similar overall performance on the pol. curves

between their respective loadings. The fourth batch had similar performance

for the 0.5 and 0.75 mg/cm2 cells, but worse performance for the 0.25 mg/cm2

cell and better performance for the 1 mg/cm2 cell. The difference between the

0.25 and 1 mg/cm2 cells in batch 4 was 44 mV whereas the largest difference

between a given loading across the three batches was about 36 mV. Looking

at the HFR, batch 1 and 2 see a slight decrease in HFR with a decrease in

loading which was expected. Batch 4 deviates slightly from this trend as the

HFR remained fairly constant which may be why there is a difference between

batch 4 and the others.

When compared to literature using IrOx TKK, such as Fujita and Taie,

the results were similar for alike loadings [12, 57]. Fujita found that the per-

formance began decreasing significantly after going below 0.2-0.3 mg/cm2. In

Taie’s work they also saw a decrease in overall performance below 0.17 mg/cm2.

Although the results of the loading study in this work show a similar perfor-

mance between different loadings, the model by Moore predicted an increased

performance at low loadings which was not seen in this work. This was found

to be due to the increase in kinetic losses equally counteracting the decrease

in ohmic losses as the loading decreased. This suggested that there was more

catalyst being utilized in the high loading cells than originally predicted by

Moore’s model. It was questioned whether the electrical conductivity was as

low as originally thought. In addition impressions from the PTL were left in

the catalyst layers suggesting that the compression could also be a source of

the deviation from the model. A setup was made which allowed the through-

plane conductivity of catalyst layer to be measured under varying pressure.

IrOx catalyst layers of each of the four loadings were printed on to gold plates

and a gold block was placed on top, which was then pressed down with a pis-

ton via compressed gas. Both the compression and the loading were found to

have an impact on the resistance as the resistance decreased with an increase

in compression and decrease in loading. The increase in applied pressure re-
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sulted in a linear increase in conductivity. The compression was expected to

make a difference, due to better contact being made between the gold block

and the catalyst layer. The effect of catalyst loading was expected as since

layer thickness decreased. The resistance-thickness plot did not have linear

lines that naturally went through (0,0). The change was explained by poten-

tially not accounting for the thickness of the layer while under compression as

the uncompressed thickness was used to calculate the conductivity. The need

for repeatability requires further conductivity testing.

To answer the first research question and hypothesis, although the per-

formance was not improved by decreasing the loading, it remained the same.

This is significant as it shows that similar performance can be achieved at a

4x reduction in IrOx loading.

The second method utilized Ni to enhance the d-band structure of Ir, al-

lowing optimized adsorption and desorption of intermediate species during

the oxygen evolution reaction, thus leading to an improvement in the catalyst

activity. A Ir8NiOx catalyst was synthesized using the procedure by Moghad-

dam [67] which used an aqueous alkaline reaction. For this work, this process

was scaled up to produce hundreds of milligrams of catalyst per batch. The

catalyst particles were found to have a non-uniform distribution of Ni based

on TEM done in this work. Although the particle size of a few aggregates

was found using TEM, a better representation of the particle size was found

through the utilization of DLS of the catalyst dispersed in water which found

a 300-400 nm average hydrodynamic diameter. The particle properties in this

work differed from that of the original paper [67] suggesting the same catalyst

was not made.

Catalyst inks were made using the Ir8NiOx catalyst by first adding wa-

ter to disperse the catalyst followed by PG to increase viscosity and then

Nafion added as the ionomer. Initial guesses for PG-water ratio and the ink

fluid properties were made based on Khattab’s work [111] and were confirmed

through density and viscosity tests. The density and viscosity are critical to

ensure that the ink is likely to print well as a range for the Z value of 3.1-5.8

is acceptable. It was found that the Ir8NiOx catalyst had an approximate
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Z value of 4.3. DLS of the ink also provided a particle size of about 386 nm

which was suitable for printing. A Dimatix inkjet printer was used to print the

Ir8NiOx catalyst ink on one side of the Nafion 212 membrane while a platinum

supported on carbon ink was printed on the opposite side.

The Ir8NiOx catalyst layer was initially characterized using SEM and EDX

which showed that the layer thickness and porosity of an Ir8NiOx catalyst layer

was less than that of IrOx TKK. The EDX showed that the Ir-Ni atomic ratio

was close to 16:1 which is twice the ideal ratio of 8:1. The difference in atomic

ratio could have been due to issues in the synthesis and precipitation or the Ni

content being so low at the surface that it was difficult to detect using EDX.

Once assembled in an MEA the Ir8NiOx cells were electrochemically charac-

terized using polarization curves, cyclic voltammetry, linear sweep voltamme-

try and electrochemical impedance spectroscopy. The overall performance seen

in the polarization curves was worse (i.e, more voltage loss) for the Ir8NiOx cells

compared to IrOx TKK. Using Tafel analysis of the simplified Butler-Volmer

equation [36] the kinetic parameters were found including the exchange cur-

rent density and Tafel slope which were higher for Ir8NiOx. Higher exchange

current density corresponds to a more active catalyst; whereas the higher Tafel

slope means there are more losses per decade increase in current. Together

these results signify that the Ir8NiOx catalyst is similarly or more active than

IrOx but deteriorates faster. The ECSA of the Ir8NiOx was also found to be

much lower than IrOx, possibly signifying a lower catalyst surface area for

Ir8NiOx. Low ECSA could also be due to the low porosity of the Ir8NiOx layer

or low surface roughness. When the polarization curves are normalized by the

ECSA the Ir8NiOx cells actually perform better than IrOx, again showing that

the Ir8NiOx that was made may possess a higher activity.

The kinetic and ohmic losses were used to decompose the overall pol. curves

into the kinetic, ohmic, and mass transport or other losses at 2 A/cm2. The

kinetic and ohmic losses are slightly higher for Ir8NiOx but the mass transport

and other losses make up the majority of the difference between the Ir8NiOx

and IrOx cells. This aligns with the lower porosity found for Ir8NiOx since

there isn’t as much room to allow both oxygen to escape and water to enter the
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catalyst layer. Utilizing SEM and EDX it was found that a significant portion

of the Ir8NiOx catalyst layers were degraded to the point where catalyst only

remained where the PTL physically held it against the membrane. Due to low

porosity, bubbles formed inside the catalyst layer may have been forced out of

the layer by pushing it apart.

Repeatability was explored using the second batch of Ir8NiOx and found

it to be impossible due to large particle aggregates. This again showed incon-

sistency in the precipitation process as the desired catalyst was not produced.

Due to having the incorrect catalyst, difficulty making a repeatable ink and

the instability of the catalyst layer, further testing was not performed and the

project was abandoned.

To answer the second research question and hypothesis, when normalized

by active catalyst area, the performance of the Ir8NiOx catalyst was higher

showing that more current can be produced per area of catalyst. This im-

proved performance shows that it is possible to reduce the amount of Ir used

in the catalyst layer. However, Ir8NiOx catalyst layers suffered from severe

degradation. This showed that the catalyst layer structure is just as impor-

tant as the catalyst activity as it must stay intact during cell operation. To

utilize the increased activity of the Ir8NiOx catalyst, the stability and structure

of the catalyst layer need to be improved.

5.2 Future Work

Based on the results of this thesis there is further work that can be done to

improve the catalyst layers studied and confirm results.

In terms of the IrOx loading study the two points requiring further research

are further decreasing the catalyst loading such that large losses in performance

are observed, and the catalyst layer electrical conductivity both through-plane

and in-plane. As Fujita showed, around 0.2 mg/cm2 is the limit of how low

the loading can be before substantial losses occur [57]. It would be good to

independently confirm this limit for IrOx TKK. There are three ways that

the electrical conductivity can be looked at further. The first is to perform
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more through-plane measurements to ensure repeatability. The second is the

in-plane electrical conductivity, which due to the cracks in the low loading

layers could effect the ECSA and overall performance if there is lost active

area; the in-plane conductivity should be measured to determine if this is true

or not. Lastly, the in-plane and through-plane electrical conductivity could

be improved using an electrically conductive polymer, such as PEDOT, which

could lessen the effects of cracks. The use of PEDOT on low loading iridium

catalyst layers has recently been reported to increase the performance of an

iridium catalyst layer with a loading of about 0.3 mg/cm2 [119].

The main problems with the Ir8NiOx catalyst layer was not producing the

correct catalyst and the stability of the layer which resulted in large mass

transport losses and low active surface area.

To increase the stability of the layer, as well as the porosity, and to improve

mass transport, a support or pore former could be added. Common supports

which have the ability to resist oxidation and provide additional electrical

conductivity are ATO, ITO and FTO [109]. A sacrificial support, such as

carbon, could be used as a pore former since it corrodes at potentials seen at

the anode leaving behind pores [30].

To improve the low active surface area, the catalyst particle size could

be decreased by adjusting the ink composition to minimize aggregate growth

and using other physical grinding techniques [113]. In addition, the surface

roughness of the catalyst layer could be increased again by the ink composition

or deposition technique [114].

Unfortunately, the second batch of Ir8NiOx catalyst was not able to be pro-

duced into an ink which led to issues in reproducing the experiments. The pri-

mary problem was the catalyst particles aggregating and clogging the printer

nozzles. Further investigation into the procedure for precipitating and cleaning

the catalyst particles is needed to ensure similar particle-particle interactions.

Transitioning from producing and testing a catalyst on a small scale to a

larger scale is a very challenging endeavour. For the scale up to be successful

there must be close collaboration between those that develop and produce the

catalyst and those that use the catalyst to form an ink and create and test a
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larger catalyst layer. As was seen in the differences between RDE and MEA

testing, there is a difference in failure mechanisms at each scale. At the small

scale the activity of the catalyst is of the most importance. On a larger scale,

the catalyst incorporated into an ink, must also form the appropriate catalyst

layer structure. These differences need to be taken into account by all parties

at all steps of the catalyst development. If the Ir8NiOx project is to continue

in the future, the scale up and precipitation techniques need to be optimized

to more closely match the resultant catalyst from the original paper [67].

There is still lots of work to do to reach the goals of 0.1 or even 0.05

mgIr/cm
2 by 2050. These loadings are being approached as this work went

as low as 0.25 mg/cm2. Other works, such as Taie et. al., have found good

performance on a mass basis all the way to 0.011 mg/cm2 of IrOx [12]. Even

so, there is a need to run long term stability and accelerated stress tests to

ensure that these low loadings are capable of lasting a long time with little

degradation. When this is achieved PEMWE will be a reliable large scale

storage method for intermittent renewable energy in the form of hydrogen

while using only a small portion of the worlds iridium reserves.
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Appendix A

Additional Methodology

A.1 Triply Distilled Water

The water used to disperse the chlorinated salts for both IrCl3.xH2O and

NiCl2·6H2O was triply distilled. This means it went from first distillation

which was using deionized water from a tap and then went through two fur-

ther distillation steps where the water was evaporated and re-condensed. The

apparatus is shown in Figure A.1.

Figure A.1: Triple distillation of water apparatus.
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A.2 Viscometer Calibration

Figure A.2: Zeitfuchs Cross-arm Viscometer Certificate of Calibration.
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A.3 Setting Images

A.3.1 Inkjet printing ink jetting settings

Below are the cartridge and waveform settings used to inkjet print the CCMs

in this work. The waveform used was a multi-pulse configuration where small

pulses were used to create an initial droplet which would then be expelled

during the more powerful push at the end. Using multi-pulse allows the droplet

size to be increased so more ink can be deposited than usual with a small nozzle

diameter.

Figure A.3: Cartridge settings for inkjet printing. a) waveform choice and
piezoelectric voltage , b) cartridge temperature and nozzle settings, c) cleaning
settings.
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Figure A.4: Multi-pulse waveform.
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A.3.2 CV

Figure A.5: The setting parameters filled out to obtain a CV.
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A.3.3 LSV

Figure A.6: The setting parameters filled out to obtain a LSV.
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A.3.4 EIS

Figure A.7: The setting parameters filled out to obtain the first EIS curve at
0.1 A.
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Figure A.8: The setting parameters filled out to obtain the second EIS curve
at 1 A.
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Figure A.9: The setting parameters filled out to obtain the third EIS curve at
10 A.
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A.4 Pinch Value

The pinch of the cell is the difference between the values of X and Y in Figure

A.10 and determines how much compression is applied from the PTL and

GDL/MPL to the catalyst layers. The pinch is found using the equation

Pinch = (tGDL/MPL+ tc+ ta+ tPTL+ tPM)− (2× tl+ tCG+ tAG+ tPM) (A.1)

where tGDL/MPL is the thickness of the GDL/MPL, tc is the thickness of

the cathode catalyst layer, ta is the thickness of the anode catalyst layer, tPTL

is the thickness of the PTL, tPM is the thickness of the polymer membrane,

tCG is the thickness of the cathode gasket, tAG is the thickness of the anode

gasket, and tl is the thickness of the lamination sheets. Using the values in

Table 2.3 the pinch is 67.2 um which is close to the 72 um that was desired.

Figure A.10: Schematic of MEA components pressing on the polymer mem-
brane and catalyst layers at different distances to create the pinch.
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Appendix B

IrNi EDX Spectra

Figure B.1 shows the EDX spectra for the Ir8NiOx catalyst layer before cell

assembly.
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Appendix C

Additional IrOx TKK Loading
Results

C.0.1 SEM Images

Figures C.1-C.3 show the SEM images at 1000x, 500x, 200x and 100x magni-

fication for ML20-ML22.

Figure C.1: SEM images of ML20, 0.808 mg/cm2 IrOx TKK at a) 1000x, b)
500x, c) 200x, d) 100x.
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Figure C.2: SEM images of ML21, 0.567 mg/cm2 IrOx TKK at a) 1000x, b)
500x, c) 200x, d) 100x.

Figure C.3: SEM images of ML22, 0.241 mg/cm2 IrOx TKK at a) 1000x, b)
500x, c) 200x, d) 100x.
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C.0.2 Different Loading Pol. Curves

Figure C.4: Pol. curves and iR-free pol. curves for 0.25 mg/cm2 cells.

Figure C.5: Pol. curves and iR-free pol. curves for 0.5 mg/cm2 cells.
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Figure C.6: Pol. curves and iR-free pol. curves for 1 mg/cm2 cells.
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